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One of the most agreed upon definitions of sustainability states that in order to achieve a sustainable
development, the needs of the present must be met without compromising the ability of future
generations to meet their own needs. Yet, the accomplishment of this target has its own challenges

given the high growth of human population. All human beings require water, energy, and food in order
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to survive. The aim, then, is to satisfy these requirements through an adequate distribution of resources.

The objective of this article is to explore, through a literature review, the application of the concept of
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sustainable design of the water—energy—food nexus. It is important to design supply chains that are as
sustainable as possible while also fulfilling basic human needs.

Sustainability in the water-food-energy nexus is essential to guarantee the responsible and equitable use of natural resources. The growing demand for these
resources and the scarcity in some regions of the world make it necessary to address these challenges from an integrated and holistic perspective. The impact of

sustainability on the water-food-energy nexus is related to several United Nations Sustainable Development Goals (SDGs), such as SDG 6 (Clean Water and
Sanitation), SDG 7 (Affordable and Clean Energy) and SDG 12 (Responsible consumption and production). It is also linked to SDG 13 (Climate Action) and SDG
15 (Life on Land). In short, sustainability in this nexus is essential to achieve a fairer and more equitable future for all.

1. Introduction

Water, energy and food are essential for human well-being,
poverty reduction and sustainable development. Global
projections indicate that demand for freshwater, energy and
food will increase significantly over the next decades under the
pressure of population growth and mobility, economic devel-
opment, international trade, urbanization, diversifying diets,
cultural and technological changes, and climate change.
Water, food and energy form a nexus at the heart of sustainable
development. Agriculture is the largest consumer of the world's
freshwater resources, and water is used to produce most forms
of energy. Demand for all three is increasing rapidly. To with-
stand current and future pressures, governments must ensure
integrated and sustainable management of water, food, and
energy to balance the needs of people, nature and the economy.
Demand for water, food and energy is increasing. Pressure on
the nexus is being driven by a rising global population, rapid
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urbanization, changing diets and economic growth. There is
a significant global move away from a mainly starch-based diet
to an increasing demand for more water-intensive meat and
dairy as incomes grow in many countries. Food production and
energy are highly water intensive.” Agriculture is the largest
consumer of the world's freshwater resources, and more than
one-quarter of the energy used globally is expended on food
production and supply. Most of the energy generation is water
intensive, such as its use in coal-fired power plants and in
nuclear reactors, and in bio-fuel crop production. Pressure on
the water-food-energy nexus threatens the Sustainable Devel-
opment Goals (SDGs). As water becomes scarcer and more
stretched, its ability to support progress in several of the SDGs,
particularly on poverty, hunger, sustainability, and the envi-
ronment, is being reduced.> Goal 6 of the Sustainable Devel-
opment Goals explains the relevance of this point:

Goal 6: ensure availability and sustainable management of
water and sanitation for all. Sustainable Development Goal 6
goes beyond drinking water, sanitation, and hygiene to also
address the quality and sustainability of water resources, crit-
ical to the survival of people and the planet. The 2030 Agenda
recognizes the centrality of water resources to sustainable
development, and the vital role that improved drinking water,
sanitation and hygiene play in progress in other areas,
including health, education, and poverty reduction.
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Governments must increase renewable energy sources.
There needs to be much more support for the development of
less water-intensive renewable energy, such as hydropower and
wind. Geothermal energy has great potential as a long-term,
climate independent resource that produces little or no green-
house gases and does not consume water.®* The Sustainable
Development Goals, number 7 refers to the importance of this
point.

Goal 7: ensure access to affordable, reliable, sustainable, and
modern energy for all. Access to affordable, reliable, and
sustainable energy is crucial to achieving many of the Sustain-
able Development Goals - from poverty eradication via
advancements in health, education, water supply and indus-
trialization to mitigating climate change. Energy access,
however, varies widely across countries and the current rate of
progress falls short of what will be required to achieve the Goal.
Redoubled efforts will be needed, particularly for countries with
large energy access deficits and high energy consumption.

Sustainable agriculture is critical. the integrated systems of
land, soil and water are being stretched to breaking point.
Efficiency measures along the entire agrifood chain can help
save water and energy, such as precision irrigation based on
information supplied by water providers, and protection of
ecosystems alongside agriculture and energy production can
ensure environmental integrity. Ecosystems must be valued for
their vital services. Governments must harness the power of
nature instead of allowing its destruction and degradation in
the pursuit of food and energy. ‘Green infrastructure’, such as
land dams to capture runoff in arable fields or planting forests
to protect soil and assist groundwater recharge, are some
examples of creating a more sustainable water-food-energy
nexus and a ‘greener’ economy. Integrated management of
water-food-energy must be a top priority. Because of this nexus'
crucial role in many SDGs, decision-makers in all three domains
must cooperate on water resource management, ecosystem
protection and water supply and sanitation.’ The goal number 2
of the SDGs impacts on this issue.

Goal 2: end hunger, achieve food security and improved
nutrition and promote sustainable agriculture. This goal seeks
sustainable solutions to end hunger in all its forms by 2030 and
to achieve food security. The aim is to ensure that everyone
everywhere has enough good-quality food to lead a healthy life.
Achieving this Goal will require better access to food and the
widespread promotion of sustainable agriculture. This entails
improving the productivity and incomes of small-scale farmers
by promoting equal access to land, technology and markets,
sustainable food production systems and resilient agricultural
practices. It also requires increased investments through
international cooperation to bolster the productive capacity of
agriculture in developing countries.

In this context, the water-energy-food nexus has emerged as
a useful concept to describe and address the complex and
interrelated nature of our global resource systems, on which we
depend to achieve different social, economic, and environ-
mental goals. In practical terms, it presents a conceptual
approach to better understand and systematically analyze the
interactions between the natural environment and human
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activities, and to work towards a more coordinated manage-
ment and use of natural resources across sectors and scales.
This can help us to identify and manage trade-offs and to build
synergies through our responses, allowing for more integrated
and cost-effective planning, decision-making, implementation,
monitoring and evaluation.*

2. Water—energy—food nexus
problem

There are several fundamental and interconnected problems
that threaten human existence and which must be addressed.’
Most of these problems are closely related to the production,
use and distribution of water, energy, and food within in
developing countries.®

Understanding the complicated relationship that binds the
water, energy and food systems is the foundation in the devel-
opment of a sustainable future.” Hague,® visualizes the water-
energy-food (WEF) relationship as a strong pillar which
generates global security, prosperity, and equity. The WEF
relationship first attracted attention in 2011 at the Bonn Nexus
Conference held at the United Nations Climate Change Collo-
quium.® The now known “Bonn Conference” outlined the need
to address sustainability issues in the highly interrelated sectors
of WEF security.

The interrelationship of the WEF system goes beyond
quantifying the water footprint in food production, estimating
CO, emissions from water supply chains or analyzing the
generation of electricity from new sources.' In other words,
other elements such as the economical, the environmental and
the societal must be considered. At the heart of this interrela-
tionship lies the interdependence of resources which are
resource cost (determines the efficiency of production) and
resource demand (creates demand for other resources)."* Food
production requires both water and energy. Energy is essential
in the irrigation system, in the production of fertilizer, in the
raising of livestock and in the entire transformation chain, i.e.,
distribution, packaging, storage and sale. Water extraction,
water transferring, water treatment and water distribution
require energy, on the other hand, energy generation requires
water."” Factors such as increasing urbanization, environmental
issues, and economics intensify the interrelationship of the

Energy Water use and
Production deplation
Batraction, Virtuel water,
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Blofuels Packaging,
fertilizers, etc.

Fig. 1 Interrelationship of the WEF nexus.
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WEF nexus. Fig. 1 shows the strong interrelationship of the
WEF nexus.

Economic policies can either intensify or mitigate the
interrelationship of the WEF nexus. Ignoring the interdepen-
dence and such policies will only create a negative impact on
the nexus. However, one of the many challenges of the nexus is
to efficiently manage the different scales, i.e., the adjustment of
resources between localities, regions, and countries."® Aspects
such as social or environmental security are an important part
of the economic development of a region or area, due to the
shared nature of energy, water, and the multiple effects that
both have on the food sector. By meeting human development
needs through the provision of the WEF, it becomes clear that
the safeguard of a country, state and region will only increase.™
The connection of the water-energy-food nexus is greatly
influenced by economic policies, which have an impact on
a variety of factors. These consist of:

Resource distribution: economic policies govern how limited
resources, such as water and land, are distributed across
various industries, such as the production of energy, food, and
water. Resources may be allocated fairly or with a bias toward
particular industries, depending on the policy priorities. Agri-
cultural policy, for instance, may place a higher priority on food
production than on effective water and energy usage, or vice
versa.

Market regulation: markets for food, energy, and water can
be regulated by economic policy. Pricing, subsidies, taxes, and
other mechanisms that affect resource production, distribution,
and consumption are impacted by this legislation. Effective
pricing plans for electricity and water, for instance, can
encourage efficient use of those resources and the adoption of
environmentally friendly technologies.

Investment in technology and infrastructure: economic poli-
cies should promote investment in technology and infrastructure
for the production of food, energy, and water. For instance,
stimulus plans may allot money to build dams, renewable energy
facilities, or effective irrigation systems. The availability of
resources, sustainable resource management, and food produc-
tion are all greatly impacted by such investments.

Environmental protection: economic policies can encourage
the preservation of natural resources and the protection of the
environment. Sustainable practices in water use, energy
consumption, and food production are promoted through the
implementation of environmental rules, tax incentives, or
programs for payment of environmental services. These regu-
lations promote clean technology adoption, resource efficiency,
and pollution reduction.

Today, one of the WEF nexus' main problems is the fulfill-
ment of food demand in the face of an ever-growing world
population without compromising natural resources and
without generating a negative environmental impact.”® Yet,
through the development of sustainable methods of ecological
development, a solution can be achieved. These methods must
set their focus on developing countries as more than 90% of the
world's population growth is generated in these countries, and
it is they who are generally prone to water scarcity and
malnutrition.*®
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The rising cost of water, energy and food translates into
higher costs for goods or services.'” Thus, the problem of the
WEF nexus is the influence of the availability, demand, and
costs of each element, as well as other factors that may inter-
vene. The WEF nexus seeks a balance the green economy
development model to address the growing challenge of WEF
security and its approach to managing this challenge.™

2.1 Elements and interactions in the WEF nexus

As mentioned above, the WEF nexus is usually viewed from the
perspective of the decision-maker. By adopting the water
element approach, the energy and food sectors become users of
the source element.” From the standpoint of the food element,
water and energy are inputs.”® And from the standpoint of the
energy element, water, such as biomass, a biological source, is
feedstock. Food is often an output.>* Regardless of the scenario,
the adopted perspective will influence the outcome of the
overall nexus. This is driven by the specific priorities of the
region, state, or country, as well as the data, resources, and tools
available.

The identified elements of the WEF nexus are as follows:*

- Limited resources.

- Rapidly growing world demand.

- Population areas without access to WEF (quantity and
quality).

-Interaction of supplies, local, regional, national, and/or
international trade.

- Variations in supply and demand, in addition to variable
availability.

- Dependence on climate change and environmental
impacts.

- Social security problems.

- Regulated markets.

- Implications of explicit risks.

Each one of the WEF elements affects every other element
involuntarily. Therefore, the interaction is direct, and the effects
of ignoring one aspect will have a direct repercussion on the
others; thus, a systematic and coordinated plan which will
result in the real interaction between water, energy, and food is
needed."”

3. Sustainability criteria

As aforementioned, the water-food-energy nexus consists of
a complex system that comprises the interdependence of water,
food, and energy systems. It is important to highlight that these
systems are not only interconnected but also dependent on each
other. For this reason, any changes in one system could have
significant positive or negative impacts on the others. There-
fore, understanding the dynamics and interdependence of the
water-food-energy nexus is crucial for developing sustainable
policies and management practices that can ensure the avail-
ability of these resources in the future.

In order to better understand and manage the WEF nexus,
several indicators have been developed and applied to evaluate
the different aspects of the WEF nexus. These indicators help to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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measure and monitor the quantity, quality, efficiency, and
sustainability of these systems. They provide a quantitative
basis for identifying areas where improvements can be made
and for tracking progress over time. In this sense, this section
provides and explores some indicators used to assess the
sustainability of a water-energy-food nexus.”

Due to the large number of indicators that exist, the scales
they use, and the complexity of analyzing them together,
different indicators have been developed. However, a common
index used to address these challenges is the water-energy-food
nexus index (WEFNI) which was proposed by Juwana et al.**
This index provides information to decision makers about the
performance of the WEF nexus in an easy way. It is important to
note, that WEFNI is considered a normalization method that
helps to analyze different sustainability criteria. Mathemati-
cally, WEFNI can be described as follows:

Yimax - Y
/Yi = ymax _ Ymin (1)
Yi _ Yimin
Xi= ymax _ ymax (2)
Z H"l‘X,‘
WEFNI = =L (3)
Sw;
i=1

where X; is the normalized value of indicator i, Y; represents the
current value of indicator 7, Y;"®" is the most preferred value of
indicator 7, whereas Y;™" represents the least preferred value. w;
is the weight factor applied to indicator i, and n indicates the
number of indicators. Please note that there are two equations
to determine X;. The reason is quite simple: eqn (1) is used for
indicators where larger values are preferred, whereas eqn (2) is
used for indicators where smaller values are preferable. There-
fore, it is important to note that based on the normalization, the
WEFNI can take values between 0 and 1, where 1 represents the
best situation and 0 represents the worst.

As aforementioned, WEFNI allows to evaluate different
sustainable indexes, in this sense, diverse authors have re-
ported some of the most common indexes used in a water
energy food nexus. The following are examples of some of these
common indexes.

3.1 Water footprint

It is important to note that the water footprint not only measures
the amount of water used in the production of a product or
service, but also the quality of the water used and the environ-
mental impact of water production. Therefore, the assessment of
the water footprint should consider not only the quantity of water
used, but also the environmental and social context in which the
water is used. The water footprint is an indicator that measures
the amount of water used in the production of goods or services,
including the production of food and energy.>»** The water
footprint consists of three components:

e Green water footprint: measures the amount of rainwater
used in the production of a product or service.
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e Blue water footprint: measures the amount of surface or
groundwater used in the production of a product or service.

e Gray water footprint: measures the amount of water needed
to dilute the pollutants present in the water used in the
production of a product or service.

The water footprint is measured in terms of volume of water
used, and is typically expressed in cubic meters (m?). Calculating
the water footprint involves identifying all sources of water used
in the production of a product or service, and measuring the
amount of water used at each source. The water footprint can
also include water used in transportation, processing and waste
disposal associated with the product or service.>>*®

The water footprint is used to assess the sustainability of
water use in food and energy production, as well as to identify
opportunities to reduce water use and improve water use effi-
ciency. By measuring and reducing the water footprint, envi-
ronmental sustainability and efficiency of the water-energy-
food nexus can be improved.*”

3.2 Carbon footprint

The carbon footprint is an indicator that measures the amount
of greenhouse gases (GHG) emitted by the production of goods
or services, including food and energy production. The carbon
footprint is measured in terms of mass unit of CO, equivalent
(CO,e), which is a standardized measure that converts emis-
sions of other greenhouse gases into their equivalent in terms of
CO2.28,29

In the context of the water-energy-food nexus, the carbon
footprint can be used to assess the environmental sustainability
of food and energy production. For example, food production
can contribute significantly to GHG emissions due to the
intensive use of fertilizers and pesticides, the emission of
methane from livestock, and the transport of food along the
supply chain.>*?°

Calculating the carbon footprint can be a complex process
and requires accurate and detailed data on the GHG emissions
associated with the product or activity in question. There are
different methodologies for calculating the carbon footprint,
however, a commonly used tool is life cycle analysis.”**°

3.3 Energy efficiency

Energy efficiency is an indicator that measures the amount of
energy used in the production of goods or services, including the
production of food and water, and the efficiency with which this
energy is used. It can be measured in terms of energy consump-
tion per unit of output, or as a percentage of the total energy used
in production.*** Additionally, the energy efficiency can be an
important tool for improving the sustainability and efficiency of
the water-energy-food nexus.*” Improved energy efficiency can
reduce the amount of energy needed to produce a product or
service, which can reduce production costs and reduce green-
house gas emissions associated with energy production. To
improve energy efficiency in food and water production, various
strategies can be implemented, such as adopting more efficient
technologies, improving energy management, and reducing
energy waste in production processes. It is also important to
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consider the source of energy used in production, and to promote
the use of renewable and clean energies.*

In addition to reducing production costs and greenhouse gas
emissions, greater energy efficiency can also improve the compet-
itiveness of products and services in the marketplace. Consumers
are increasingly aware of the importance of sustainability and
energy efficiency, and adopting more efficient production practices
can be a competitive advantage for companies.

3.4 Food production efficiency

Food production efficiency is an indicator that measures the
amount of food produced per unit of input used. The calcula-
tion of food production efficiency can vary according to the type
of input used, but in general it involves measuring food
production and dividing it by the input used.*

For example, food production efficiency can be calculated by
dividing the amount of food produced (in terms of weight,
volume or monetary value) by the amount of land, water, energy,
fertilizer, pesticides or other inputs used in production. This
indicator can be expressed in terms of kilograms per hectare (kg
ha™"), liters per kilogram (1 kg™'), or any other unit that is
relevant to the type of input used.*

Calculating efficiency in food production can be a complex
process that requires accurate data on production and input use.
It is also important to consider other factors that can affect the
efficiency of food production, such as climate, agricultural prac-
tices used, soil quality, and access to technologies and knowledge.

Therefore, the objectives of this paper are to carry out
a bibliographical review on the following topics: evaluation of
the interdependence between water, energy and food and to
understand and analyze the interaction and interrelationships
between water, energy and food resources. Analyze current
challenges and constraints and investigate the challenges and
constraints associated with the sustainable design of the water—
energy-food nexus. Identification of opportunities to improve
sustainability and evaluate opportunities to improve sustain-
ability in the design and management of the water-energy-food
nexus. Establishment of conceptual or methodological frame-
works for the sustainable design of the water-energy-food
nexus. This may involve integrating sustainability principles
into system design and identifying indicators and metrics to
assess the sustainability of proposed designs. Environmental
and socioeconomic impact assessment of different sustainable
design options for the water-energy-food nexus. This may
include life cycle assessment, cost benefit analysis, and resil-
ience and equity assessment. Finally, based on the results of the
review, propose concrete solutions and recommendations to
improve the sustainability of the water-energy-food nexus.
These recommendations can be addressed to designers, policy
makers, decision makers and other relevant stakeholders.

4. Sustainability of the energy-water-
food nexus

Sustainability in the WEF nexus is inherent in the interrela-
tionship between water-energy—food. The interdependence of
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water resources to those of energy and food, under a scheme of
economic, social, and environmental benefits will result in an
adequate distribution of elements, thus providing an environ-
ment of sustainability. However, the WEF nexus has not always
been visualized under the concept of sustainability. In this
article we intend to conduct a comprehensive literature review
presenting the vision of various authors in the framework of the
WEF nexus and sustainability. In this sense, the studies
addressed in this work, dating from 2011 up to the present, were
utilized in the present research. However, due to the large
volume of available works from this period, only a selected
number were explored in detail. Even though all of the works
examined contribute significantly to advancements in the
water-energy-food (WEF) nexus, the ones explored in detail
offer innovative solutions in ecological sustainability and
progress towards achieving Sustainable Development Goals.
One of the first research works to present a sustainability
approach in the WEF nexus was written by Bazilian et al.** in
2011. In their work, Bazilian et al. demonstrate how different
concerns in the WEF nexus intertwine. This paper explores the
interwoven concerns within the energy, water, and food policy
areas, emphasizing the importance of understanding their
interrelationships and addressing them holistically. The study
considers the nexus primarily from a developing country
perspective and highlights the need for systems thinking and
a modelling framework to propose effective national policies
and regulations. With this in mind, Bazilian et al.>* identified
different perspectives through which the energy-water-food
nexus can be viewed. Depending on the chosen perspective,
either water, food, or energy is considered the primary resource,
while the others are seen as inputs or users. This perspective
significantly influences policy design and priorities but often
lacks a global vision of the entire WEF nexus problem. For this
reason, in order to avoid bias and ensure the design of more
sustainable public policies, Bazilian et al.>* point out important
parameters that must be considered. These parameters include
challenges related to resource access and quality, rapid global
demand growth, resource constraints, the global nature of these
goods with international trade implications, regional variations
in availability and demand, interdependencies with climate
change and environmental issues, security concern Fig. 2
illustrates the interactions within the WEF nexus identified by
Brazilian from a security focus. Based on this figure it becomes
evident that the spheres of energy, water, and food significantly
impact each other, and disregarding the effects in one sphere
can have substantial repercussions on the others. Anticipated
bottlenecks and constraints in these resources pose political,
economic, and management challenges, emphasizing the
necessity for a systematic and coordinated planning approach.
Additionally, Bazilian et al.** emphasized the urgency for
a unified framework that comprehends and addresses the
interactions between energy, water, and food policies. Key
points discussed include the necessity for integrated tools to
support decision-making, policy assessments, policy harmoni-
zation, technology assessments, and scenario development.
They highlighted the lack of robust analytical tools, conceptual
models, algorithms, and data sets to provide insights into the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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future use of these resources. Various established practices
such as life cycle analysis, exergy analysis, complexity theory,
operations research, material flows analysis, industrial ecology,
and sustainable supply chains are referenced.

Based on the aforementioned, Bazilian et al. ** acknowledge
previous attempts to analyze aspects of the WEF nexus,
including The Limits to Growth and the WELMM approach.
They also acknowledge progress made in integrated assessment
models for energy and land use but point out the limited inte-
gration of water use. In response to these shortcomings, Bazi-
lian et al? introduced a new modeling framework called
Climate, Land, Energy, and Water (CLEW). The CLEW frame-
work aims to offer a more integrated, multi-resource represen-
tation with improved geographical coverage and accessibility,
especially for developing countries. The CLEW framework
intends to empower decision-makers and policymakers to
assess the impacts and trade-offs of different options within the
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broader CLEW system. Its objective is to facilitate the develop-
ment of cost-effective policies that achieve multiple objectives,
harmonize conflicting policies, assess technology options, and
establish consistent scenarios for future development trajecto-
ries. However, it is not yet a fully integrated tool.

Based on the experiences acquired from the previous paper,
Bazilian et al®' studied the complex relationship between
energy, water, and food policies. They determined how these
factors are interconnected and require systems thinking
approach to understand various concerns, including environ-
mental impact, national security, and price volatility. Due to the
complexity and vastness of each individual area, there was
limited research on how to support decision-making at the
intersection of these spheres. Algal bioresources were used in
this article as a case study due to their potential to transform
energy resources, food supplies, and greenhouse gas mitiga-
tion. This work examined the energy-water-food nexus through
the lens of algal bioresources, introducing several consider-
ations such as weighing the costs and benefits of producing fuel
or food, sensitivities to water quality, climate change emissions,
the use of waste streams like flue gas or wastewater, and energy
and food security issues. Bazilian et al. determined that the
assessment and optimization of these systems can be compli-
cated by various stakeholder interests and the need to incor-
porate factors from economics to social impacts. Techno-
economic analysis (TEA) and life-cycle assessment (LCA) were
used to assess microalgae for fuel production in order to
address the U.S. national algal biofuels technology roadmap.
Their findings highlighted reasons for the increased interest in
algal biofuels, including high per-acre productivity, non-food-
based feedstock resources, use of non-productive land, versa-
tility in water sources, production of biofuels and valuable co-
products, and potential for recycling CO, and other nutrient
waste streams. Finally, they concluded that algal systems
present a unique opportunity to study the energy-water-food
nexus. Understanding the potential benefits and impacts of
these systems requires an amalgamation of science, technical,
life-cycle, financial, and policy analysis. A consistent framework
that accounts for the design and operational flexibility of algal
systems will enable robust decision-making and help identify
risks and mitigation strategies. This information can inform
policy and investment decisions, research and development
prioritization, and dialogue related to the energy-water-food
nexs and sustainability.

On the other hand, in 2012, Prasad et al.*® presented a plan-
ning and modeling project which acknowledged that the WEF
nexus tools offer improved resource use and policy coherence in
South Africa. Prasad et al.** also helped in the analysis and
conception of how the WEF nexus creates opportunities to
increase resource efficiency by ensuring sustainable access to
water, energy, and food thus improving policy coherence.

By 2014, De Laurentiis et al.*® presented a study between the
connections and interactions of the WEF nexus. In this study,
they demonstrated how the independency of one of the nexus
resources will not create any good results. In other words, food
security cannot be achieved without energy or water security. An
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important aspect of their work is the assurance that sustain-
ability can be promoted by safeguarding the WEF nexus.

Walker et al.,*” also in 2014, explored the issues of sustain-
ability and the effect of human behavior on city metabolism.
They approached the WEF nexus as a research tool to aid with
investment and policy decisions. With a multi-sectoral analysis,
they were able to generate resource estimates, reveal the synergy
and interaction between WEF. They were also able to estimate
the benefits in terms of economics and environmental impact.
Their results suggested that better and newer technologies for
urine separation, food and waste collection in conjunction with
algae cultivation can bring sustainability to the city of London.

It is important to note that in 2015, the number of publica-
tions addressing the concept of sustainability in the WEF nexus
increased with the aim of support and achieve the recent
propose Sustainable Development Goals (SDGs) by United
Nation. As proof of this, Ozturk® examined the food-energy-
water nexus in the BRICS countries (Brazil, the Russian Feder-
ation, India, China, and South Africa) and explored the dynamic
links between energy, food, water, public health, economic
growth, and the environment. He used three models and panel
data spanning from 1980 to 2013 to analyze the relationships
and identify policy implications. The goal of this work was to
investigate how health, wealth, and the environment are inter-
connected and extract lessons for policy development. In
addition, a food security index was developed using principal
component analysis, which brings together factors like agri-
cultural machinery, cereal production land, and agricultural
value added. These variables were assigned individual weights,
and the food security index was used as the main variable in the
food model. The study also scrutinizes the potential relevance
of the Environmental Kuznets Curve (EKC) hypothesis among
BRICS nations. The results reveal that energy shortages and
inadequate water resources negatively impact food security in
the BRICS countries. Economic growth contributes to increased
energy demand and environmental degradation. The depletion
of forests and natural resources hinders economic prosperity,
driven by rapid industrialization, domestic investment,
improved water sources, and labor force participation. The
study also finds evidence supporting the Environmental Kuz-
nets Curve (EKC) hypothesis, showing an inverted U-shaped
relationship between carbon dioxide emissions and economic
growth in Brazil, India, and South Africa. Given these findings,
the study suggests the following policy recommendations:

e Short-term: manage climate variability by effectively using
renewable energy, improving land use, and ensuring adequate
water resources to increase agricultural productivity and
counter the effects of crop failures and biodiversity loss.

e Medium-term: develop resource-based policies that secure
agricultural water availability, vital for fighting global food
insecurity. These policies should aim to enhance land fertility
and productivity.

e Long-term: promote the integrated modeling of the food-
energy-water relationship to address global sustainability chal-
lenges. This requires comprehensive strategies and policies to
understand and address these interdependencies, ensuring
long-term sustainability.
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Based on these suggestions, Ozturk® underlines the need for
a diverse energy mix to improve health infrastructure, stimulate
economic growth, and lower carbon emissions in BRICS coun-
tries. Domestic investment and an active labor force are critical
for enhancing food security and water resources. The study also
stresses the importance of conserving biodiversity as increasing
energy demands lead to natural resource depletion. The EKC
can offer solutions for sustainability and food security in the
BRICS nations.

On the other hand, Heckl et al.*® propose the use of P-graph,
a tool framework, as an effective means to design alternative
networks that represent the WEF nexus for the purpose of
achieving more cost-effective and sustainable options. P-graphs
are bipartite directed graphs that guarantee an unambiguous
representation of any process. They are based on combinatorial
analysis and rigorous axioms which prove useful in the initial
phase of WEF nexus design.

Al-Ansari et al.*® suggest an integrated tool for the life cycle
assessment of WEF. This WEF nexus modeling tool can provide
an environmental assessment of food production systems with
a holistic and sustainability approach. Al-Ansari et al. were able
to prove that the food sphere within the WEF nexus is the
largest contributor to global warming. And that, with the use of
renewable energy, greenhouse emissions can be reduced by
almost a third, which represents a growth in terms of sustain-
ability for any study region.

Leck et al.*® review different approaches to the WEF nexus.
They examine the problems of interdisciplinary collaboration,
complexity, political economy, and the incompatibility of the
institutional structures present. The importance of their
research is that the challenge to recognize the disciplinary
boundary crossing the WEF nexus and the sustainability agenda
promotes was achieved. Thus, it becomes crucial to establish
sustainability and the WEF nexus approach as part of a broader
repertoire of responses to the global environmental crisis.

In 2016, El Gafy et al** used system dynamics models to
create a new approach to analyze dynamic behavior by focusing
on the WEF nexus interactions. Their model first establishes an
energy and water footprints in crop production and consump-
tion. Secondly, a virtual water and energy export and import.
Thirdly, an energy and water saving balance in agricultural
production. And lastly, a WEF nexus index. The case study,
created in Egypt, established that an intersection of human
welfare, poverty reduction, and sustainable development issues
is generated by the WEF nexus.

Irabien & Darton** studied the WEF nexus in the Almeria
region (Spain) regarding the tomato production. They followed
a process analysis method connected to market demands and
ecosystem services. Their results estimate that the evolution of
ecosystem services, the main constraint of the system, will
generate sustainability in the region while carbon, water, and
chemical footprints are useful for sustainability assessment.

Yang et al.* show that it is critical to jointly address the
challenges of WEF security. They evaluated Pakistan's Indus
River WEF nexus using the Indus Basin Model Revised-Multi
Year. They modeled the impact of WEF with a range of
climate change scenarios, and under various alternative water
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allocation and water infrastructure development mechanisms.
They found that the appropriate use of the WEF nexus inter-
actions can mitigate the negative effects of climate change on
agricultural water, energy use and generate a framework for
sustainability.

Keairns et al.** propose that the WEF nexus analyses,
computational modeling and life cycle assessment, require new
frameworks and tools to integrate technical and social dimen-
sions. Their results demonstrate the importance of a systemic
view integrated to the complex interrelationships of the WEF
nexus in planning solutions that achieve sustainability goals.

Smajgl et al.** convey a new perspective on the balance of
sectoral aspects that are potentially problematic in the large-
scale development of water, energy, and food resources. They
hypothesize a dynamic WEF nexus framework linked to state
changes. In addition, they demonstrate the ability to reveal the
cross-sectoral connections of the WEF nexus, in a sustainability
framework as well.

While the conceptual framework for a sustainable design of
the WEF nexus has been transcendental over the past few years,
in 2017 a series of works that strongly contributed to the
inherent connection between the WEF spheres and sustain-
ability was presented. Research work such as that reported by
Weitz et al.*® promoted the WEF nexus as a popular concept in
environmental impact research and policy debates. It was also
suggested by Weitz et al., that there are advocates of the WEF
nexus approach to reaching governance agreements. However,
the identification of obstacles in the coherence of the WEF
nexus approach was amongst the most relevant. They drew
insights from research streams and discussed the distinction
between different communicative, organizational, and proce-
dural instruments; from which the communicative instruments
aim to influence visions and long-term goals through sustain-
able development strategies and national environmental plans.

Kilkis & B. Kilkis*” conducted a pioneering study on the
incorporation of circular economy principles within the
framework of the water-energy-food (WEF) nexus. The paper
highlighted the potential advantages of merging these two
concepts to achieve Sustainable Development Goals (SDGs) on
a global level. They suggested that this integration could
meaningfully contribute to three specific United Nations' SDGs,
namely food security (SDG 2), sustainable water management
(SDG 6), and affordable, clean energy (SDG 7).

Kilkis & B. Kilkis*” emphasized how circular economy poli-
cies help to evaluate and preserve a country's resources while
advocating for environmental restoration and improvement.
Concurrently, adopting the WEF nexus framework strengthens
global resource security by bridging disparate studies. They
concluded that the circular economy and the WEF nexus are
inherently interlinked. In contrast to the unsustainable
methods of a linear economy, a circular economy strategy aims
for restoration and regeneration. This offers a practical solution
to escalating resource scarcity, which leads to geopolitical strife,
supply risks, and unstable circumstances. The mutual interde-
pendence of these areas of research is evident, and a combina-
tion of WEF nexus and circular economy policies could be
crucial in ensuring sustainability.
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They also examined the European Union (EU)'s nexus policy,
which has struggled to efficiently cooperate with the environ-
mental sector to address governance problems. However, the
EU has successfully transformed its economic structure by
implementing the circular economy policy. This has led to job
growth and waste reduction due to more careful resource use.
Still, the EU's current biofuel support policies operate in
a vacuum, overlooking their impact on other sectors and their
long-term viability. Policy-making that incorporates both the
circular economy and WEF nexus frameworks can guarantee
resource security and sustainable development by reducing
waste.

The study proposed an approach, represented in Fig. 3, to
guide organizations and future researchers in assessing
sustainability and implementing environmental security. The
method involves analyzing the flow of end-use materials for
sustainable resource procurement within the integrated WEF
nexus and circular economy framework. Moreover, the water,
energy, and food sectors should be consolidated under one
umbrella to initiate symbiotic benefits that enhance the cross-
sector integration of resources.

The paper consistently emphasized the nexus as a key tool
leading to a circular economy, the ultimate sustainability goal.
Recycling waste and other byproducts throughout the supply
chain promotes resource circularity and prolongs product life.
In this context, Life Cycle Assessment (LCA) can be used to
evaluate the environmental impact and set standards for
remanufacturing assessments.

Additionally, Zaman et al.*® clearly demonstrate that the
environmental sustainability agenda is committed to water,
energy, and food resources. They employ a study in which they
model different perturbations in WEF resource variables in
contrast to the generation of atmospheric pollutants in various
African countries. The results of Zaman et al.*® reaffirm that
there is a strong relationship between WEF resources and
atmospheric emissions, and that, if a sustainable future is
desired, optimal models of the WEF nexus must be designed for
each specific region.

In 2017, Heard et al.* showed that urban systems require
water, energy, and food which are often out of reach, and the
consumption of these resources generates major environmental
problems. Heard et al.*® state that the three WEF spheres are
facing increasing demands and limitations of utmost impor-
tance in the conservation of a sustainable world. In their study,
it was evidenced that the greater the urbanization area, the
greater a large-scale sustainable solution must to be applied.
And that by studying the interactions and connections of the
WETF will facilitate the complex challenge of sustainability.

Al-Ansari et al.* illustrate how the sustainability of the food
production system is closely related to the WEF nexus. They
used the WEF nexus tool to model the interdependence between
resources while performing an environmental assessment for
the State of Qatar. Kurian,™ argues that effective implementa-
tion of the WEF nexus can be supported by robust science. The
WEF nexus approach must introduce concepts from trans-
disciplinary approaches to sustainable development.
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Ozturk® provides an overview of the relationship of WEF
resources and sustainability in agriculture. He mentions that
the livelihood of those affected by food security, access to water
resources or electricity can be benefited by generating the WEF-
sustainability nexus relationship. His work, which focuses on
Africa's poor countries, examines the dynamic nexus between
agricultural sustainability and food poverty. The results reveal
that the agricultural value added to the nexus significantly
decreases WEF poverty, leading to higher economic growth and
price levels at the cost of environmental degradation.

Overall, agricultural sustainability is a prerequisite in the
reduction of WEF poverty. Al-Saidi, & Elagib®* conducted an
intensive literature search to reveal, first of all, the rationale
behind the WEF nexus debate, and secondly, to identify the
diverse tools in the analysis of the WEF nexus interrelationship
in a science and policy framework. Three factors that promote
the WEF nexus concept were identified. The first factor
considers the uncertainty of interrelationships; the second
factor deals with the resource supply crisis; and the third factor
manages strategies. Their work creates a debate on nexus
governance and opens the link to a sustainability discussion.

As far as studies related to the water-food-energy nexus are
concerned, there has been an increase in the number of papers
addressing the problems of water scarcity and drought since
2018. This is partly due to the increasingly evident effects of
climate change. Among the most notable works in this area is
the research carried out by Zhang et al.®* They performed
a research with the objective of developing an effective agri-
cultural drought management system by integrating real-time
drought monitoring with real-time irrigation management
using an integrated water-food-energy nexus modelling and
optimization approach. This study is specially focused on
investigating the impact of drought and irrigation management
on corn production in Nebraska. Using a spatially explicit
water-food-energy simulation and optimization method,
applied to one of the most important corn regions in Nebraska.
The optimization problem considers different criteria to deter-
mine the best solution, including crop yield, energy consump-
tion, water use, and economic feasibility., The crop simulations
were validated with yield statistics. The optimization algorithm
generated a Pareto frontier, which is a set of optimal solutions
that satisfy different trade-offs between these criteria.

Additionally, this research allowed to integrate a crop model
and OptiCE (GIS-OptiCE), an optimization tool for clean energy
systems, to evaluate the effects of drought on corn production.
This combination provided guidance on optimal irrigation
requirements using the water-food-energy nexus approach.
The study's novelty lies in its foundation for a comprehensive
management tool for irrigation, enabling near real-time
drought management and optimal irrigation guidelines.
Therefore, their results provided a tool to determine the best
balance between these criteria for effective agricultural drought
management.

It found that drought conditions, like those experienced in
2012, can reduce corn yield by up to 50% compared to wetter
years like 2009. The simulation results demonstrated the crucial
role of irrigation in preventing crop losses due to drought and
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sustaining high yields. However, the study also highlighted the
need for significant investments in water and energy to mitigate
the negative effects of drought. The water-food-energy rela-
tionship indicated that irrigation plays a vital role but requires
substantial resources. The multi-criteria optimization problem,
showed that the optimal crop yield does not necessarily corre-
spond to the maximum potential crop yield, as lower crop yields
can also result in potential water and energy savings depending
on environmental and economic constraints. On the other
hand, based on the results of the optimization problem, Zhang
et al** also demonstrated that irrigation plays a key role in
limiting crop losses due to drought and sustaining high yields
of up to 20 t ha'. However, the study also showed that signif-
icant investments in water and energy are required to limit the
negative effects of drought. Finally, they stablished that Future
studies will aim to integrate a hydrological model to analyze
water balance at different spatial and temporal scales. The
study's multi-criteria optimization problem revealed that the
optimal crop yield does not always align with the maximum
potential yield. The optimization algorithm's Pareto frontier
demonstrated that optimal solutions could lead to lower crop
yields, resulting in potential water and energy savings depend-
ing on environmental and economic constraints.

Following the line of drought studies, Campana et al*
proposed to manage agricultural drought in Sweden using
a spatiall