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nexus studies: what, why, and how
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The increasing pressure on resources and the persistent failure to address global malnutrition

are evident challenges. A significant contributing factor is the decline in the quality of production
resources, particularly water. As a result, many countries and their experts have prioritized the need to
balance resource consumption. To address the research gap regarding balanced and optimal resource
use, various methodologies have been developed over time, culminating in nexus studies. This

study aimed to investigate the what, why, and how of conducting water-energy-food nexus (WEFN)
studies. The research employed a sequential mixed-methods approach, integrating content analysis
with the Analytical Network Process (ANP). The findings reveal that the objectives of WEFN studies
encompass a wide range of interests, which can be systematically categorized into seven principal
domains: system sustainability assessment, integration of planning and decision-making processes
related to resource consumption, optimization of resource use, management of resource consumption
systems, development of theoretical frameworks for the nexus, evaluation of the impacts of

resource consumption, and assessment of associated risks. Notably, the results indicate that system
sustainability assessment is the most critical reason for conducting WEFN studies. Furthermore, the
analysis of WEFN methodologies identified simulation as the most effective technique within the
Analytical Hierarchy Process (AHP) framework. In the context of the ANP technique, statistical analysis
and simulation emerged as the most important methods. This research advocates for using a diagram
to facilitate the selection of the optimal method for conducting a WEFN study.

Keywords Water-energy-food nexus, Analytical network process, Analytical hierarchy process, Nexus study
diagram

The water-energy-food nexus (abbreviated Nexus) is an interactive approach between the three main sources
of production, which was created with the aim of optimal and sustainable use of resources. The philosophy
of the formation of the Nexus is the need to pay attention to the three basic resources available to humans,
which are in danger of destruction due to continuous environmental changes and human manipulations. The
correlation between these three important sources determines the survival of humans and the biosphere!. The
main challenge is that the change in the spatial and temporal scales of one resource affects the other two, so
Nexus must be able to recognize the conflicts created and resolve them?. A Nexus is a system that consists of
connecting other subsystems. Therefore, the relationship between these subsystems, synergies and the effects
of each part on other parts, as well as the platforms related to it should be considered®. The Nexus is based on
productivity and integrated resource management. The infrastructures for the use and renewal of the three main
sources of production need to be reconstructed and redesigned today because the production of resources is
interdependent. Each part of the Nexus has unique effects, behaviors, and characteristics, so it is not possible to
plan for one part to guide another part?.

In the conducted studies and researches, different reasons for the implementation of the Nexus have been
stated, which include the supply chain of the three sources of water, energy and food, the severe limitation of
resources at the world level, the growing demand for the use or storage of the three sources, access to resources
in terms of quantity and quality, changes in the supply and demand of production resources in human societies,
the dependence of the main production resources on climate change and the need to cope with its challenges, the
increase in human crises such as poverty and hunger and the provision of water and healthy food for the people,
slow movement towards the approved goals of sustainable development, political conflicts and governance of
the main sources of Nexus, changing lifestyles in the world, destruction of natural ecosystems to restore human
ecosystems, along with the inefficiency of the old development approaches, instability in social systems due to
the loss of flexibility in the face of the lack or absence of production resources, the need to ensure the security
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of production resources, integration, management, and stable governance, policymaking for balanced and
sustainable development in spatial and temporal scales, and finally, resilience, adaptability and adaptability to
complex conditions in human societies®1°.

The 20th century, after World War II, was the beginning of unprecedented production using chemicals.
Along with that, countries freed from war faced the crisis of explosive population growth. Providing food for
this hungry and war-weary population led the developed countries or the so-called first-world countries to
seek colonization and trading of other countries’ resources in addition to using their resources, to combat their
hunger. This trend of population growth continued until the United Nations predicted 9.6 billion people in the
world by 2050. It can be said that this growing population, despite the increase in the power of technology in
food production and management strategies for the use of resources, still puts a lot of pressure on resources, so
due to the lack of these resources, exploitation, and extraction are excessive. Food production has caused dietary
changes to occur in different regions of the world and creates a double concern for the protection of the planet!!.
The development of urbanization, economic growth, and the reduction of non-renewable resources have caused
countries to put additional pressure on the few available resources to achieve a better situation and in most cases
to maintain their current situation'2.

The increase in global population along with climate change has increased food insecurity in the world.
The increase in food insecurity has shown itself in two forms: the number of hungry people and the number
of malnourished people. As illustrated in Fig. 1, the percentage of hungry people in the world has decreased
significantly from 28% in 2000 to 18.3% in 2023. Concurrently, the percentage of individuals experiencing
malnutrition has also declined, dropping from approximately 12% in 2000 to around 10% in 2023. These trends
highlight the progress made in addressing global hunger and malnutrition over the past two decade'’.

This slowdown in the reduction of poverty and malnutrition is primarily due to fluctuations in food production
processes. Fluctuations in food production can be due to various factors, but one of the most important factors
is climate change. Figure 2 shows the dollar value map of global food production and Fig. 3 shows the global
climate change map. As it is clear in these figures, countries with less climate risk have produced more food in
terms of value, and as a result, they will have fewer hungry people. This is because the people of these countries
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Fig. 1. World GHI scores and prevalence of undernourishment in recent decades'?.
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Fig. 2. World agricultural output map'.
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Fig. 3. World climate change map'®.
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earn money by selling their food products and fulfilling their daily needs. As shown in the figures, African
countries that bear more climate risk also have lower economic value of food production, and as expected, the
hungriest people in the world also live on this continent.

The impact of climate change on global food production is undeniable, especially when the significant
technological changes in the field of agricultural production in recent decades are considered. With the increase
in the level of agricultural technologies, the increase in food production is a natural problem, but the rate of
this increase in food production is not in sync with the rate of increase in the level of technology. The most
important reason for this is the decreased quality of agricultural resources (water, soil, and temperature) due to
climate change!®'”. This issue has made the matter of establishing a balance between production resources to
be on the agenda of many countries in recent years. By turning the balance of food production resources into
a concern, the topic of nexus appeared in the research literature of the world!®!°. Therefore, this study aims to
explore the what, why, and how of the water-energy-food nexus (WEFN) and identify the most effective method
for conducting such studies. The “what” aspect involves defining the WEEN across different studies, while the
“why” delves into the goals and motivations behind these studies. In the “how” section, various methods used
in conducting WEEN studies across different disciplines are analyzed. Ultimately, different methods for WEFN
studies are prioritized using analytical network analysis (ANP). The subsequent sections of this study will
provide further details on these aspects.

Technology has helped today’s world move towards more prosperous and comfortable societies. Governments
and countries consume more resources and energy to achieve ideal life and well-being for their people than ever
before. Investing in industries dependent on natural resources such as oil is also the reason. The important
point is that, in the path of progress, what is usually affected in countries, especially developing countries,
is the environment'. Inconsistency between production resources can cause a crisis in the sustainability of
the ecosystem and environment. For example, excessive use of fossil fuels causes all kinds of pollution in the
environment, or excessive use of water resources for food production will reduce these resources?’. Any pressure
on the ecosystem of a region will directly affect the WEFN. For example, a drought affects food security, a
decrease in rain affects water resources, and temperature changes in an ecosystem affect the production and
consumption of energy resources. Climate change causes the loss of biodiversity in an ecosystem. Unexpected
changes in temperature in cold regions or changes in precipitation rates in rainy regions cause damage to plants
and living organisms in these regions. Also, the growth of the human population and the need to produce more
food causes humans to encroach on the boundaries of the ecosystem and change the use of the ecosystem to
acquire more land or water for food production, which in turn intensifies the consequences of climate change
in the region?..

The most important applications of ANP in choosing the appropriate research method in WEEN studies are:
(1) determining priorities: using ANP, researchers can determine different priorities based on multiple criteria
that may overlap. This is especially critical in situations where the choice of research method is influenced
by various factors, (2) considering dependencies: ANP allows researchers to consider internal and external
dependencies between criteria and options. This feature is very important to choose appropriate research
methods that may be affected by environmental or social factors, and (3) scenario analysis: ANP allows the
analysis of different scenarios, which can help decision makers to choose the best options for research. These
analyzes can include evaluating the effects of changes in conditions or management policies. Research on the
water-energy-food nexus underscores the crucial role of agricultural development. The direct impacts and
synergies between water, energy, and food resources and grappling with major environmental effects like climate
change can affect in sustainable development. Optimizing resource utilization necessitates conducting studies
within a robust method and framework. Moreover, diverse approaches to these resources across various studies
reveal that, without an optimal methodology, research outcomes often lack clarity and practicality. Focusing on
the nexus and its regional effects, including the influence of internal factors like population growth and external
factors such as climate change, has been extensively examined. However, the need for an optimal methodology
to conduct comprehensive nexus studies remains pronounced, and this research aims to fill this knowledge gap.

Research Method

The method of conducting this research was a sequential mixed research method. The different stages of this
research are shown in Fig. 4. In the first phase, researches were analyzed from the point of view of what, why, and
how to conduct WEFN studies, and it was used to develop a decision tree. To perform this part of the research,
content analysis was used. In the second stage, participants in the research were selected. In the third phase, the
decision tree was developed, and in the fourth phase of the research, the Analytical Network Analysis (ANP)
method was used to determine the relative importance of alternatives and criteria.

Step 1: literature review and content analysis

In the field of selecting the articles to be studied, articles were considered that mentioned WEFN in their title.
Due to the time limit of the research, about 100 articles were selected. Content analysis is one of the documentary
methods that deals with the systematic, objective, quantitative, and generalizable examination of communication
messages. This method is considered a concealer in the classification of methods, and it is used to check the
obvious content of the messages in a text, as a result, it does not enter into the interpretation and semiotics of
the message content. Content analysis is a convenient way to answer questions about the content of a message.
Although in the early approaches, it was claimed that content analysis could deal with the characteristics of
the author and the impact on the audience in addition to the message content, today, the latter two functions
are considered possible only in field and document integration methods. Referring to this topic, only objective
messages were considered. In the context of examining the nature of the WEFN, different dimensions of the
WEEN were reviewed and presented in different articles. In the context of identifying the reason for conducting
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Fig. 4. Research Stages.

Groups of participants | No. | Reasons for selection

Water experts 3 To represent the view of their discipline in Iran
Food experts 3 Logical thinking ability
Energy experts 3 Capable for pairwise comparison
3 Key informants
Working in different dimensions of expertise
Nexus experts Working at different organizational levels

Table 1. Descriptions of the research participants.

the research, referring to the purpose of the research, if mentioned, the reasons why (and not the interpretation
according to the opinion of this study authors) can be extracted. In the investigation of how using the "Research
method" section of the studied articles in the why section, the hows were determined.

Step 2: selection of participants

In terms of selecting participants in the research, 3 experts in the field of water, 3 experts in the field of energy, 3
experts in the field of food, and 3 experts in the field of nexus studies were selected. The selection characteristics
of these experts can be seen in Table 1. The criteria for selecting the respondents were representativeness of
the views of Iranian experts in their field, having the power of logical thinking, having the ability to complete
a pairwise interview, being a key informant, working in different dimensions of their expertise, and working at
different organizational levels.

Step 3: develop the decision tree

To determine the relative importance of the nexus’s why and how, the decision tree of this research was
developed based on the findings of stage 1. A decision tree is an algorithm that is widely used in classification
and prediction problems. In this algorithm, for each sample of the input data, a decision tree is built, which
hierarchically includes the overall goal, criteria, and alternatives. In this research, the criteria consist of the
reasons for conducting WEFN studies, and the objectives are how to achieve these reasons (or different methods
of conducting WEEN studies).

Step 4: ANP analysis

The ANP method is one of the multi-criteria decision-making methods (MCDM), which is similar to the AHP
method, but in which criteria or sub-criteria or alternatives have dependencies or relationships. The AHP
method can be considered a special mode of the ANP technique. If there is a problem in which the criteria,
sub-criteria, or alternatives have internal relationships with each other, this type of problem cannot be solved
through the AHP method because the problem will leave the hierarchical state and create a network state. The
process of network analysis provides a comprehensive and powerful method for making accurate decisions using
empirical information or personal judgments available to each decision-maker and providing a structure for
organizing different criteria and evaluating the importance and preference of each of them over alternatives
makes the decision-making process easier. ANP is implemented using Super Decisions software and is applied

Scientific Reports |

(2024) 14:27310 | https://doi.org/10.1038/s41598-024-79214-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

to a variety of decisions including marketing, medical, political, military, social, forecasting, and many others?2.
The ANP method and its application in various fields are well documented in the operational research literature.

The purpose of using this method was to compare the whys (as criteria) and the hows (as indicators) in the
first step and determine the more important method by referring to the purpose of the study. In the second
step, which transforms the process from AHP to ANP, the goal is to determine which method can serve as a
better complement when performing a method to overlap with that method. This issue was chosen because, in
addition to the criteria, alternatives are also compared with each other from the point of view of alignment and
complementarity with other alternatives, because many researchers seek to determine a research process for
themselves. Therefore, for researchers who are interested in the topic of nexus, it is better to rely on methods
that the data and findings of that method can be used in future studies that may be done with other methods.

It is important to note that the Ethical Committee of Tarbiat Modares University granted approval for the
research, and all aspects of the study were conducted according to the relevant guidelines and regulations.
Additionally, adherence to the Declaration of Helsinki was ensured throughout the research process.

Findings

What is the WEF nexus?

Water-energy-food nexus which is called “WEFN” for short in this research, is an adaptive approach that increases
the resilience of energy, water, and food resources in the conditions of climate change and population growth?.
The conceptual WEFN is local, national, territorial, and extra-territorial and in it, synergies and exchanges take
place between water, food, and energy resources and the security of these resources for sustainable production,
development, and environmental protection. In the nexus, a balance has been made for synergizing resources
and correct and sufficient exchanges between resources, and the result is cost-effective production while using
few resources and on the path of sustainable development. Nexus from the terminological perspective is an
emerging concept focusing on the link between social sciences and natural sciences. By understanding the nexus
between water, energy, and food resources, the nexus is trying to reach a unified concept and be able to deal with
the problems of today’s world. In addition, the concept of nexus is directly or indirectly affected by issues such
as climate change, population growth, or human damages such as increased land use change, war, social issues,
urbanization, etc!!.

In the definition of the nexus, two categories can be mentioned: (1) The first category, which refers to the
interaction between the three main poles, deals more with the development of concepts that depend on their
connection and relationships. For example, at the border between energy and water and where water is used for
energy or energy for water, the definition of the nexus and its classification is formed. In the food dimension,
the concepts begin where the border of food production and energy and water use are intertwined. In this
category, the interactions and subsystems related to each section and the general characteristics of the WEFN
are also taken into consideration. (2) The second category, which is used more in research, looks at the concept
of connection as a paradigm of analysis and quantification of concepts and relationships between the three
main dimensions. This category ends with smaller definitions such as the approach of man and nature or the
integrated management of natural resources through WEFN. In this category, researchers focus on the nature
of production, use, and distribution of resources, along with how these resource links evolve and reach a state
of sustainability in the environment and ecosystem, and use analytical tools, governance theories, and the like?’.

In 2011, at the World Nexus Conference in Bonn, Germany, for the first time, concepts related to nexus and its
relationship with sustainability were discussed. In the initial concepts of the WEFN, the direction of the studies
was more toward systematic decision-making in critical conditions of water, energy, and food resources*>**,
Awareness of the double pressure on water, energy, and food resources and the threat it had created for sustainable
development in the countries of the world led to the establishment of this conference because these pressures
caused irreparable damage to the body of sustainable development?. The concepts of water, food, and energy
in the nexus paradigm both individually and continuously examine the dimensions of sustainable development
and resource protection. The continuity of these three concepts is based on the three flows of “access, availability,
and use”. Access refers to that aspect of resources in which people can purchase, produce, or be assisted in the
process of acquiring that concept. Availability refers to the processing and distribution of food and renewable
energy, and finally, the use of resources means valuable and regulated consumption'>?°. The nexus has two
distinct dimensions, inter-disciplinary and supra-disciplinary. The first dimension deals with the link between
water, food, and energy and the relationships between these dimensions, and in the second dimension, the
relationships between beneficiaries, different privileged and disadvantaged groups, governance, decision-
making and creative thinking, and in general non-technical issues in the field of water, food, and energy®*.

Water-energy-food nexus dimension

Water system (first dimension): Water resources have been the place of gathering and formation of human
communities, and more than that, the place of concentration and expansion of civilization. Water systems
consider all issues and challenges related to human drinking water, domestic use, livestock consumption,
plant production and garden construction, industrial use, and energy production. The connection of water is
much more important than the other two dimensions, namely food, and energy, because the existence of water
resources largely leads to the existence, production, and sustainability of food and energy resources. In the
past years, due to the excessive use of water resources, especially underground reserves in different parts of the
world, problems such as land subsidence, the change and dominance of invasive alternatives, the destruction of
ecosystems and biodiversity, and the destruction of natural ecosystems by humans have arisen. Several solutions
are used to prevent the collapse and disintegration of water systems in different regions of the world. The first is
the development of water extraction, transfer, and recycling infrastructures, in which, through the design of a
comprehensive and extensive system in economic, social, and political dimensions, efforts are made to prevent
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water wastage and inappropriate use and to introduce new technologies of use and recycling and add water into
the natural cycle. Second, there is the issue of water governance, which, in short, according to the historical
background and the role of water in human civilization, all traditional and modern water management solutions
in a region are considered, and the way water is used is managed with the participation of the people who are
its beneficiaries!!.

Energy system (second dimension): The evolution and sustainability of human societies depend on energy.
After the industrial revolution of the 19th century, the issue of energy extraction and production is as much a
priority for societies as food production. The energy system deals with issues such as energy production, access
to raw resources, energy production from renewable sources, energy sales and trading, energy policy, energy
resource governance, energy consumers and traders, and so on. Today’s energy crisis is the product of excessive
use of non-renewable energy sources such as fossil fuels and wood resources such as forests so until 2018, more
than a third of the world’s population did not have access to suitable and sufficient energy sources.

On the other hand, the use of fossil fuel resources in less developed societies has caused the climate of these
regions and, as a result, the climate of the whole world to be in crisis. The ever-increasing need for energy
resources comes from the increase in the world’s population, and in the meantime, the development of new
technologies that are mainly dependent on the production and consumption of electrical energy also fuels this
problem!!,

Food system (third dimension): A food system of production, production method, distribution method,
consumption, used inputs, transportation, labor force, policies related to food production, type of diet of the
studied community, local ecosystem and regional climate, consumers and links are formed between these
components. Food systems are directly affected by the increase in population its growth rate, and climate change.
Findings have shown that in the early 20th century and the 1930s, the world population was about 2 billion
people. This population reached three billion people after nearly 30 years, but it took only 50 years until around
2011 to reach more than double and nearly seven billion people, so with this unprecedented growth and due
to the significant growth of technology, food systems cannot meet the needs of human society. This decrease
in the power of food systems in the 20th century was accompanied by the increase in the use of chemicals and
the change in the use of natural ecosystems for food production. The result of these actions was the pollution of
water, soil, and air and the destruction of biodiversity“.

Why nexus?

In this sections, the reason for carrying out WEFN studies was analyzed. To analyze this issue, the studies
conducted on the connection of water were examined. The results showed that these studies can be classified into
seven groups. These categories included system sustainability assessment, integrating planning and decision-
making processes on resources consumption, resources consumption optimization, resources consumption
system’s management, developing nexus theoretical foundations, resources consumption impacts assessment,
and resources consumption risks evaluation (Table 2). As can be seen in Table 2, among the studies conducted,
the most common reason for conducting the WEEN studies was to determine the system sustainability
assessment (with 21 studies), and the least reason for conducting these studies was to evaluate the risks caused
by the consumption of resources (9 studies).

How to nexus?

After examining why WEFN studies were conducted, how these studies were conducted were analyzed and the
findings of this section are presented in Table 3. As seen, trend analysis, meta-analysis, simulation (with different
simulation methods), survey, content analysis, input-output analysis, economic analysis, multi-criteria decision-
making, statistical analysis, life cycle analysis (LCA), ecological network analysis, experiment, and optimization
modeling has been various methods used in the study of WEFN. Among these methods, simulation (31 cases)
has the highest amount of use, and trend analysis, meta-analysis and experiment methods (1 case) have the
lowest amount of use.

Why WEF nexus References
Resources consumption risks evaluation 26-33

(9 studies)

System sustainability assessment 2,34-53

(21 studies)

Resources consumption system’s management 54-66
(13 studies)

Integrating planning and decision-making process on resource consumption (18 studies) | °7:¢7-83

Resources consumption optimization (17 studies) 49,84-99

Resources consumption impacts assessment 100-117
(18 studies)

Developing nexus theoretical foundations 118-130
(13 studies)

Table 2. Classification of reasons for using WEFNs.
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How to WEFN References
Trend analysis 131

(1 study)

Meta synthesizes 132

(1 study)

Simulation 27,30,31,34,49,55,62,64,65,77-79,82,87,95,96,98,101,103,104,109-111,127-129,133-137
(31 studies)

Survey 35,58,67,74,118,138-140
(8 studies)

Content analysis 26,39,141-143

(5 studies)

Input-output analysis 84,112,120,144,145

(5 studies)

Economic analysis (3 studies) | 3654146

Multi-criteria decision-making | 3375 106,113,126,147
(6 studies)

Statistical analysis (5 studies) 28,35,37,146,148

Life cycle analysis (LCA) 29.41,52,56
(4 studies)

Ecological network analysis 117,149
(2 studies)

Experiment 61
(1 study)

Optimization modeling
(10 studies)

25,38,45,60,80,93,94,100,123,124

Table 3. Classification of how to conduct WEFN studies.

Developing decision tree

Referring to the findings of why and how to perform WEEN, the research decision tree was developed. The
purpose of developing this tree was to choose a better way to conduct the WEFN research (Fig. 5). In this tree,
the reasons for carrying out WEEN studies (system sustainability assessment, integrating planning and decision-
making process on resources consumption, resources consumption optimization, resources consumption
system’s management, developing nexus theoretical foundations, resources consumption impacts assessment, and
resources consumption risks evaluation) were chosen as criteria and how to conduct these studies (simulation,
survey, content analysis, input-output analysis, MCDM, statistical analysis, LCA, and optimization). It should be
noted that in the selection of alternatives, the methods that have been used the most were chosen as alternatives.
Then, referring to the decision tree, a pairwise comparison questionnaire was compiled and the participants
were interviewed face-to-face. There were 3 questions in this questionnaire:

1. Pairwise comparison of criteria using the purpose of the research: referring to the purpose of the research, in

conducting WEFN studies how much more important is the case of ......... than the case of ......... ?

2. Pairwise comparison of alternatives using criteria: in conducting a WEFN study with the ......... purpose,
how much more important is the ......... method than the ......... method?

3. Pairwise comparison of alternatives using alternatives: in conducting a WEFN study with the ......... meth-
od, how much more important is the ......... method than the ......... method?

ANP analysis

Criteria comparison

Comparing the criteria based on the research objective (Fig. 6) showed that the criteria of system sustainability
assessment, integrating planning and decision-making process on resources consumption, resources consumption
optimization, resources consumption systems management, developing nexus theoretical foundations,
resources consumption impacts assessment, and resources consumption risks evaluation with weights of 0.248,
0.221, 0.146, 0.131, 0.100, 0. and 0.063 respectively, are placed in the sequence of relative importance of why to
conduct WEFN studies. The inconsistency index of this pairwise comparison, which according to the Super
Decision software developers should be less than 0.1, is 0.0242, which indicates a rational comparison of the
criteria with each other. As the findings in Fig. 6 show, WEFN studies that seek system sustainability are more
important to conduct than other studies. Of course, it should be noted that all WEFN studies emphasize the
available resources and their evaluation because the limitation of resources has been the most important reason
for conducting WEFN studies.

Alternatives comparison based on criteria

In the next step, the relative importance of the researched alternatives (methods of conducting WEFN studies)
was compared with each other according to the criteria (reasons for conducting WEFN studies) and the results
were shown in Table 4; Figs. 7, 8, 9, 10, 11, 12 and 13. As can be seen, based on the developing nexus theoretical
foundation criteria, content analysis, MCDM, and simulation methods have more relative importance compared
to other methods (with an inconsistency index of 0.0223) (Fig. 7). Of course, according to the nature of the
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Fig. 5. Decision tree to choose a better method for WFE nexus research.

studies that seek the theoretical development of a subject, it is natural to be placed in this relative importance.
Because these studies mostly look for what variables are used or can be used in a subject and refer to the
researcher’s intended framework, which one has more relative importance and supports the research’s theoretical
hypotheses?

Based on the criteria of integrating planning and decision-making processes on resource consumption, and
resources consumption impacts assessment, the methods of simulation, optimization, and input-output analysis
have more relative importance compared to other methods (respectively with the inconsistency index of 0.0127
and 0.0092) (Figs. 9 and 10). Referring to the nature of the planning and decision-making process, the use of
methods that lead to a judgmental statement!'*® or the selection of resources will be prioritized.

Based on the criteria of resource consumption optimization criteria, optimization, simulation, and input-
output analysis methods have more relative importance compared to other methods (with an inconsistency index
of 0.0114) (Fig. 11). Also, based on the criteria of resources consumption risk evaluation criteria, simulation,
statistical analysis, and survey methods have more relative importance compared to other methods (with an
inconsistency index of 0.0461) (Fig. 12). This issue is mostly due to the nature of risk analysis, which requires a
comprehensive review and consideration of various possibilities.
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Fig. 6. Compare criteria based on the main goal.
Criteria
Integrating Resources

Developing a planning Resources Resources Resources consumption | System

nexus theoretical | and resource | consumption consumption | consumption risk | system sustainability
Alternatives foundation consumption | impacts assessment | optimization | evaluation g t t
Content analysis 0.206 0.060 0.075 0.077 0.075 0.071 0.065
Input-output analysis | 0.089 0.136 0.132 0.161 0.059 0.126 0.151
LCA 0.098 0.115 0.228 0.107 0.127 0.071 0.078
MCDM 0.183 0.136 0.066 0.088 0.087 0.126 0.116
Optimization 0.102 0.136 0.132 0.245 0.121 0.153 0.178
Simulation 0.143 0.244 0.219 0.161 0.201 0.234 0.214
Statistical analysis 0.089 0.085 0.071 0.077 0.192 0.091 0.090
Survey 0.089 0.085 0.079 0.083 0.138 0.128 0.108
Inconsistency index | 0.0223 0.0127 0.0092 0.0114 0.0461 0.0141 0.0189

Table 4. Compare alternatives based on criteria.

Based on the resource consumption system’s management criteria, simulation, and optimization methods
have more relative importance compared to other methods (with an inconsistency index of 0.0141) (Fig. 13). In
the end, the comparison of alternatives based on the system sustainability assessment criteria showed that the
methods of simulation, optimization, and input-output analysis have more relative importance compared to
other methods (with an inconsistency index of 0.0189) (Figs. 14, 15, 16, 17, 18, 19, 20 and 21).

Alternatives comparison based on alternatives

In the next step, the relative importance of the investigated alternatives (methods of conducting WEFN studies)
was compared with other alternatives (complementarity for other methods in conducting interdisciplinary
research), and the results were shown in Table 5; Figs. 14, 15, 16, 17, 18, 19, 20 and 21. As can be seen, based on
complementarity for the content analysis method, statistical analysis, MCDM, and survey methods have more
relative importance compared to other methods (with an inconsistency index of 0.0139) (Fig. 14). Considering
the qualitative nature of this research, which is the analysis of previous studies in a field, understanding the
statistical relationship of studies and variables to each other, prioritizing variables, and re-examining them in
society can be a better complement to this method than other methods that are more based on mathematical
equations.

As can be seen, based on complementarity for the input-output analysis method, simulation, optimization,
and LCA methods have more relative importance compared to other methods (with an inconsistency index of
0.0226) (Fig. 15). Considering that this method is more about analyzing the input and output of the system in a
certain period and drawing conclusions from the current situation. From this point of view, these three methods
can be a better supplement compared to others due to their nature. This situation of the relative importance of
complementarity for optimization is also repeated (with the inconsistency rate index of 0.0431) (Fig. 19).

Based on the complementarity of the LCA method, input-output analysis, content analysis, and simulation
methods have more relative importance compared to other methods (with an inconsistency index of 0.0374)
(Fig. 16). The presence of content analysis in the second stage of the LCA process, as well as the analysis of
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Fig. 7. Compare alternatives based on developing a nexus theoretical foundation.
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Fig. 8. Compare alternatives based on system sustainability assessment.

0.250
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different libraries for the best estimation of the effects, can be a good supplement for this method and increase
the quality of the studies conducted with this method.

Based on the complementarity of the MCDM method, the simulation and content analysis methods have
more relative importance compared to other methods (with an inconsistency index of 0.0062) (Fig. 17). Because
content analysis can be a suitable supplement for this method in the decision tree development stage. Also,
the simulation can apply the findings of this method in long-term studies and can confirm the findings of this
prioritization. Based on complementarity for the simulation method, statistical analysis, and survey methods
have more relative importance compared to other methods (with an inconsistency index of 0.0254) (Fig. 18). The
most important reason for this issue is the role of statistical analysis in determining the relationships between
research variables and the role of surveys in collecting relevant data.
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Fig. 9. Compare alternatives based on integrating planning and decision-making processes on resource
consumption.
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Fig. 10. Compare alternatives based on resource consumption impact assessment.

Based on complementarity for the statistical analysis method, content analysis, and survey methods have
more relative importance compared to other methods (with an inconsistency index of 0.0062) (Fig. 20). Based
on the complementarity of the survey method, statistical analysis, simulation, and content analysis methods
have more relative importance compared to other methods (with an inconsistency index of 0.0223) (Fig. 21).
The most important reason for this is that the method of content analysis helps to articulate the conceptual
framework and theoretical foundations of survey studies. On the other hand, simulation and statistical analysis
make it possible to generalize and create scenarios in the findings of survey studies.
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Fig. 11. Compare alternatives based on resource consumption optimization.
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Fig. 12. Compare alternatives based on resource consumption risk evaluation.

Synthesis of alternatives
The synthesis of alternatives was done and its results for two modes are shown in Figs. 22 and 23. In the first
mode, the findings were shown in the form of AHP analysis (Fig. 22). In this case, the alternatives were compared
with each other only according to the criteria. The findings of this mode showed that simulation methods
(normalized coefficient is equal to 0.208), optimization (normalized coefficient is equal to 0.160), input-output
analysis (normalized coefficient is equal to 0.132), MCDM (normalized coefficient is equal to 0.118), LCA
(normalized coefficient is equal to 0.108), survey (normalized coefficient is equal to 0.099), statistical analysis
(normalized coefficient is equal to 0.092), and content analysis (normalized coefficient is equal to 0.082) are in
the hierarchy of relative importance. But the important question in this context is how much these methods can
help other WEFN studies and other methods. Or to put it more simply, complete them?

The answer to this question lies in the second mode and performing ANP analysis (Fig. 23). In this mode, the
alternatives were compared with each other not only regarding criteria but also regarding complementarity for
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Fig. 13. Compare alternatives based on resources consumption system management.
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Fig. 14. Compare alternatives based on content analysis.

other methods. The findings of this mode showed that the methods of statistical analysis (normalized coefficient
is equal to 0.155), simulation (normalized coefficient is equal to 0.153), survey (normalized coefficient is equal to
0.135), content analysis (normalized coefficient is equal to 0.124), input-output analysis (normalized coefficient
is equal to 0.124), optimization (normalized coefficient is equal to 0.113), LCA (normalized coefficient is equal
t0 0.100), and MCDM (normalized coefficient is equal to 0.096) are in the hierarchy of relative importance. As
the findings show, methods such as statistical analysis and survey, which were prioritized from the point of view
of why, were prioritized relatively less important, due to their complementarity, they have gained significant
importance in ANP analysis.
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Fig. 15. Compare alternatives based on input-output analysis.
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Fig. 16. Compare alternatives based on life cycle analysis (LCA).

Conclusion and recommendations

Population increases, urbanization development, economic boom, and growth, as well as the reduction of hard
renewable resources, have caused countries to put a lot of pressure on available resources to achieve a better
situation and maintain their current status. This double pressure on resources is being applied in the conditions of
climate change. However, the failure of this pressure to achieve the goal of decreasing the problem of malnutrition
in the world is obvious. The most important reason for this is the decreased quality of production resources
(especially water). As a result, balancing the consumption of resources was put on the agenda of many countries
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Fig. 17. Compare alternatives based on multi-criteria decision-making (MCDM).
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Fig. 18. Compare alternatives based on simulation.

and their experts. In response to the research need for studies on balanced and optimal resource consumption, a
range of methods has been utilized. Over time, these studies have been consolidated into what are now known as
nexus studies. One of the types of nexuses was WEFN, which is specific to countries and regions where energy
is the most important competitor of food in the consumption of water resources. Therefore, the purpose of this
study was to investigate what, why, and how to conduct WEFN studies.

The findings suggest that the objectives of WEFN studies encompass a broad spectrum of interests, which
can be systematically delineated into seven principal domains: system sustainability assessment, integration
of planning and decision-making processes concerning resource consumption, optimization of resource
consumption, management of resource consumption systems, development of theoretical frameworks for the
nexus, evaluation of the impacts of resource consumption, and assessment of associated risks.

From this category, it is evident that the majority of studies conducted focus on the sustainability of systems
in light of resource consumption, aiming to yield appropriate solutions aligned with resource planning and
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Fig. 19. Compare alternatives based on optimization modeling.
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Fig. 20. Compare alternatives based on statistical analysis.

optimal management. Additionally, the research findings underscore the significance placed on evaluating
system sustainability compared to other rationales for WEFN studies. However, a crucial aspect of conducting
such studies is ensuring they yield decisive insights that can guide policymakers in planning and implementing
effective management strategies.

Furthermore, an analysis of methods employed in conducting WEFN studies revealed that simulation,
survey, content analysis, input-output analysis, Multiple Criteria Decision Making (MCDM), statistical analysis,
Life Cycle Assessment (LCA), and optimization modeling were among the most commonly utilized techniques.
The research also indicated that simulation emerged as the preferred method in comparative assessments based
on specified criteria. Taking into account their respective criteria and their complementary nature, statistical
analysis and simulation were identified as the most crucial methods. The key finding of this research underscores
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Fig. 21. Compare alternatives based on survey.
Alternatives Content analysis | Input-output analysis | LCA | MCDM | Optimization | Simulation | Statistical analysis | Survey
Content analysis - 0.074 0.170 | 0202 |0.073 0.098 0.202 0.174
Input-output analysis | 0.110 - 0241 |0.110 | 0.197 0.157 0.110 0.090
LCA 0.110 0.160 - 0.110 | 0.161 0.080 0.110 0.064
MCDM 0.180 0.074 0.083 |- 0.089 0.078 0.110 0.131
Optimization 0.093 0.196 0132 |0.110 |- 0.155 0.110 0.096
Simulation 0.099 0.262 0.151 |0.248 | 0.240 - 0.110 0.183
Statistical analysis 0.258 0.117 0.092 |0.110 [0.132 0.253 - 0.263
Survey 0.150 0.117 0.134 |0.110 [0.108 0.178 0.248 -
Inconsistency index | 0.0139 0.0226 0.0374 | 0.0062 | 0.0431 0.0254 0.0062 0.0223

Table 5. Comparative analysis of Alternatives.

that the optimal methods for conducting WEFN studies may not always receive prioritization in comprehensive
and combined research endeavors, largely due to the inherent capabilities and limitations of these methods. In
multidimensional studies such as WEFN, there is a preference for methods whose outcomes can be integrated
with those of other methodologies. This research proposes the use of a diagram to guide the selection of the
optimal method for conducting WEFN studies (see Fig. 24). The diagram prompts consideration of six main
questions that can lead them to optimal method. Two factors influencing the answers to these questions and
the selection of the optimal research method are whether the research is designed for long-term or short-term
findings and whether the research method is purely theoretical or applied in nature. Given the nature of WEFN
studies and the demand for their results, methods that facilitate the generation of judgmental statements are
recommended. Ultimately, it is suggested that studies be conducted iteratively to develop a decision support
system for stakeholders within the study’s scope.
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Fig. 22. Synthesized results based on AHP.
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Fig. 23. Synthesized results based on ANP.
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Fig. 24. the diagram for choosing the optimal method of conducting a WEFN study.
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