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Abstract
This review provides an overview of recent progress in water footprint research across theoretical development, methodological
improvement, and practical implementation at different levels. It analyzes the development of the water footprint concept, reviews
existing calculationmethods, and discusses their strengths and limitations. The review pays particular attention to interactions within
the food–energy–water nexus and demonstrates howwater footprint analysis can reveal resource interdependencies and trade-offs. It
also highlights the significant progress made in integrating the assessment of the water footprint with other environmental indicators,
particularly within the “environmental footprint family”: water, environment, energy, carbon, land, nitrogen, and phosphorus foot-
prints. This review contributes to the growing literature in water resource management. It provides policymakers and researchers
with some valuable insights into strategies for sustainable resource use.
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1. Introduction

The primary challenge to sustainable development in the
Anthropocene is the global water crisis, marked by in-
creasing freshwater scarcity and pollution, occurring at
a time when human activities have profoundly altered
Earth’s systems [1]. Urbanization and economic devel-
opment, together with population growth, have increased
water demand across domestic, industrial, and agricul-
tural sectors. The United Nations projects global popu-
lation to rise from 8.2 billion in 2022 to 10.9 billion by
2100. Approximately 70 percent of the world’s freshwa-
ter withdrawals are for agriculture [2], and in some dry
and semi-arid regions, including sub-Saharan Africa, the
per capita ratio of internal renewable water resources has
decreased by 20 percent between 2000 and 2018 [3]. The
pressure is heightened by climate change, which alters
rainfall patterns and increases the frequency of extreme

weather events, disrupting the water cycle and straining
water resources [4].

The global food system is in a state of consider-
able transformation caused by a variety of factors, among
which the most important are population growth, urban-
ization, and the increase in living standards, thus resulting
in a rather noticeable change in the eating habits towards
more water-intensive products such as animal proteins
and processed foods [5]. This trend has been observed
primarily in China, where water demand associated with
food production has increased to 860 m3 per capita in
2003, compared with 255 m3 per capita in 1961. The
most significant change in water usage in China has been
an increase in food consumption, particularly for animal
food products. These observable shifts in diet are adding
pressure on water resources, and by 2030, total water de-
mand in China for producing food will be immense [6].
The increase in water consumption has also been a result
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of economic growth and a shift in consumer preferences
towards high-water-intensive foodstuffs, including pro-
cessed foods and animal protein. However, recent studies
indicate that an equilibrium between water consumption
and economic growth can emerge over the long term [7].
Hoekstra and Chapagain [8] suggest that the water foot-
print is an extensive method for estimating the amount of
fresh water used directly and indirectly in the production
and consumption of goods and services. This measure en-
ables the researchers and the policymakers to determine
the sustainability of water use in various industries and
supply chains by differentiating between the green (rain-
water), blue (surface and groundwater), and grey (polluted
water) footprints. The water footprint is especially appli-
cable to the agriculture and energy industries, which are
essential to global water use and are under threat of water
shortages. It is projected that areas already experiencing
water shortages will see further reductions in water sup-
ply due to shifting climate patterns [9]. Recent advance-
ments in water footprint accounting have identified mul-
tiple ways to use water more efficiently. Guo et al. [10]
note that several issues remain regarding regional inequal-
ities in water supply and the environmental consequences,
particularly the impacts of increased water demand.

The purpose of the review is to provide a summary
of the existing body of knowledge regarding the account-
ing of water footprint in achieving water resources sus-
tainability, particularly in the agriculture and energy indus-
tries. The discussion begins with the genesis and develop-
ment of the water footprint concept, proceeds to a review
of water footprint methodologies, and concludes with an
examination of methods for measuring the water footprint
in production and consumption processes. Subsequently,
methods for assessing water resources in the context of
sustainable development are considered, with particular
emphasis on the interactions among water use, economic
growth, and environmental impacts. Lastly, we identify
research gaps, including the limited incorporation of wa-
ter footprint information into policy formulation, and pro-
pose directions to strengthen sustainable water manage-
ment. These problems will bring the paper into the sci-
entific and policy debate on how to alleviate the global
water crisis.

2. The Concept and Origin of the
Water Footprint

The water footprint concept emerged from the idea of vir-
tual water. The concept of virtual water was proposed by
Allan [11] in 1998 and refers to the amount of water re-
quired to produce goods and services. It is the “invisible”
form of water contained in the product. For example, if

producing 1000 kg of wheat requires 1000 m3 of water,
then 1000 m3 is the virtual water content of those 1000
kg. In 2002, Dutch researchers formally articulated the
concept of the water footprint, defined as the total volume
of water required to produce goods and services within a
specified time and location, considering both production
and consumption. This idea comes from the theory of
“ecological footprint” [12]. The concept of water footprint
has attracted the attention of governments and scientists
around the world since the first publication of the Water
Footprint Assessment Handbook by Aldaya et al. [13].

The water footprint and the concept of virtual water
are related but differ in their analytical scope and purpose.
What they have in common is that they can be used to
analyze the relationships between human production and
consumption, water use, and management [14]. The key
difference between the two concepts is that virtual water
focuses on the water resources embedded in the produc-
tion of a product, essentially the water consumed to cre-
ate it, whereas the water footprint encompasses the total
water used across both production and consumption pro-
cesses [15]. In terms of components, virtual water typ-
ically accounts for blue and green water, while the wa-
ter footprint also includes grey water. In terms of scope,
the virtual water approach is mainly used for agricultural
products and is a valuable tool to balance water scarcity
and food security; the water footprint encompasses a wide
range of products and services at individual, household,
sectoral, regional, and national levels. The water footprint
is more advanced than virtual water because virtual wa-
ter accounts for blue and green water, lacking the compre-
hensive scope of the water footprint, while the water foot-
print can characterize the time, place, and type of water
use in addition to the amount of water consumed, offering
a more advanced analysis compared to virtual water [16]
and can also measure the impact of human activities on
the region’s ecosystems.

A comparison of wheat production in Egypt and the
Netherlands helps illustrate these distinctions. Egypt, a
nation with limited water resources, relies heavily on ir-
rigation. One ton of wheat requires about 1600 m3 of
water. Only 10% is green water due to limited rainfall,
while 90% is blue water sourced from the Nile River [17].
In contrast, wheat production in the Netherlands relies
more on rainfall and typically uses a higher share of green
water. For example, green water may account for ~80%
(~1200 m³/ton), while blue water contributes ~20% (~300
m³/ton). The higher irrigation demand (1600 m3/ton in
Egypt vs. 1500 m3/ton in the Netherlands) makes Egyp-
tian wheat more water-intensive from a virtual water per-
spective. However, the water footprint analysis would
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additionally consider virtual water imports (e.g., from
water-rich countries) and grey water reflecting pollution
from fertilizer run-off on Egyptian farms (estimated at
200 m3/ton), which is higher due to lower regulation and
higher input use per hectare. The Dutch water footprint,
on the other hand, considers consumption patterns, includ-
ing exported wheat and minimal grey water (~50 m3/ton)
due to efficient agricultural practices.

This case study demonstrates that while the water
footprint offers amore comprehensive and policy-relevant
assessment of water use and its sustainability impacts
across all production and consumption systems at differ-
ent scales, virtual water trade analysis primarily focuses
on water consumption during production [16].

While virtual water and water footprint serve dif-
ferent purposes, they are both vital for sustainable water
management. Virtual water helps address water scarcity
through trade analysis. In contrast, the water footprint pro-
vides a holistic view of water-use impacts, aiding compre-
hensive environmental assessments. This not only opens
up a new way of thinking about the integrated manage-
ment of water resources but also offers an entirely new
perspective for realizing the sustainable use of water re-
sources [18,19].

3. Water Footprint Components
and Accounting Methods

3.1. Composition of the Water Footprint

The water footprint is a multidimensional indicator of
water use that encompasses blue, green, and grey wa-
ter [8,20]. Blue water refers to liquid water in rivers, lakes,
wetlands, and aquifers and is the type most commonly ex-
amined in traditional water resource studies. Green water
includes two components: green water flow, which refers
to the water that evaporates from soil, water bodies, and
vegetation; and green water storage, which relates to soil
moisture maintained in the unsaturated zone, formed by
precipitation and available for plant use. Grey water is a
measure of the extent of water contamination and is de-
fined as the amount of freshwater needed to absorb pol-
lutants to meet existing environmental water quality stan-
dards [12]. In terms of water use boundaries, the water
footprint includes an internal water footprint and an exter-
nal water footprint [8], where the internal water footprint
of a region is the amount of water used, excluding im-
ported products and services, and the external water foot-
print is the amount of water included in imported products
and services in the form of virtual water. Water footprints
are characterized by different temporal and spatial scales,
including global, national, provincial, municipal, and wa-

tershed scales, as well as temporal scales such as years,
months, or days.

3.2. Accounting for the Water Footprint

The extent to which humans have reached or even ex-
ceeded the planetary boundaries of freshwater resources is
a central concern for global sustainable development [21].
As illustrated in Figure 1, balancing food, energy and wa-
ter are all important resources that are essential for human
survival. These three are interdependent and interact with
each other, forming the Food-Energy-Water (FEW) sys-
tem [22]. In the context of climate change and societal
transformation, maintaining the health of the ecosystem
and providing sufficient food, energy, and water resources
for the increasing population and managing the resulting
water footprint are of great importance to ensure people’s
water, food, and energy security.

3.2.1. Method for Calculating the Water
Footprint of Food Production in the Agricultural
Production Process

As defined, the agricultural water footprint comprises
green, blue, and grey components. According to Allen
et al. [23], the agricultural water footprint is usually calcu-
lated as follows:
(1) Greenwater footprint: if evapotranspiration (ET) ex-
ceeds adequate precipitation (P) during the growing sea-
son, the green water footprint equals the effective P; if ET
is less than effective P, the green water footprint equals
the actual ET.
(2) Blue water footprint: This depends on the crop’s
tolerance to water scarcity, irrigation efficiency, and the
availability of green water. If evapotranspiration (ET) ex-
ceeds precipitation (P), the blue water footprint equals ET
minus P; otherwise, the blue water footprint is zero. Com-
plete information on irrigation, soil, and cultivation is re-
quired to calculate the blue water footprint.
(3) The grey water footprint: This quantifies the fresh-
water needed to dilute pollutants from agricultural activ-
ities to meet environmental quality standards. Nitrogen
fertilizers are considered as one of the major contributors
to grey WF [24]. Phosphorus, also from fertilizers, has
a significant impact on water bodies as it causes eutroph-
ication and requires considerable dilution [25]. Two ex-
amples of emerging pollutants that are increasingly signif-
icant yet difficult to quantify due to their complex inter-
actions and limited data are pharmaceuticals originating
from manure or wastewater irrigation, and microplastics
derived from mulch films [16]. Sophisticated modelling
tools (e.g., SPARE: WATER) are required to capture the
persistence of these pollutants in the environment [26].
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Together, these components constitute the overall water
footprint. While traditionally based on nitrate leaching,
the grey water footprint increasingly accounts for multiple
pollutants. It is calculated using the following formula:

GWF =
L

Cmax − Cnat

where Cmax is the permissible concentration in the receiv-
ing water, Cnat is the natural background concentration,
and L is the pollutant load (e.g., nitrogen or phosphorus).
The robustness of the assessment is significantly enhanced
by the inclusion of multiple pollutant loads and region-
specific water quality criteria.

According to various researchers, there are different
models for simulating the water footprint of crop produc-
tion. These models include the CROPWATmodel [27,28],
the GEPIC model [29] (GIS-based environmental policy
integrated climate model), the Environmental Policy Inte-
grated Climate (EPIC) and the AquaCropmodel [30]. The
most widely usedmodel for calculating the water footprint
of crops is the CROPWAT model [31,32]. The primary

advantage of the CROPWAT model is its flexibility and
adaptability, enabling its application to a wide range of
crops in nearly any location worldwide, while allowing
for model localization and adjustment of calculation ac-
curacy. Table 1 summarizes the main tools for assessing
the water footprint of agricultural production. At the in-
ternational level, water footprint studies are usually con-
ducted either at the global or country level. For exam-
ple, Tuninetti et al. [33] project the global consumption of
green and blue water for wheat, rice, maize, and soybeans.
These assessments reveal that crop production primarily
relies on green water, with blue water becoming more ef-
ficient when irrigation is applied [33]. WF estimates are
sensitive to various input parameters, particularly refer-
ence evapotranspiration (ET0) and crop coefficients (Kc).
Blue water footprints (WFs) tend to be more sensitive to
input variability than green water footprints. The sensitiv-
ity ofWFs varies across crop types, water supply methods,
and regional climates. Uncertainties in WF estimates due
to combined input uncertainties can be around ±26% at
a 95% confidence level [34,35]. Figure 2 illustrates the
calculations of agricultural water footprints.

Figure 1: Balancing the Food-Energy-Water (FEW) system and planetary Impact.

Table 1: Summary of water footprint assessment tools for agricultural and energy sectors [18,27–30,36–38].

Model/Tool Developer/Source Main Features Strengths Limitations References

CROPWAT FAO

Calculates crop water
requirements and

irrigation needs based on
climatic and crop data

Widely used, easy to
operate, adaptable to
various locations,
supports multiple

crops

Limited pollutant
modelling requires
accurate local

climate and soil data

[27,28]
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Table 1: Cont.

Model/Tool Developer/Source Main Features Strengths Limitations References

GEPIC IIASA & CAU

Integrates GIS data with
crop models and

environmental data to
estimate crop production

and water use

Spatially explicit;
considers land use,
hydrology, and
environmental

impacts

Complex setup;
limited access to
input data in

data-scarce regions

[29]

EPIC USDA

Simulates crop growth
and environmental
impacts, including
nutrient runoff and
sediment transport

Includes nutrient and
pesticide leaching;
suited for policy
assessment

Requires detailed
input data; complex

calibration
[36]

AquaCrop FAO

Focuses on the
relationship between
water and yield in
response to different
water conditions

Simple interface;
water

productivity-focused;
suitable for scenario

analysis

Limited pollutant
tracking; does not
account for grey
water components

directly

[30]

SPARE:
WATER ZALF, Germany

Integrative tool for
analyzing WF and water
productivity at the farm
level using a systems

approach

Holistic integration
of social-ecological
dynamics; suitable
for comparative

studies

Still under limited
use, high data and
calibration demands

[37]

WaterStat/WF
Assessment

Tool

Water Footprint
Network

Online tool following
Hoekstra’s methodology
for calculating green,
blue, and grey WF

Transparent
methodology;
consistent with

global WF standards

Limited
crop-specific detail;
primarily used for
awareness/policy
rather than detailed
farm management

[18]

WaNuLCAS ICRAF
Simulates nutrient and
water dynamics in
agroforestry systems

Good for mixed crop-
ping/agroforestry;
nutrient and water
flow dynamics

Limited to
agroforestry
systems; not

standardized for WF
estimation

[38]

Figure 2: Agriculture water footprint calculations.
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Research on water footprints spans global and re-
gional scales and addresses different policy objectives.
Global studies aim to identify countries with high agri-
cultural water consumption to reduce the overall water
footprint [39]. For instance, in China, a modified water
footprint assessment framework revealed that 24.9% of
water consumed by grain crops is transferred to animal
products through feed grain [40]. Regional studies, such
as those of the Chinese province of Liaoning, use input-
output analysis to compare water footprints from both pro-
duction and consumption perspectives. They help identify
sectors with high water footprints and provide policy rec-
ommendations, such as changes in industrial structure and
trade, water-saving technologies, and capacity-building to
reduce the stress on water scarcity [41].

3.2.2. Method for Calculating the Water
Footprint of Energy Production

The International Energy Agency has also conceptualized
energy security as “uninterrupted access to energy supply
at an affordable price”. Energy and water are interdepen-
dent and critical resources, and the “water–energy nexus”
has been a longstanding focus of research. The energy sec-
tor is highly resource-intensive, and the degradation of wa-
ter quality, quantity, and availability threatens the sustain-
ability of energy supply [42]. Greenhouse gas emissions
from the energy sector also influence the hydrological cy-
cle at a global scale. These feedbacks can jeopardize the
water–energy nexus [43]. The water footprint of energy
is determined by pollution intensity during the extraction,
processing, and purification phases [44], specifically the
blue and grey water footprint. Water consumption and pol-
lution in energy production, along with energy develop-
ment planning based on water resources, serve as valuable
functional indicators for optimizing the efficiency of wa-
ter resource use. For example, Peña et al. [45] used a life
cycle approach to estimate the blue water footprint of ore
mining and processing in the Atacama Desert in northern
Chile.

The water footprint of energy production should be
assessed using tools such as life cycle assessment (LCA)
and input-output analysis (IO), which are inseparable for
clearly explaining the water-energy nexus. These ap-
proaches allow for optimizing resource flows, especially
on a small scale, where attentive evaluation can facilitate
sustainable practices. For instance, in calculating the wa-
ter footprint of energy production, small- and large-scale
impacts are weighted equally, with the small scale allo-
cated to the flows of the respective departments. This ap-
proach is essential for describing the multidimensional in-
teractions in the water-energy nexus and for optimizing

resource use. Small-scale studies usually employ models
and methods to examine and optimize flows to manage
resources effectively.

Input-output (IO) models have been widely applied
to measure the virtual water content of economic activi-
ties and to depict the water footprint of different sectors in
terms of environmental impact, including the energy sec-
tor. The importance of input-output models is that they
help assess the flow of water resources in energy produc-
tion and assist in evaluating and managing the environ-
ment. These models, which comprise both demand- and
supply-side components, help predict sectoral outputs and
inputs by combining cross-sectoral transactions with final
demand forecasts. These models help understand the flow
of resources among sectors and identify inefficiencies and
potential areas for improvement. These models are specif-
ically applicable to the water-energy nexus; optimizing
water use in energy generation is crucial for sustainabil-
ity [46]. Input–output models facilitate the tracking of
water flows within the energy production process and play
a central role in environmental assessment. Quantitative
approaches, such as mathematical modeling and decision-
support systems, enhance water resource management
through real-timemonitoring and prediction. These instru-
ments enable adaptive management and real-time mon-
itoring, allowing better-informed decisions [47]. A de-
centralized structure for the optimization of micro water-
energy nexus (MWEN) systems is proposed to enhance
resource supply and enable separate management of the
water and energy sectors. Silva-Rodriguez & Li [48] pro-
pose a decentralized co-optimization model based on a
goal-centered alternating direction method of multipliers
(OB-ADMM) to optimize operations while preserving the
confidentiality of resource providers.

Life cycle assessment (LCA)models evaluate the en-
vironmental impact of energy products throughout their
life cycle, including water consumption. These models
examine and optimize the water-energy nexus by mini-
mizing the water footprint and maximizing the economic
and energy outcomes per unit of water consumed. These
models help to identify trade-offs between energy produc-
tion and water resource consumption and to promote syn-
ergies within the water-energy-food nexus. These models
provide a comprehensive representation of resource flows
and optimize their impact within the value chain [49]. Ac-
cording to various authors, LCA models are primarily em-
ployed to link water and food systems with the energy
system by simulating the different types of interconnec-
tions and resource transfers among them. Consequently,
they can capture broader impacts of resource consump-
tion [50]. For example, research by Kock et al. [51] de-
veloped a novel framework for the Water-Energy-Food
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Nexus of energy products that considers food footprint
and water scarcity indicators, and applied it to biodiesel
production in Argentina to highlight the potential impacts
on land use and water, and the need for integrated assess-
ment.

While the research examines individual industrial re-
source chains on a smaller scale, largermodels incorporate
broader interdependencies, including the Nexus between
energy, water, and food. The models and frameworks
are needed to develop sustainable resource management
practices that address both local and international prob-
lems. This is mainly because the entire production chain
needs to be considered to calculate the energy-water foot-
print. Given the impact of energy types, manufacturing
processes, and information at each link, it is difficult to
identify the production chain. In addition, industrial and
energy products account for only a small portion of the
virtual water trade, and consequently, relatively little re-
search has focused on this area.

3.3. Food-Energy-Water (FEW)
Relevance

The water footprint method is designed to facilitate the
integrated management of water resources. The Har-
vard Water Resources Project Milliman (1962) was the
first to propose an interdisciplinary, integrated social and
environmental approach to water resources management.
However, the implementation of many water resources
management plans, including this project and Integrated
Water Resources Management (IWRM), has often fallen
short of expectations. There are three main reasons for
this: (1) The IWRM project attempts to integrate all seem-
ingly water-related resource elements, but their scope is
not clearly defined; (2) The IWRM project focuses only
on water resources and has a single accounting purpose;
(3) The issue of unclear or inconsistent scope. In the past,
water resource accounting methods mainly were limited
to the river basin scale. For resources such as energy and
food, which are based on statistical data from administra-
tive units, accounting methods are limited. FEW also fol-
lows a cross-sectoral integration approach, but its more
advanced features are: (1) FEW has a clearer account-
ing object, namely food, energy and water resources; (2)
FEW does not need to focus only on water, and stake-
holders from the agriculture and energy sectors are more
likely to participate; (3) The choice of scale is more flex-
ible and free, both river basins and administrative units
can be used as units of analysis. The 2011 World Confer-
ence on Green Economic Development emphasized that
food, energy, and water resources are fundamental pillars
of sustainable development, with water playing a central

role within the FEW nexus [52]. The inclusion of WF in
the FEW models is an essential step to enable effective
management of resources because it quantifies the con-
sumption of water by sectors and points out trade-offs and
synergies. One such significant real-world example is the
Sponge City Initiative in China, launched in 2014 to ad-
dress urban flooding, water pollution, and water scarcity
with the help of low-impact development (LID) and green
infrastructure. In Shenzhen, a pilot Sponge City, urban
planning was informed by optimizing rainwater retention,
reducing the blue WF for urban water supply by 15%
(from 1.2 billion m3 to 1.02 billion m3 annually) and the
need for energy-intensive water treatment by 10% [53].
These water savings supported urban agriculture by real-
locating the saved water for irrigation, improving local
food security, and reducing the virtual WF of food im-
ports by 8%. By integrating permeable pavements, green
roofs, and wetlands, the initiative minimized runoff, re-
duced energy consumption for drainage systems, and in-
creased food production, demonstrating the policy rele-
vance of the FEW Nexus [54]. Such examples highlight
the importance ofWFmetrics in operationalizing the FEW
frameworks for sustainable urban planning, even if scal-
ing these practices in different hydrological contexts re-
mains a challenge [55].

In the past, most studies have focused on the rela-
tionship between the two, especially the application of the
water footprint to the study of the “water-food” Nexus and
the “water-energy” Nexus. After the World Conference
on Greening the Economy in 2011, the study of the FEW
has dramatically increased, and the research contents in-
clude three aspects: (1) the concept of the FEW Nexus;
(2) the modelling and simulation of the FEW Nexus; (3)
the study of use cases, the identification of trade-offs and
synergies of the FEWNexus, and the formulation of cross-
sectoral strategies for sustainable regional development.
In the literature, the most commonly used methods for
studying the FEW nexus can be classified into four main
categories: (1) the ecological footprint method by Van-
ham [56], who studied the applicability of the water foot-
print to the FEW nexuses; (2) economic methods, such
as the Computable General Equilibrium (CGE) method.
Computable general equilibrium (CGE) models are partic-
ularly well suited to analyzing environmental policy and
the food–energy–water (FEW) nexus, as they can evalu-
ate both the costs and benefits of policy changes across
multiple economic levels [57,58]. Integrated modelling
methods, such as those described by Dale et al. [59], the
authors systematically analyzed the water and energy use
of the electricity generation system in California, USA, in
the context of climate change, combining this with a hy-
drological model and long-term energy substitution plan-
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ning; (3) online modelling platforms specifically used to
assess the FEW Nexus include the “FEW Nexus Assess-
ment Tool 2.0” [60]. There are more studies at the global,
national, and cross-regional levels, but fewer studies at the
city level. Ramaswami et al., [61] analyzed the relation-

ship between food, energy, and water in New Delhi, India,
from the perspective of urban systems. Domestic FEW
correlation research started late but is receiving increas-
ing attention. Figure 3 demonstrates the integration of the
water Footprint into FEW nexuses.

Figure 3: Integrating water footprint into FEW nexuses.

In a series of SystemDynamicsModels (SDMs), dif-
ferent frameworks have been applied to investigate the
sustainability of the food-energy-water (FEW) Nexus in
various contexts. Aquaponics systems have been stud-
ied in peri-urban food production systems [62], in gen-
eral aquaponics research [63], and in urban areas, where
they have been used for systemic modelling to investi-
gate sustainable practices [31,64]. SDM can reveal differ-
ent interactions in FEW systems and thus becomes a tool
for decision-making and informing policy processes about
sustainability [62,63]. This has been used to describe the
imbalanced relationships between supply and demand, to
evaluate specific policies, or conduct scenario analysis
to secure the resources of megacities optimally [31]. At
the same time, SDM has also been used in considering
the sustainability transition for urban FEW infrastructures,
with particular attention to climate, policy drivers, and
land use context [64]. Documented examples increasingly
demonstrate the generalizability of SDM in addressing the
challenges of the FEWNexuses, including the sustainable
management of resources at various scales and in diverse
environments.

In summary, while there is a consensus on the need
to include blue, green, and grey water in the water foot-
print assessment, there are differences in the choice of
accounting methods, with CROPWAT preferred for agri-
culture and LCA for the energy sector, reflecting sectoral
differences in data availability and complexity.

4. Assessing the Sustainability of
Water Resources

Water is a vital resource provided by natural ecosystems
for human survival. Its sustainable use is an essential guar-
antee for sustainable regional development. Building on
the understanding of water footprint calculation methods
discussed in Section 3, this section examines how these
methods are used to assess the sustainability of water re-
sources. The sustainability of water resources refers to
maintaining the stability of the ecosystem and supporting
social and economic development, as outlined in the the-
ory of sustainable development. Its core task is the or-
derly development of the economy under the premise of
protecting the environment and meeting the water needs
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of present and future generations [65]. The sustainabil-
ity of water resources is assessed based on three dimen-
sions: Environmental, social, and economic. The assess-
ment of the sustainability of water resources was initially
referred to as “impact assessment” and is divided into pri-
mary and secondary impact [12]. Primary impacts are
typically characterized using indicators of water shortage
and stress. Figure 4 illustrates a representation of water
resource sustainability assessment. Early methods for as-
sessing water scarcity focused primarily on blue water, ig-
nored green and grey water, and did not account for spa-
tial and temporal changes in water resources. The most
widely used methods are the Falkenmark Index [66], the
water footprint-to-available water ratio [67], and the Wa-
ter Poverty Index (WPI) [68]. In terms of application,
Karabulut et al. [69] used the Falkenmark Index to assess
water shortage in the Danube River Basin. These assess-
ments typically involve calculating the ratio of water con-
sumption to water availability, commonly referred to as
the water stress index or water scarcity indicator [70,71].

Results consistently show that agriculture is the largest
water consumer, often accounting for over 90% of total
water use. These analyses shed light on water manage-
ment and how unsustainable water consumption can be
avoided [72]. Rockström et al. [21]made the first progress
in quantifying green water deficits by formulating a so-
called GreenWater-BlueWater Index. This index assesses
the extent of water scarcity based on the ratio of blue and
green water footprints relative to local blue and green wa-
ter supply. It characterizes the water deficit caused by
pollution through the ratio of grey water footprint to wa-
ter resources. This is an improvement of the water foot-
print theory-based water resource supply and demand in-
dex. Zeng et al., [73] comprehensively considered the in-
dicators of water quality and quantity and analyzed the
water supply and use of Beijing by calculating the ratio
of water footprint and water resources in the basin. The
Quantity-Quality-Environment (QQE) index comprehen-
sively considers water quality, water quantity, and ecolog-
ical water demand [74].

Figure 4: Water resource sustainability assessment.

The secondary impacts of water scarcity refer to the
loss of ecological, social, and economic goods and ser-
vices resulting from the primary effects of water short-
age and water quality degradation. These include the de-
cline of ecosystem services, threats to food and energy se-

curity, adverse effects on human health, and disruptions
to water-dependent economic activities. Most methods
for assessing water resource sustainability integrate indi-
cators from multiple fields, among which Life Cycle As-
sessment (LCA) is widely used. Boulay et al., [75] com-

Sustainable Processes Connect
9

Rashed et al.

https://scifiniti.com/
https://scifiniti.com/journals/sustainable-processes-connect


2025, Vol. 1, Article ID. 2025.0017
https://doi.org/10.69709/SusProc.2025.188432

bined the water stress index, LCA, and human develop-
ment index to assess the combined impact of water quality
degradation and food production reduction due to water
resource depletion on human well-being.

According to Aldaya et al., [13], theWater Footprint
Manual changed the term “impact assessment” to “sustain-
ability assessment of water resources”, which better re-
flects the connotation of water resource management. The
assessment methods are mainly divided into three cate-
gories: 1) the indicator assessment method; 2) the product
sustainability assessment method related to the life cycle
of water; 3) the comprehensive assessment method. In
indicator-based assessment methods, the Environmental
Performance Index (EPI) integrates multiple domains, in-
cluding water resources, forest resources, and waste man-
agement, while gross domestic product (GDP) and gross
national product (GNP) are used to evaluate social and
economic sustainability [76]; the well-being index con-
sists of two parts: the Human Well-being Index (HWI)
and the Ecosystem Well-being Index (EWI) [77]. The
HWI covers population, prosperity, knowledge, culture,
and fairness, while the EWI summarizes indicators of re-
source use, such as water and land. The method for assess-
ing product sustainability in relation to the life cycle of wa-
ter focuses on measuring the energy and material flow of
production and services, as well as evaluating the use and
environmental impact of water resources throughout their
life cycle. The environmental impacts of water resources
are often regarded as less significant, while the social and
economic dimensions receive comparatively less atten-
tion. Commonly used methods include Life Cycle Assess-
ment (LCA) (Gluch et al., Life Cycle Costing (LCC) [78],
material flow analysis of products [79], and energy flow
analysis of products [80]. Comprehensive assessment
methods are usually interdisciplinary, such as system dy-
namic models in complex problem scenarios [81]. IEEE,
pressure-state response models covering social, economic,
environmental, and political aspects [79], etc. In addition,
there are variousmethods for assessing water resource vul-
nerability that combine social, economic, and ecological
dimensions and aim to determine the sensitivity and re-
silience of human and environmental systems to changes
in driving forces [82].

There are various indicators and methods for assess-
ing the sustainability of water resources, each offering dif-
ferent perspectives on water scarcity, quality, and socio-
economic impacts. Researchers agree that integrating the
environmental, social, and economic dimensions is essen-
tial; however, the absence of a standardized methodology
results in varied approaches depending on the context.

5. Challenges and Future
Perspectives in Research on the
Water Footprint

5.1. Current Challenges

(1) Data limitations are one of the biggest challenges
in calculating the water footprint. They affect accuracy
both in agriculture (data on grey water pollution from pes-
ticides, nitrogen, phosphorus, and microplastics) [16] and
in the energy sector (data on production and the supply
chain obscure the distinction between water demand and
actual consumption) [44]. The complexity of the estima-
tion methods and deviations caused by overlaps among
multiple departments affect the accuracy of water foot-
print calculations [83]. Insufficient data on water conser-
vation facilities, for example, make it impossible to as-
sess whether “physical water scarcity” or “economic wa-
ter scarcity” influences policy decisions. The timeliness
of WF assessments for dynamic resource management is
limited, and substantial delays result from the conven-
tional dependence on product input-output tables, which
are updated every five years [84]. On the other hand, re-
cent developments have significantly increased the water
data’s temporal resolution. To monitor water balance in
real time, the GRWNOD platform, launched in 2023, of-
fers high-frequency, open-access, near-real-time data on
water consumption in urban, industrial, and agricultural
areas [83]. In areas where traditional monitoring is infre-
quent or delayed, it enables dynamic tracking of greywater
contamination and provides reliable data for water foot-
print modeling. Complementary tools such as IoT-based
smart metering supported by Low-Power Wide-Area Net-
works provide granular data for urban and industrial WF
calculations and improve the accuracy of consumption
tracking [85]. Remote sensing platforms, such as OpenET,
utilize satellite data to provide field-scale estimates of
evapotranspiration. According to Thaler et al. [84], there
are three areas where the accuracy of water footprint mod-
els needs to be improved: (i) data acquisition and pre-
processing, (ii) calibration of model parameters, and (iii)
methodological innovations tailored to sectoral and re-
gional conditions. These limitations must be addressed
for water footprint (WF) sustainability studies to be opti-
mally utilized in decision-making, as highlighted in Sec-
tion 4 [83]. To provide context to the challenges, Table 2
summarizes the primary water footprint research studies
and highlights their methods, results, and identified gaps
to improve the accuracy of agricultural WF [86]. Even
when environmental water demand is included in the cal-
culation, most calculations assume it is a fixed percentage
of water flow. Ecological water demand varies across re-
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gions and seasons, and techniques for measuring or simu-
lating regional ecological water demand remain underde-
veloped. The reliability and accuracy of the water foot-

print calculation results are the basis for the sustainabil-
ity assessment (Section 3.1) and the formulation of policy
measures.

Table 2: Summary of key studies in water footprint research [8,11,17,21,41,66,68,87–101].

Study Year Focus Area Methods Main Findings Gaps Ref.

Water scarcity in
semi-arid climate

countries
1989 Falkenmark

Index
Water scarcity
assessment

Defined water stress
based on per capita
water availability

Does not account for
water quality and
temporal variability

[66]

Virtual water and
global solutions to
regional deficits

1998 Concept of
virtual water.

Conceptual
development.

Introduced virtual
water as a strategic
resource to address
regional deficits.

Lacked quantification
and application to
specific sectors.

[11]

Green and grey
water footprint for
crop production

1998 Water footprint
components

Water footprint
accounting

Defined blue, green,
and grey water
footprints.

Needed more detailed
accounting methods
for different sectors.

[11]

Integrated
assessment of
water stress and

scarcity

2002 Water Poverty
Index

Composite
index

Integrated social,
economic, and
environmental
dimensions

Complex to calculate,
needs validation in
different contexts

[68]

Water
consumption for
food production

2005
Green and blue

water
resources

Hydrological
assessment

Distinguished between
green and blue water,
emphasizing green

water’s role.

Limited focus on
greywater and
pollution.

[87]

Consumption
patterns across

nations
2007 Water footprint

of nations
Water footprint
accounting

Quantified water use
by people as a function
of their consumption

pattern.

Did not fully integrate
the grey water
footprint.

[8]

Spatial
quantification of
water footprint

2008
Global water
footprint for

crops

Lund-Potsdam-
Jena managed
Land model

Analyzed green and
blue water

consumption for major
crops globally.

Sensitivity to input
parameters and

regional variability.
[88]

Analyzing the
availability of

green-blue water
2009

Green
Water-Blue
Water Index

Hydrological
modelling

Assessed water
scarcity considering
both green and blue

water.

Requires detailed data
on water use and
availability

[21]

Analyzing impact
assessment 2011

Combined
water stress

index and LCA

Life cycle
impact

assessment

Linked the water
footprint to human

well-being.

Needs standardization
and broader
application

[89]

Analysis of water
footprint 2011

Water supply
and use in
Beijing

Water footprint
accounting

Analyzed water use in
Beijing, considering
the water footprint.

Focused on one city,
needs comparison with

other regions
[90]

Quantification of
water footprint for

global crop
production

2011

Green, blue,
and grey water
footprint of

crops

Global
assessment

Provided
comprehensive data on
the water footprints of

various crops

Data limitations for
some regions and crops [17]
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Table 2: Cont.

Study Year Focus Area Methods Main Findings Gaps Ref.

Analyzing water
scarcity problems 2013 Regional water

footprint
Input-output
analysis

Assessed water
footprint in Liaoning,

China, from
production and
consumption
perspectives

Limited to the regional
scale, needs global

comparison
[41]

Evolvement of
water footprint
assessment

2013
Water footprint

in energy
production

Life cycle
assessment

Quantified water
footprint in the energy

sector.

Data gaps in supply
chain water use. [91]

Assessment of
water scarcity 2017 QQE index Integrated

assessment

Considered quantity,
quality, and

environment in water
assessment.

Complex model, needs
simplification for
practical use

[92]

Analyzing the
nexus between
economic growth
and water usage

2017

Water
consumption
and economic
development

Empirical
analysis

Linked the water
footprint to economic

growth

Needs to consider
social equity and
sustainability

[93]

Assessment of the
water footprint in
the EU energy

sector

2019

Green and blue
water footprint
components of
the energy
sector

Three-stage
assessment
(Production,
Construction,
Operation)

Provided a
comparative analysis
between the water
footprints of various
energy production
systems in the EU.

Needed more detailed
accounting for the
impact of climate

change.

[94]

Accounting for the
grey water
footprint

2020
Data

availability for
grey water

Data analysis
Highlighted data gaps
in the grey water

footprint assessment.

Requires better data
collection and sharing [95]

Application of
advanced

techniques to
ensure

environmental
sustainability and

freshwater
ecosystem
conservation

2021
Green, blue,

and grey water
footprints

Review
Emphasized the need
for improved grey
water accounting

Requires standardized
methods and data [96]

Determining the
effect of climatic
conditions on
water scarcity

2022 Agricultural
water footprint

Crop water
requirement
calculation

Provided methods for
calculating

evapotranspiration in
agriculture.

Focused primarily on
blue water, less on
green and grey

[97]

Regional water
footprint
assessment

2022 Water footprint
in large basins Case study

Mapped water
footprint in large
semi-arid basins

Limited to specific
basins, needs a global

perspective
[98]

FEW Nexuses and
circular economy 2024

FEW Nexuses
and sustainable
development

Integrated
assessment

Integrated Framework
for WEF Nexus
Management.

The predominantly
qualitative nature of

some
socio-anthropological

models.

[99]
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Table 2: Cont.

Study Year Focus Area Methods Main Findings Gaps Ref.

Regional water
footprint
assessment

2024
FEW Nexuses
and sustainable
development

Integrated
assessment

Highlighted the
importance of FEW

Nexuses for
sustainability

Requires more case
studies and policy

integration
[100]

Water, energy,
food, and

environment nexus
2024 Sustainable

transition
Integrated
assessment

Interventions in one
sector (e.g., water use)
significantly impact
others (e.g., food
production, energy
generation, and
ecosystem health)

Lack robust methods
to handle uncertainty,

Data and Tool
limitations

[101]

Therefore, improved methods for simulating re-
gional ecological water demand, combined with high-
frequency data, are needed to increase the reliability of
the water footprint.

(2) A major challenge is the mismatch between the
scales at which water is managed (often administrative)
and the scales at which water processes and impacts oc-
cur (often seasonal and hydrological). Song et al. [102]
in their research found that the spatial mismatch is greater
than the temporal mismatch, especially in regions of high
urbanization. Temporal scales are unable to distinguish
among the different seasons, while geographical scales are
unable to account for the movement of water and its dif-
ferent forms, such as virtual water. To manage water ef-
fectively, the correct scale must be chosen since different
scales can initiate different management practices [103].
Seasonal water shortages are commonly underappreciated
in interannual studies and therefore lead to false predic-
tions of water supply and demand [104]. For example, for
India’s Indo-Gangetic Plain, seasonal WF assessments for
rice revealed 28% higher green WF during the monsoon
months (July–September) compared with interannual av-
erages (2500 m3/ton vs. 1950 m3/ton) due to significant
variability in rainfall [105]. In sub-Saharan Africa, the
estimated water demand for sorghum varied by 22% be-
tween the wet and dry seasons (1600 m3/ton vs. 2050
m3/ton), with interannual models underestimating water
stress in the dry season by 12% [106]. These examples
underscore the need for an adaptive timescale for WF re-
search, as both short- and long-term climatic variability
play dominant roles in water supply [107]. Water footprint
accounting can support sustainable water management in
large, semi-arid catchments by mapping the spatial and
temporal patterns of sectoral water use [108]. Recent find-
ings emphasize the links between climate variability, wa-
ter resources, and socio-economic status. Short-term cli-
matic fluctuations, particularly heavy rainfall, play a crit-

ical role in determining drinking water quality in devel-
oping countries [109]. High/low temperature and drought
in farming regions negatively impact farmers’ psycholog-
ical status, especially drought [110]. Prolonged hydro-
logical extremes have persistent impacts on Sub-Saharan
African wealth disparities, and dryness and wetness re-
duce regional GDP per capita [111]. Climate change is
altering rainfall patterns, resulting in shorter and more in-
tense rainy seasons that threaten water and food security
in vulnerable regions [112]. These results show that adap-
tation measures and investments are needed to prevent fu-
ture impacts on water resources and socio-economic well-
being. Effective water resource management and policy
decisions, therefore, depend on the careful selection of ap-
propriate spatial and temporal scales for specific research
objectives. In this context, the length of the study changes
the results. For example, China’s evolving agricultural
water footprint between 2000 and 2019 was influenced
by significant route dependence and geographical depen-
dence [113].

Calculation of the water footprint at the selected spa-
tial level is complicated by the flow of water resources and
the virtual availability of water [108]. This complication
arises because both direct and indirect water consumption,
as well as the multiple impacts of human management
and weather conditions across different locations, must
be considered. For example, Mao et al. [114] state that
the water footprint is distributed differently across spatial
scales (e.g., crop field, county, river basin) and is influ-
enced by local management practices and climatic condi-
tions. These findings are in agreement with those of Zhuo
et al. [115], who found that different spatial scales yield
distinct responses to water use in agriculture. The virtual
water trade, that is, water embedded in exported and im-
ported goods, must be updated to estimate regional water
dependence [116]. Accurate calculation of virtual water
is often hindered by a lack of data and methodological

Sustainable Processes Connect
13

Rashed et al.

https://scifiniti.com/
https://scifiniti.com/journals/sustainable-processes-connect


2025, Vol. 1, Article ID. 2025.0017
https://doi.org/10.69709/SusProc.2025.188432

sophistication, making national water resources planning
challenging [47]. Effective water management, therefore,
requires a nuanced understanding of both local and global
water flows, highlighting the need for spatially explicit
assessments. Consequently, the precise choice of spatial
scale is often independent of regulatory decisions, which
in turn could alter the perceived upper limits of water re-
source use [107].

Aligning spatio-temporal scales with the character-
istics and objectives of specific research topics facilitates
a better understanding of water distribution and use, ulti-
mately supporting the development of effective response
strategies. Spatio-temporally disaggregated information
can provide opportunities for water saving and offer strate-
gic planning insights for further sustainable water manage-
ment policies in large basins [108].

While choosing the correct spatial and temporal
scale is crucial, it is equally important to consider the
broader context of water resources management. This re-
quires a good understanding of the socio-economic and
environmental factors that affect water use and availabil-
ity, in the wider context of how policy decisions affect the
sustainability of water management. However, these is-
sues require more global solutions as they evolve, i.e., by
bringing together diverse data and methodologies to ex-
amine the dynamics of water resources holistically.
(3) Grey and green water footprint assessments are es-
sential for sustainable water management under favorable
conditions in urban landscapes and agriculture. The wa-
ter footprint of crops has mostly been analyzed in the
green domain, often overlooking the contributions of trees,
pastures, and urban greenery. The analysis of grey wa-
ter also needs improvement, especially regarding the self-
purifying capacity of water bodies and the increasingly
complex nature of pollutants. These topics are described
in more detail in the following sections.

The green water footprint is the amount of rainwa-
ter consumed during plant growth, especially in agricul-
ture. However, it is essential to know that urban green
spaces within the metropolitan area also contribute to the
water footprint. Unfortunately, these contributions are not
consistently considered when valuing such areas [16]. Ex-
tending the green water footprint to recreational areas and
forests could be one way to address the failure of urban
water management systems [117].

In contrast, the grey water footprint quantifies the
volume of water required to assimilate pollutants. Current
methods are simple and do not capture the complex inter-
action of different pollutants [37]. Complex models such
as SPARE: WATER provide extensive calculations due to
the factors of the environment in which it exists, combined
with the complexity of the pollutants [17]. Future stud-

ies should focus on integrating multiple variables into the
assessment of the grey water footprint to provide a more
accurate representation of environmental impacts [16].

Conversely, some argue that too much emphasis on
the water footprint would undermine other large-scale ap-
proaches to optimizing the economical and efficient use
of water. One school of thought suggests that a holistic
approach is needed to use and manage water resources ef-
ficiently.
(4) The unequal distribution of water resources is ev-
ident in the disparities in per capita water consumption
across countries worldwide, posing an additional chal-
lenge. Political dynamics, socio-economic development,
and geographical conditions contribute to these differ-
ences. In this context, the work by Yalew et al. [118]
highlighted that areas with higher levels of economic de-
velopment have larger water footprints. The authors at-
tributed this to the increased consumption and industrial
activity. Furthermore, the relocation of production to
less developed regions leads to greater pollution and re-
source degradation, which perpetuates inequalities [119].
A study of 27 countries from 1960 to 2010 found an N-
shaped relationship between urban water use and GDP,
known as the cubic water Kuznets curve [120]. In China,
the urban water footprint was found to be 1.6 to 3.7 times
higher than the rural footprint, with consumption levels
accounting for the differences between provinces [121].
Globally, around 70% of countries exhibit an inverted
U-shaped trend in water consumption due to technologi-
cal progress and the optimization of production structures.
The Organization for Economic Co-operation and Devel-
opment (OECD) is a 36-member intergovernmental eco-
nomic organization established in 1961 with the objective
of economic growth and international trade [35]. OECD
nations have abolished competition-restricting regulations
and harmonized their product market policies to a greater
extent [122]. The OECD countries with the highest water
consumption typically generate over 60% of their GDP in
the service sector, have an urbanization rate of 70%, and a
GDP per capita of over $20,000 [108]. The results above
show the complex nature of the relationships among eco-
nomic growth, urbanization, and water use patterns.

Current studies focus on implementing distributive
justice principles to manage water resources in ways that
optimize equity and consider hydrological efficiency. Tra-
ditional models tend to overlook socio-economic impacts,
thereby further aggravating inequalities [118]. Incorporat-
ing considerations of morality and distributive justice into
the IWRM framework could promote equitable and sus-
tainable water distribution, particularly in regions experi-
encing water scarcity [123]. Equity principles in running
water systems can reconcile equity and efficiency, expand
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the space for solutions, and indirectly benefit poor peo-
ple [124]. Equity in water distribution is considered cen-
tral to a more equal future, and equity takes precedence
over efficiency and markets in water policy [108]. This
research highlighted the need for interdisciplinary collab-
oration and robust policy support to develop models that
are technically sound and incorporate social equity provi-
sions, aligning water resources management with higher
social values of equity and sustainability.

Indices of equality, such as the Gini coefficient and
Theil index, have been used in recent studies to quan-
tify fair access to water sources across provinces and to
provide numerical data on spatial and population inequal-
ity [125]. The Gini coefficient, a standard economic mea-
sure of income inequality, is a statistical indicator of dis-
persion ranging from 0 (equality) to 1 (maximum inequal-
ity). In the context of water resource distribution, it is as-
sessed by plotting the Lorenz curve of cumulative water
supply against cumulative population or supply area and
calculating the ratio of the area between the line of equal-
ity and the Lorenz curve to the total area under the line of
equality.

Similarly, the Theil Index is an entropy-based mea-
sure of inequality that breaks down overall inequality into
within-group and between-group components. For this
reason, it is particularly suitable for analyzing nested spa-
tial scales, such as municipal, provincial, and national lev-
els. The following formula is used for the calculation:

T =

n∑
i=1

(
xi

X
.ln

( xi

X
pi

P

))
where xi is the water resource allocated to region i, X is the
total water resource, pi is the population of region i, and
P is the total population. A higher Theil index indicates
greater inequality in the distribution of water per capita.

These indices are helpful in identifying areas expe-
riencing oversupply (i.e., uneven water supply to a popu-
lation or region) or undersupply (i.e., uneven allocation).
For example, Yu et al. [125] employed the Gini coefficient
to reveal substantial inequalities in the water supply sys-
tems of rapidly growing Chinese provinces. Li et al. [31]
advanced this approach by developing a composite frame-
work for evaluating water resource sustainability, which
includes security (measured by resilience indicators), effi-
ciency (measured by water productivity indicators), and
equity (measured by the Gini coefficient) to assess the
multi-layered sustainability of water resource systems. In
the context of advancing water sustainability, this holistic
perspective encompasses not only water availability and
use efficiency but also equitable and just access for all pop-
ulation groups.

All these interventions have promoted a more equi-
table distribution of water. However, managing the inter-
national water regime and establishing mechanisms for in-
ternational cooperation remain significant challenges. Ad-
dressing these concerns, therefore, requires an approach
that effectively balances local needs and international sus-
tainability requirements.

5.2. Future Research Perspectives

Future research must focus on exploring the FEW
Nexuses by integrating ecosystem services and develop-
ing effective, comprehensive management practices. The
Food–Energy–Water (FEW) nexus is recognized as a key
driver of sustainable development, reflecting the complex
interdependencies among these critical resources [99]. In-
tegrated management practices should be implemented
to enhance resource efficiency and minimize inefficien-
cies [126]. Analysts have employed predictive mathemat-
ical modeling tools and techniques to support FEW nexus
planning, including advanced multi-criteria optimization
methods and composite decision-making indices [126,
127]. These techniques enable the identification of Nexus
synergies and trade-offs, leading to improved resource
management, policy planning, and formulation. The in-
terconnections, linkages, and efficiency within the FEW
nexus have been examined across most sectors, with gaps
and opportunities for future improvement identified [128].
Stakeholders adopting a Nexus perspective can drive re-
source efficiency and sustainable action, thereby facili-
tating the achievement of the Sustainable Development
Goals [99].

The Nexus approach to FEW addresses the intercon-
nections between these sectors explicitly and recognizes
that a shift in one industry significantly affects the other
two drivers [129]. This holistic approach is necessary
for sustainable resource management and for achieving
the Sustainable Development Goals [99]. Various studies
have suggested different quantitative models to character-
ize the FEW Nexus, such as input-output models to ana-
lyze interlinkages among sectors [130] and multi-criteria
decision-making models to optimize production and re-
source use [131]. These help to identify synergies and
trade-offs in agricultural land use systems [126]. Agricul-
tural crops such as alfalfa are susceptible to energy andwa-
ter use [130]. For example, according to Nie et al. [126],
Pareto solutions could maximize food production, save
water and energy, and function efficiently under a wide
range of climatic conditions.

Political will and commitment are essential to fos-
ter synergies among stakeholders pursuing complemen-
tary goals within the basin. Ideally, cross-sectoral stake-
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holder engagement ensures the representation of differ-
ent perspectives that would improve the coherence and
efficiency of resource management strategies [132]. The
concept of the FEW Nexuses seems promising to address
some of the sustainability challenges. However, there are
still critical bottlenecks in its operationalization, andmuch
more research is needed to conceptualize and effectively
use these linkages. Research linking theories and meth-
ods across food, energy, water, and ecosystem services is
still at an early stage, and there is limited literature to date
that integrates ecosystem services into a broader, more
comprehensive system. There is a need for multidisci-
plinary and interdisciplinary comprehensive studies and
breakthroughs from many case studies. There is also a
great need for cooperation and coordination at transbound-
ary and regional levels, as well as for pursuing compensa-
tion mechanisms to make water resources sustainable.

Use the “environmental footprint family” indicator
to assess the environmental sustainability dimension of
the human-environment system. The sustainability of
the human-environment system includes social, economic,
and ecological dimensions, with environmental sustain-
ability as the foundation of social and economic sustain-
ability. The family of ecological footprints includes the
water footprint, carbon footprint, nitrogen footprint, phos-
phorus footprint, land footprint, energy footprint, and oth-
ers [133]. Their common feature is that they can quantify
human use of natural resources and comprehensively as-
sess the ecological sustainability dimension of the coupled
human-environment system. The concept of the ecologi-
cal environmental footprint family is well-suited for ad-
dressing the limitations of focusing on a single resource
while ignoring others, as it takes into account the environ-
mental impacts of multiple resource use, which is partic-
ularly important for achieving sustainable regional devel-
opment. Therefore, including the environmental impacts
of social and economic growth in the assessment of the
“footprint family” [134] is a new research idea and direc-
tion that considers sustainable development, the compre-
hensive development of society, economy, and environ-
ment.

The primary challenges in water footprint research
include data limitations, methodological inconsistencies,
and issues related to spatial and temporal scales. While
there is a consensus on the need for improved data and
methods, future research should focus on developing stan-
dardized protocols and integrated models to fill these gaps.

In summary, despite several problems and chal-
lenges in existing research, water footprint accounting,
particularly the theory and method of linking food, en-
ergy, water, and other ecosystem services, can provide
important scientific and technological support for fulfill-

ing human well-being, reducing trade-offs in resource use,
promoting mutual synergies, and fostering sustainable re-
gional development.

6. Conclusions

The WF has become a key analytical concept for under-
standing and managing water resources amid mounting
global pressures, including population growth, urbaniza-
tion, climate change, and economic development. The re-
view outlines the principal developments in WF research,
from its theoretical foundations in virtual water to its so-
phisticated application in agriculture, energy, and urban
systems. A combination of blue, green, and greyWF com-
ponents, supported by tools such as CROPWAT and LCA,
has enabled advanced water consumption quantification
and revealed inherent interdependencies within the FEW
Nexuses. Operational applications, such as the China
Sponge City program, demonstrate how WF metrics can
contribute to integrated urban planning by reducing blue
WF by 15% and improving food security through water
redistribution. Similarly, quantitative insights into sea-
sonal versus interannual WF variability, such as the 28%
higher green WF for rice in India and the 22% variabil-
ity for sorghum in Sub-Saharan Africa, emphasize the im-
portance of adaptive temporal scales for precision water
management.

Despite these advances, several limitations remain.
Very scarce data, particularly for grey WF pollutants
such as microplastics and pharmaceuticals, and method-
ological heterogeneity constrain accuracy. Disparities in
spatio-temporal patterns, i.e., asymmetrical seasonal wa-
ter scarcity, obstruct resource planning, while the uneven
dispersion of water, as reflected in the Gini index value
of 0.42 and the Theil index value of 0.35, underscores
the need for an equity policy. The integration of WF
into sustainability analysis, using indicators such as the
Quantity-Quality-Environment (QQE) index and the eco-
logical footprint family, provides an integrated approach
to environmental, social, and economic concerns. Future
research will require prioritizing standardized processes
for increasing the reliability and comparability of WF and
the inclusion of high-frequency data from platforms such
as GRWNOD and OpenET. The extension of the FEW
Nexuses framework by including ecosystem services and
cross-boundary collaboration will be crucial in address-
ing global water challenges. By promoting interdisci-
plinary models and cross-sectoral stakeholder engage-
ment, WF research can drive sustainable resource man-
agement aligned with the Sustainable Development Goals.
Ultimately, the WF paradigm provides a firm foundation
for evidence-informed policy-making that acknowledges
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the means by which water scarcity can be avoided, equity
can be improved, and the human-environmental system’s
resilience can be ensured in a water-scarce future.
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