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Abstract

With the exponential increase in the demand for water, energy, and food (WEF)
resources due to various factors, such as climate change, economic development,
population growth, pandemics, and geopolitical instability, WEF security and
sustainability are simultaneously threatened. To address this issue, the WEF nexus, which
explores the interactions among different WEF sectors as an integrated system, can
distinguish between different influencing indicators of WEF security. However, existing
WEF nexus research using a quantitative approach at the national scale is lacking, and
studies that simultaneously consider WEF security and sustainability require
improvement.

Hence, this dissertation aims to address the WEF nexus in the national context (South
Korea) and evaluate the interactions of selected indicators in WEF security by applying a
conceptual and quantitative analysis framework and considering sustainability aspects
together with external factors (society, economy, and environment). To achieve this
objectives and overcome the limitations of previous studies, the following specific goals
were formulated:

(1) To explore existing WEF nexus concepts, indicator frameworks, and models

(2) To analyze the interactive relationships of the WEF nexus at the country level,
author demonstrate that WEF security is interconnected.

(3) To investigate specific interactions in the sustainable national WEF nexus by
considering external factors and sustainability.

(4) To suggest a policy for sustainable resource management from a WEF nexus
perspective.

The results show that WEF security is closely related not only to each other, but also
to external factors and sustainability. Moreover, the interactions between WEF security
and sustainability can be managed efficiently if resource management policies based on
the nexus approach are introduced. Therefore, this study provides a roadmap for
policymakers regarding efficient ways to improve sustainability and WEF security

simultaneously.
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Chapter 1. Introduction

This chapter provides an overview of the dissertation and handles the background and
problem statements to deduce the research originality and objectives. It also presents the
overall research trends, literature gaps, and research design. Moreover, it describes the

significance of the study and a brief introduction to each thesis chapter.
1.1.Background
1.1.1 Status of WEF security

Water, energy, and food (WEF) resources are vital to humankind (Bizikova et al.,
2013), and face enormous challenges worldwide. Despite all the bad conditions, the
demand for water, energy, and food resources is predicted to soar worldwide by 80, 55,
and 60%, respectively, in 2050, compared with 2005/07 levels (Flammini et al., 2014),
owing to a surge in population, economy, urbanization, and an additional three billion
middle-class people (Ferroukhi et al., 2015). Furthermore, the comprehensive impacts of
climate change, the COVID-19 pandemic, and geopolitical instabilities (the Russia—
Ukraine War and Israel-Hamas War) further aggravate resource security. Under these
conditions, it 1s clear that WEF security will deteriorate at an unprecedented rate; the
current status of each resource is as follows:

First, 2.4 billion people resided in water-stressed nations in 2020 (UN, 2023) and 2.2
billion people had insufficient access to safe water services (UNICEF, 2023). Global
water security index (Figure 1.1), which consists of water availability, accessibility, safety
and quality, and management (the value ‘0—1’ expresses ‘low-high’ security), shows
inadequate situation of water security in the world, especially, in Africa and Asia (Gain et

al., 2016).



Figure 1.1 Global water security index

Source: Gain et al. (2016)

Second, according to IEA et al. (2023), 675 million people still lack access to
electricity (Figure 1.2) and 2.3 billion people are limited use to clean cooking (Figure 1.3)
as of 2021. More than 80% of the world's population lacks access to electricity and lives
in sub-Saharan Africa, which remains a major obstacle to socioeconomic development in
the region. Approximately 29% of the global population still employs polluting fuels and

technologies to cook a large portion of their food.

Population with access to electricity (%):
Under 10%
B 0% 0499%
I 50% 0 9%9.9%
. 0%
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Figure 1.2 Proportion of world population with access to electricity in 2021

Source: IEA et al. (2023)
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Figure 1.3 Proportion of world population with access to clean cooking fuels and technologies
in 2021
Source: IEA et al. (2023)

Third, approximately 9.2 percent of the global population (735 million people) was
chronically hungry during the same period (Figure 1.4).

0-2.5 25-5 @ 5-10 @ 10-25 @ 25-40 @ 40-60 No data
Figure 1.4 Prevalence of undernourishment from 2020 to 2022 on average (percentage)

Source: UN (2023)



Since 2015, the number of people experiencing food insecurity and hunger has
increased, and the pandemic, conflicts, climate change, and widening disparities are
worsening matters (UN 2023). Specifically, 29.6 percent of the world population (2.4

billion people) will not have access to appropriate food in 2022.

1.1.2 Definition of WEF nexus

Solutions to water, energy, and food security should be approached comprehensively,
not separately, because water, energy, and food are inextricably connected with each other
(Brears, 2018). For example, food production consumes approximately 70% of the total
global freshwater and accounts for approximately 30% of global energy (FAO, 2017).
Bio-crops (sugar cane and corn) are used not only as edible crops but also as bioenergy,
which is a renewable energy source (IRENA, 2019a). The water sector, including the
transfer, wastewater treatment, reuse, desalination, distribution, and supply sectors,
consumes approximately 4% of the world's electricity, while primary energy production
and power generation account for approximately 10% of the world's water withdrawals
(IEA, 2016).

The concept of the WEF Nexus emerged to overcome the problem of resource security
(Hoff, 2011), and is a holistic framework for analyzing the interactions between water,
energy, and food (Albrecht et al., 2018) (Figure 1.5). In the classical sense, the etymology
of the word “nexus” is derived from the Latin verb “connection; tie; link” (Oxford

University Press, 2023).



Distribution
Abstraction Irrigation

Treatment
Cooling

Generation
Food waste

Manufacturing Process
Production

Biofuel

Figure 1.5 Structure of WEF nexus
Source: Hoff (2011), WEF (2011), Bizikova et al. (2013), FAO (2014).

Interactions can typically be considered synergies, wherein progress in one field
stimulates advances in another, and trade-offs, wherein progress in one field hampers
advances in another (Putra et al., 2020). For this reason, a choice made regarding the
management of one of the three resources influences the choices made for the other two
resources (Putra et al., 2020). This idea includes the perspective that the supply and
demand chains for these resources are intimately intertwined (Bizikova et al., 2013;
Ringler et al., 2013). Specifically, the WEF nexus suggests a mechanism to maximize
synergy and minimize trade-offs by analyzing the tangled interactions among the three
resources (World Economic Forum, 2011; Mukuve and Fenner, 2015). A comprehensive
assessment will treat water, energy, and food as well as environmental, social, and
economic drivers, which will also allow for the identification of interrelationships across
sectors to guide WEF-related sustainable management and development activities

(McCarl et al., 2017).



1.1.3 Relationships between WEF security and sustainable development

The sustainable development goals (SDGs) of the United Nations are interlinked, and
achieving one goal may contribute to achieving other goals (Zhou and Moinuddion, 2017).
The WEF nexus approach can help achieve the SDGs because SDGs 2 (zero hunger), 6
(Clean Water and Sanitation), and 7 (Affordable and Clean Energy) are closely related to
water, energy, and food, respectively (Liu et al., 2018). Consequently, comprehending the
interactions among the WEF sectors, maximizing synergies, and minimizing trade-offs
could help develop overall WEF security while accomplishing the SDGs (Stephan et al.,
2018; Terrapon-Pfaff et al., 2018) (Figure 1.6).

14 Il!]EFlEGW W 17 PARTNERSHIPS 1 CLIMATE

FORTHE GOALS ACTION

DEGENT WORK AND
ECONOMIC GROWTH

10 REDUCED 16 PEACE, JUSTICE
INEQUALITIES ANDSTRONG
o INSTITUTIONS

(=)

WEF security

Figure 1.6 Interlinkage between SDGs and WEF security (example)
Source (symbol): UN (2015)

However, pressure on WEF security threatens the SDGs. For example, as water
security becomes scarcer and stretched, its capability to support advances in some SDGs,
especially in poverty, energy, hunger, health, sustainability, and the environment, is

declining.



1.1.4 WEF security situation in South Korea

This study was conducted at the country level in South Korea, officially the Republic
of Korea (ROK), which has a significant economic scale (1.67 trillion USD) and a
population (52 million) as of 2022. The country has limited natural resources and thus
faces challenges in ensuring WEF security, especially when the availability facet is
vulnerable (Table 1.1). The Water-Energy-Food (WEF) Nexus Index, a comprehensive
country-level indicator based on 21 WEF security-related indicators, shows that the

availability of WEF security in South Korea is fragile (Figure 1.7) (Simpson et al., 2022).

Table 1.1 Current condition of resource security in South Korea

Type Security situation

Water Renewable water resources per capita (1,453 m’);
ranked 129th among 153 countries (2015)

Energy | Dependence on imported energy; import 94% of
natural resources (2017)

Food Food self-sufficiency (23%); global average 101%
(2015-2017)

Figure 1.7 WEF Nexus Index of South Korea
Source: Simpson et al. (2022)

First, it has very few renewable water resources per capita (1,453 m?) owing to its
high population density (Ministry of Environment Korea Water Resources Corporation,

2020). Moreover, more than half of the annual precipitation is concentrated in summer,



which makes water resource management difficult. Second, the dependence on energy
resource imports is approximately 95% (Korea Energy Economics Institute, 2019). This
is because, even though natural resources in South Korea are meager, the proportion of
non-renewable energy in the energy mix exceeds 90%. Third, the food self-sufficiency
rate is only 23% (Korea Rural Economic Institute, 2019), making it one of the countries
with a high water footprint in the world (Hoekstra and Chapagain, 2011). Based on these
situations, the nexus approach can help achieve sustainable resource management in

society and understand the interactions in WEF security.

1.2. Research trends and gaps

1.2.1 Overall tendency

Many studies have been conducted on WEF nexus since “Bonn 2011 Conference: The
Water Energy and Food Security Nexus — Solutions for the Green Economy” arranged by
the German Federal Government (Leck et al., 2015). Research on the WEF nexus is
broadly divided into five categories (Lazaro et al., 2022). With an emphasis on
multidisciplinary and inter-sectoral studies, Table 1.2 demonstrates how the nexus
approach is gradually developing into an integrative concept and adding new themes. This

has led to the development of several methodologies for the WEF nexus research.

Table 1.2 Research tendency of WEF nexus

Period Main topic

Trend 1 WEF nexus for water management and natural
(2012-2016) | resource security

Trend 2 Connections among WEF nexus, sustainable
(2017-2018) | development goals, and green economy

Trend 3 WEF nexus governance and policy integration
(2019)

Trend 4 Application of the nexus concept on various scales
(2020)

Trend 5 Treatment of challenges on climate change and
(2021) urbanization

Source: Lazaro et al. (2022)



As interest in WEF nexus research increases, the number of tools that analyze it will
also increase by 2021 (Figure 1.8) (Taguta et al., 2022). This trend began to increase
slowly in 2012 and rapidly in 2016.
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Figure 1.8 Tendency in the advancement of WEF nexus tools

Source: Taguta et al. (2022)

1.2.2 Literature gaps

Nonetheless, quantitative studies on the interaction among WEF sectors are scarce at
the national scale (Albrecht et al., 2018) and the environmental science approach is
predominant, whereas the social science approach is inadequate in nexus-related study
disciplines (Newell et al., 2019). In particular, there remains a lack of application of nexus
frameworks to policy recommendations regarding external drivers (environmental,
economic, and social). In addition, although the WEF is intimately associated with
sustainable development, there is a dearth of studies on sustainability. As mentioned in
Section 1.1.4, South Korea, the target of this study, is experiencing challenges in ensuring
WEF security, and there is a severe lack of research on the WEF nexus. A more specific

literature review is presented in Section 2.



1.3. Research aims and design

1.3.1 Research objectives

Research on the WEF nexus could provide deep insights into how to handle resources
efficiently, not only in South Korea but also in other countries suffering from resource
shortages, by interpreting interactions in WEF security.

The main objective of this dissertation is to address the WEF nexus in a national
context and evaluate the interactions of selected national-scale indicators in WEF security
by applying a conceptual and quantitative analysis framework and considering
sustainability aspects together with external factors. To achieve this goal and overcome
the limitations of the aforementioned previous studies, the following specific objectives
were formulated:

First, explore existing WEF nexus concepts, indicator frameworks, and models
through an extended literature review (Chapter 2).

Second, analyze the interactive relationships of the WEF nexus at the country level to
demonstrate that WEF security is interconnected using Spearman’s rank correlation and
network analyses (Chapter 3).

Third, investigate specific interactions in the sustainable national WEF nexus by
considering external factors and sustainability, using a simultaneous equation model and
the environmental Kuznets curve hypothesis (Chapter 4).

Fourth, suggest a policy for sustainable resource management from the perspective of

the WEF nexus based on the results of the quantitative assessment (Chapter 5).

1.3.2 Conceptual framework

This dissertation is organized into five interconnected chapters to grasp all research
objectives in Section 1.3, and the framework for the research design is shown in Figure
1.9. More than half of the chapters are based on or adapted from two peer-reviewed papers.
Chapter 1 describes the background of this research, including overall research trends,
literature gaps, research objectives, and conceptual framework. Chapter 2 provides an

extended literature search of the history, concept, and current state of the WEF security

10



and nexus, as well as a detailed analysis of the nexus frameworks and quantitative models.
Chapter 3 discusses the interactions composed of synergies and trade-offs between the
WEF sectors in the national context, using Spearman’s rank correlation and network
analyses. Chapter 4 develops a sustainable national WEF nexus framework and analyzes
the interrelationships among water consumption, electricity demand, food production,
and ecological footprint, considering the Environmental Kuznets Curve (EKC)
hypothesis and external factors of the WEF nexus. Chapter 5 concludes the main findings
of the entire dissertation, together with its contributions, suggests recommendations for

the government to improve WEF security, and presents suggestions for further research.

findings | | recommendations | | research

Qe Introduction
[
[
Chapter1 1 || Background || Overall research Research Conceptual
: l trends and gaps objectives framework
L
T  — Literature Review .
I | |
1 ! . . .. !
Chapter 2 : i | WEL security Nexus Quantitative
: | and indicators | | frameworks | | models in nexus
i-- S Case Study -, \
I | i
Chapter 3&4 | { | Interaction Elasticity
! | analysis assessment
T Conclusion
1 |
1 !
Chapter 5 : Main Policy Future
1
1

Figure 1.9 Outline of the dissertation
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Chapter 2. Literature Review

This chapter provides a literature review of concepts and theories related to WEF
security and the nexus approach. It begins with the origin of the definition of WEF
security and its evolution, including its essential elements and characteristics. In addition,

it discusses concepts, frameworks, and models.
2.1. WEF security
2.1.1 Water security

Since the 1990s, concerns over the supply consistency, safety, equity, quantity, quality,
and environmental provisioning of water resources have been voiced through the idea of
water security (Gerlak et al., 2018). In this context, water security has been defined more
broadly, embracing multidimensional sustainability and an integrated systems approach,
rather than a narrow focus on quantity, quality, access, and dangers, such as droughts and
floods) (Wheater and Gober, 2015).

Global Water Partnership (2000) describes water security as the ““sustainable use and
protection of water resources, safeguarding access to water functions and services for
humans and the environment, and protection against water-related hazards.” Grey and
Sadoft (2007) characterized water security as “the availability of an acceptable quantity
and quality of water for health, livelihoods, ecosystems and production, coupled with an
acceptable level of water-related risks to people, environments and economies”. Zeitoun
(2011) introduced the ‘web’ of Water Security, which is a conceptual tool for policy and
research. The sustainability of water security is determined by the degree of equity and
equilibrium among the interdependencies of the associated security zones, which are
influenced by a complex web of political and economic forces operating at various spatial
levels (see Figure 2.1). Garrickk and Hall (2014) mentioned that water security is the
opposite of water insecurity. Water insecurity refers “the conditions of the aquatic
environment threaten the welfare and freedoms of individuals, communities, and
societies”. This could result from the immediate impact of water-related disasters such as

droughts, floods, pollution, landslides, and aridification. Gerlak et al. (2018)

12



systematically analyzed 124 articles, books, and book chapters from 2010 to 2015 to
appraise research trends in place-based water security. They argued that water security is
simultaneously a condition to be measured, a framework for decision-making, and a

policy objective.
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Figure 2.1 The ‘web’ of water security

Source: Zeitoun (2011)
2.1.2 Energy security

Since its inception in the wake of the oil crisis of the 1970s, research on energy
security has grown to cover a wide range of energy sectors and challenges (Cherp and
Jewell, 2014). Different ideas on energy security are often influenced by national styles,
geology, geography, time, and institutional and personal viewpoints (Sovacool and Brown,
2010), thus it has become an umbrella term that covers various policy goals (Winzer,
2012). As a result of severe challenges, such as climate change and environmental
degradation, and gathering uncertainty in the geopolitical sphere, the agenda of energy
security has recently been increasing among decision makers around the world (Axon and

Darton, 2021).
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Many researchers have attempted to explain and analyze energy security through a
selection of indicators (Table 2.1). According to the World Bank Group (2005), energy
security is founded on three fundamental principles: energy efficiency, supply
diversification, and price volatility minimization. Hughes (2009) presents a simple and
flexible methodology, named four ‘R’ that can be applied to any energy security issue:
understanding the problem (review), using less energy (reduce), shifting to secure sources
(replace), and limiting new demand to secure sources (restrict). Kruyt et al. (2009)
distinguished four elements of energy security that relate to availability, accessibility,
affordability, and acceptability because this concept is deeply context-dependent.
Moreover, they state that the application of diverse indicators could lead to a broader
understanding of energy security. Sovacool and Brown (2010) argue that energy security
is interconnected with the drivers of availability, affordability, efficiency, and
environmental stewardship. Winzer (2012) defined energy security as the continuity of
energy supply relative to demand.

Based on 104 studies published between 2001 and 2014, Ang et al. (2015) identify
seven key themes or dimensions of energy security: energy availability, infrastructure,
energy prices, societal effects, environment, governance, and energy efficiency. They
stated that it should be reviewed regularly to ensure that the concept of energy security
remains applicable. Energy security, being a context-dependent term, must be updated
frequently to consider shifting priorities or newly discovered dangers arising from the
constantly changing environment and new advancements in the energy sector.
Radovanovi¢ et al. (2017) defined a new energy security indicator based on six indicators,
which are energy intensity, final energy consumption, energy dependency, gross domestic
product per capita, carbon intensity, and share of renewable and nuclear energy. Drawing
on research interviews, questionnaire surveys, and an extensive literature review, Gasser
(2020) suggested that energy security should consist of five aspects: availability,
affordability, technology development, sustainability, and regulation. These five
dimensions are divided into 20 components: supply and production, dependency, and
diversification for availability; price stability, access and equity, decentralization, and low
prices for affordability; innovation and research, safety and reliability, resilience, energy
efficiency, and investment for technology development; land use, water, climate change,

and air pollution for sustainability; and governance, trade, competition, and knowledge
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for sound regulation.

Cergibozan (2022) analyzed the influence of renewable energy on the energy security
risk for 23 OECD countries using a second-generation panel dataset over 1985-2016.
They found that wind, hydroelectric, and total renewable energy reduced energy security
risks, whereas biomass and solar sources did not have a significant impact on energy
security. Therefore, it is argued that OECD countries ought to enact laws designed to
lessen the danger to their energy security, while taking into account their particular
features. Dogan et al. (2023) investigated the role of energy security on environmental
assessment, using data from the Newly Industrialized Countries. For example, the carbon
emissions function includes several significant non-climatic factors, such as the
uncertainty index, financial development, and quality of governance, in addition to energy
security. They emphasized that to promote energy security and environmental conditions,
there is a pressing need to discuss the roles of energy savings and discontinuing subsidies

on traditional fuels.

Table 2.1 Energy security indicators

Authors Indicator criterion

World Bank Group | Energy efficiency, diversification of supply, and minimization of price
(2005) volatility

Hughes (2009) Understanding the problem (review), using less energy (reduce),

shifting to secure sources (replace), and limiting new demand to
secure sources (restrict)

Kruyt et al. (2009)

Availability (supply and production, dependency, and diversification),
accessibility (reliable and affordable access to both clean cooking
facilities and to electricity), affordability (price stability, access and
equity, decentralization, and low prices), and acceptability

Sovacool and
Brown (2010)

Availability, affordability, efficiency, and environmental stewardship.

Winzer (2012)

Continuity of energy supplies relative to demand

Ang et al. (2015)

Energy availability, infrastructure, energy prices, societal effects,
environment, governance, and energy efficiency

Radovanovi¢ et al.
(2017)

Energy intensity, final energy consumption, energy dependency, gross
domestic product per capita, carbon intensity, and share of renewable
and nuclear energy

Gasser (2020)

Availability, affordability, technology development (innovation and
research, safety and reliability, resilience, energy efficiency, and
investment), sustainability (land use, water, climate change, and air
pollution), and regulation (governance, trade, competition, and
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knowledge)
Cergibozan (2022) | Generation of renewable energy

Dogan et al. (2023) | Carbon emissions, uncertainty index, financial development, and

quality of governance

2.1.3 Food security

Food is fundamental to human well-being and human development is central to
achieving food security (Misselhorn et al., 2012). Since the World Food Conference of
1974, the concept of “food security” has evolved, multiplied, settled and diversified
(Maxwell, 1996). The most general concept of “food security” means “access by all
people at all times to enough and appropriate food to provide the energy and nutrients
needed to maintain an active and healthy life” (FAO, 2009). This definition comprises
four key dimensions, each capturing a different aspect of food security: availability,
stability, access, and utilization (FAO, 2017). Food security has advanced in three stages:
(1) focusing on aggregate food availability; (2) emphasizing individual- and household-
level access to food; and (3) placing food security in a broader framework of individual
behavior (Barrett, 2002).

Global food security is under multiple pressures on both the supply and demand sides
of food availability, access, and utilization (Table 2.2). Misselhorn et al. (2012) argued
that a cross-sectoral approach is necessary to overcome these pressures because the
dominant feature of 21st century food systems is inherently cross-level and cross-scale.
For instance, an increase in weather extremes may lead to a higher frequency of multiple
droughts or persistently high temperatures during the crucial phases of crop growth.
Globally, the demand for animal-based foods is growing at a higher rate than that of
vegetable-based foods.

Table 2.2 Main supply and demand side pressures on global food security

Pressures of supply side Pressures of demand side

- Climate change - Population increases

- Urbanization - Urbanization

- Globalization - Changing demand in food types

- Safety and quality - Disease

- Land use change and competition - Factors linked with under-development

Source: Misselhorn et al. (2012)
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To support food security, Ingram et al. (2005) propose three major factors: food
availability (production, distribution, and exchange), food access (affordability, allocation,
and preference), and food utilization (nutritional, social, and food safety). Godfray et al.
(2010) proposed the following solutions for ensuring food security: closing the yield gap,
increasing production limits, reducing waste, changing diets, and expanding aquaculture
practices. Lang and Barling (2012) suggested the main tensions of food security in the
21st century as farm versus food system focus, labor efficiency, the role of big business,
Western levels of consumption, sustainability of diets, and power relations.

Food systems may be affected by climate change in several ways, including through
direct effects on crop productivity, market modifications, pricing, and supply chain
infrastructure (Gregory et al., 2005; Schmidhuber and Tubiello, 2007). Therefore, many
researchers have linked climate change to food security. Lal (2013) identified challenges
in global food security as population growth, climate change, soil degradation, decreased
availability of water, land competition for urbanization, brick making, biofuel and non-
agricultural uses, and preferences for animal-based diets. In particular, they emphasize
the direct and indirect impacts of climate change on food security (Figure 2.2),
mentioning that effective governance is needed to implement policies that promote
restorative land use and recommended management practices.

Wheeler and Von Braun (2013) encourages that the need for considerable investment
in adaptation and mitigation activities toward a “climate-smart food system”, which is
more resilient to climate change influences on food security. Campbell et al. (2016) also
argue that given the serious threats to food security, attention should shift to an action-
oriented research agenda based on four main issues: changing the culture of research;
deriving stakeholder-driven portfolios of options for farmers, communities, and
countries; ensuring that adaptation actions are relevant to those most vulnerable to climate

change; and combining adaptation and mitigation.
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Figure 2.2 Direct and indirect impacts of climate change on food security

Sourece: Lal (2013)

Sustainability has also been studied in relation to food security. To position the
concept of sustainability within the context of food security, it should be considered as a
long-term dimension in the evaluation of food security (Berry et al., 2015). Smith (2013)
examined sustainable intensification and considered alternatives, such as waste reduction
and food demand. They concluded that sustainable intensification plays a role, but that
this should be accompanied by basic changes to the global food system. Using circular
and linear models, Wang et al. (2021) elucidated the connections between food loss and

waste management, food security, and environmental sustainability.

2.2. Concepts, frameworks, and models of WEF nexus

2.2.1 Concepts

After the United Nations project on the energy—food nexus in the 1980s, the

significance of the nexus concept began to appear to address interactions in resources
(Sachs and Silk, 1990). The WEF nexus received significant attention at the "Bonn 2011
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Nexus Conference", which is considered a milestone (Hoff, 2011). Since then, it has
evolved into a widely known new paradigm for integrated and sustainable resource
management focusing on WEF resources.

WEF resources are highly interconnected and thus should be consider as “together”
rather than “individually” (Daher and Mohtar, 2015). Furthermore, the effects of an action
on one of the WEF resources can be influenced by the other two resources (Hoff, 2011).
Based on this theory, various nexus concepts have emerged. Hoff (2011) defined the
nexus as a comprehensive approach for aggregating different managerial sectors to
achieve a green economy. According to Ringler et al. (2013), the concept of integrated
water resource management (IWRM), which served as the foundation for the nexus
approach, is connected to the definition of nexus theory. FAO (2014) indicates that nexus
approach could ensure food security and reach sustainable agricultural development. The
International Renewable Energy Agency (IRENA) emphasizes that renewable energy can
deal with some of the trade-offs between WEF resources, providing sustainable energy
services using less resource-intensive systems (IRENA, 2015). Zhang et al. (2018)
divided the WEF nexus into two categories. The first type was analyzed as interactions
among different sectors within the system. The second is a novel approach for calibrating
the connections between nexus nodes in different contexts. However, these can be
consolidated using an integrated system evaluation. Albrecht et al. (2018) mentioned that
the nexus has taken center stage as a means to better comprehend complex interactions

among multiple resource systems.

2.2.2 Frameworks

According to the theories reviewed in Section 2.2.1, the main objectives of the WEF
nexus framework are to promote action by providing a starting point for reducing trade-
offs, building synergies, and encouraging the transition to a more sustainable society.
These frameworks also shed light on the types of policies, measures, investments, and
systems required to accomplish these goals (Bizikova et al., 2013).

Hoff (2011) presents a “Water-Energy-Food security nexus framework”, which is
centered on water supply, energy and food security, all connected to available water

resources (Figure 2.3). Water works as a state variable as well as a control variable of

19



change and is placed centrally in the WEF nexus. This framework interprets global trends
in urbanization, population growth, and climate change. Considering finance, governance,
and innovation, the aim is to promote WEF security for all, equitable and sustainable
development, and a resilient and productive environment. This aim can be achieved
through action fields by accelerating access and integrating the bottom of the pyramid
(society), creating more with less (economy), and investing in sustaining ecosystem

services (environment).

Action Fields Finance Governance Innovation
Enabling
factors/

Society incentives

Accelerating access,

integrating the bottom /\ To promote:
of the pyramid Water ool Water energy|
security o

suppl
secllajlr:'.ii):,y ;gfgnsecurity
Economy
Creating more Equitable &
with less sustainable
growth
Resilient,
Environment productive

Investing to sustain Energy environment

ecosystem services Nexus security
perspective

Urbanisation Population growth Climate change
Global trends

Figure 2.3 Water-Energy-Food security nexus framework
Source: Hoff (2011)

The World Economic Forum (2011) illustrates the nexus framework as a major risk
field, along with economic disparities and macroeconomic imbalances (Figure 2.4) based
on a set of direct and indirect impacts stemming from WEF security (Table 2.3).
According to this framework, long-term water and food shortages and crises result from
failures in global governance and economic inequality, which are linked to food and water
security issues. Although energy scarcity is viewed as an economic danger, energy
security is believed to impact societal stability and prosperity. Growth in the population,
economy, and environmental pressures all impact the nexus. To enable preemptive actions

and prompt mobilization during emergencies, this framework seeks to provide decision-

20



makers with a better awareness of risks.
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Figure 2.4 System diagram for risks related with Water-Food-Energy nexus

Source: World Economic Forum (2011)

Table 2.3 Impacts of risks related to Water-Energy-Food nexus

Direct impacts

Indirect impacts

society/populations

poverty
- Increased environmental
degradation
- Severe food and water shortages
- Social unrest
- Food price spikes

Impact on - Stagnation in economic - Increased social costs linked to
governments development employment and income loss as
- Political unrest agriculture is negatively
- Cost of emergency food relief effected
- Significantly reduced - National security risks/conflict
agricultural yields over natural resources
- Threats to energy security
Impact on - Increased levels of hunger and - Migration pressures

- Irreparably damaged water
sources
- Loss of livelihoods

Impact on business

- Export constraints

- Increased resource prices

- Commodity price volatility as
shortages ripple through global
markets

- Lost investment opportunities
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- Energy and water restrictions

Source: World Economic Forum (2011)

The FAO (2014) framework clearly addresses the interconnections and feedback
between humans and natural systems (Figure 2.5). It centers on resources—biophysical
and socioeconomic—that we rely on to meet our needs for food, energy, and water, as
well as other social, environmental, and economic objectives. Interactions take effect
within the background of external global drivers, as well as more site-specific internal

drivers.
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Figure 2.5 FAO’s Water-Energy-Food nexus framework

Source: FAO (2014)

Some studies have attempted to expand the scope of the WEF nexus framework. By
expanding from “food” to “land”, ODI et al. (2012) presented Water-Energy-Land (WEL)
nexus framework (Figure 2.6). Land includes not only food (agriculture), but also forests,

biodiversity, human settlements, and infrastructure. WEL resources play a critical role as
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basic elements of economic systems, as well as parts of the natural cycle, and in adjusting
the functions of ecosystems. As a feature of the WEL framework, inclusive and
sustainable resource management requires a comprehensive approach that makes the links

among different resources, uses, and users explicit.

* ., .¥: Desalinisation :

------- p  Link affected by relative
prices, technology,
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‘- Activity that illustrates
- the nexus

Figure 2.6 Water-Energy-Land (WEL) nexus framework
Source: ODI et al. (2012)

Melo et al. (2021) propose a hybrid framework called the (WEFF) nexus, which
highlights the fundamental role of forests in achieving WEF security. It is a combination
of forest and landscape restoration (FLR) and the WEF nexus, emphasizing three key
principles (mainstream forest restoration, empowering local communities, and nature-

based solutions) (Figure 2.7).
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Figure 2.7 Water-energy-food-forest (WEFF) nexus framework

Source: Melo et al. (2021)

2.2.3 Models

Studies on the WEF nexus are becoming increasingly prevalent in the scholarly
literature and policy contexts (Keairns et al., 2016). Since the milestone event at the Bonn
2011 Nexus Conference, numerous analytical models have been proposed and applied to
explore the WEF nexus. The following paragraphs organize the models used in previous
studies according to their different types. Table 2.4 tabulate and categorizes the WEF

nexus models, focusing on quantitative methods.

(1) Integrated model

The fundamental concept of integrated models is that combining models from
different subject areas captures the advantages of each model within a modeling suite.
Howells et al. (2013) invented CLEWSs the Climate, Land Use, Energy, and Water (CLEW)
model, which consists of an energy model (Long-range Energy Alternatives Planning tool,
LEAP), a water model (Water Evaluation and Planning tool, WEAP), and a land-use
model (Agro-Ecological Zoning, AEZ) with climate change scenarios. They selected
Mauritius for their case study because it is vulnerable to water availability and climate
change. This model focuses on evaluating the interrelationships between resource
systems to understand how the production and consumption of WEF resources may

contribute to climate change, and how climate change may impact resource systems. The
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models also measure where pressure points exist and how to minimize trade-offs. Khan
et al. (2017) integrated the agent-based model (ABM) and Soil and Water Assessment
Tool (SWAT) to assess the effects of climate and demographic changes on the water,
energy, food, and ecosystem sectors and characterize the resulting trade-offs through the
aspect of the sustainability of water availability. It was tested in two transboundary river
basins, the Mekong River Basin in Southeast Asia and the Niger River Basin in West
Africa, where water consumption for ecosystem health competes with increasing human
demand for food and energy resources. The human system is modeled as a decentralized
water system model in this two-way coupled framework for modeling naturalhuman

systems and is connected to a process-based, semi-distributed hydrologic model.

(2) System dynamics

System dynamics (SD) is a method that makes use of stocks, flows, internal feedback
loops, table functions, and time delays to comprehend the nonlinear behavior of complex
systems over time (Forrester, 1987). Complex behavioral interactions and their temporal
evolution have been effectively illustrated using system dynamics modeling. Lee et al.
(2018) evaluated the holistic impact of various rice self-sufficiency ratios (SSR) in Japan
from a nexus perspective, focusing on the consumption change patterns of WEF resources,
land-use trends, and CO> emissions. They analyzed the different impacts on resource
management and environmental issues depending on the SSR level. Wicaksono and Kang
(2019) introduced an SD model to calculate the supply, consumption, availability, and
reliability of water, energy, and food resources on a national scale considering their
interactions. Examining changes in energy policy in South Korea and capital investment
planning of urban water systems in Indonesia, they simulated the nationwide resource
nexus, estimated the reliability index of resources, and evaluated the feedback analysis.
Bakhshianlamouki et al. (2020) assessed the impacts of possible restoration measures in
a basin (Lake Urmia in Iran), considering a wide range of issues, including hydrological
aspects, food production systems, and energy demand in the region, especially for
agricultural use, touching on local livelihoods, and accounting for crucial interactions
between these sectors. They search for win-win situations that can be leveraged and
emphasize which implementations may lead to unexpected trade-offs. Wang et al. (2023)

integrated society, economics, and environmental systems (SEE) into the WEF nexus to
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simulate a comprehensive environmental system. The WEF-SEE system assessed the
trajectories from 2021 to 2035 of nine policies formulated by Hunan Province in China,
and it contributed to reasonable policy recommendations, providing useful insights for
the study area, particularly in light of potential trade-offs and synergies. Wu et al. (2023)
evaluated six agricultural adaptations in terms of climate change (2021-2050) using the
WEF nexus in Saskatchewan, Canada. These adaptations include agronomic measures
(early planting date, reducing soil evaporation, irrigation expansion), genetic
improvement (cultivars with larger growing degree day (GDD) requirements), and mixes
of individual adaptations. Consequently, this study offers an approach for thoroughly
assessing strategies designed to adapt agriculture to the challenges posed by climate

change, providing valuable insights to guide decision-makers.

(3) Correlation analysis

Correlation analysis is used to indicate the association or relationship between two
(or more) quantitative variables (Gogtay and Thatte, 2017). Its foundation lies in
assuming a linear correlation between quantitative data. Putra et al. (2020) systematically
analyzed the WEF nexus in South Asian countries (Bangladesh, India, Nepal, Pakistan,
and Sri Lanka) using secondary data. They statistically analyzed the interactions between
the WEF sectors, defining positive (synergies) and negative (trade-offs) correlations
between the WEF security indicators. Their study showed proof for considering the WEF
nexus as an integrated system, rather than just a combination of three independent sectors.
Hao et al. (2022) assessed the level of WEF security in five Central Asian countries
(Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, and Uzbekistan) from 2000 to 2014,
and identified the drivers that positively or negatively determined WEF security,
revealing the relationships among the three sectors. Moreover, the main factors

influencing WEF security were analyzed using radar graphs.

(4) Scenario-based model

A scenario-based model analyzes how output data change depending on the input data
in each scenario. Mohtar and Daher (2014) developed a holistic platform, which is a
scenario-based approach to explicitly calibrate the interconnections among the three

resources, reflecting the effects of changing populations, economies and policies, climate
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change, and other factors. It aims to help decision-makers detect sustainable resource
management strategies from the perspective of the WEF nexus point of view and provide
users with the ability to create different scenarios for a given country by considering
portfolios of WEF security. Using this tool, the user can generate scenarios with various
variations in these portfolios. For each scenario, the following outputs can be computed:
water requirements, local energy requirements, local carbon emissions, land requirements,
financial requirements, energy consumption through imports, and carbon emissions
through imports. Yang et al. (2016) modeled the implications of the scope of climate
change scenarios on the WEF nexus in the Indus Basin (Pakistan) and then assessed the
possibility of diverse alternative water allocation scenarios and water infrastructure
developments to handle growing WEF security problems. They presented a thorough
analysis of how various environmental and socioeconomic scenarios affect the WEF
nexus. For example, bitter temperatures and flexible water distribution policies lead to
trade-offs between the use of surface water and energy, and can also lessen the effects of

climate change.

(5) Economic model

A theoretical construct known as an economic model uses a set of variables along
with a set of quantitative and/or logical linkages to depict economic processes (Friedman,
1953). This model is a simplified (often mathematical) framework designed to
demonstrate complex processes by positioning structural parameters. Ozturk (2015)
employed dynamic panel modeling and the generalized method of moments (GMM) to
gauge the WEF nexus and to extract insights into sustainability from the BRICS (Brazil,
Russian Federation, India, China, and South Africa) countries. They combined the WEF
nexus and the EKC (Environmental Kuznets Curve) hypothesis to discuss sustainability.
This study identified indications of an inverted U-shaped relationship between CO»
emissions and economic growth within BRICS panel data, suggesting future policy
implications from the integration of health, wealth, and the environment. Karnib (2017)
proposed integrated quantitative assessments that consider all WEF intersectoral
connections and the competing demand for WEF resources to estimate future
development scenarios using input-output analysis. This analysis was conducted at the

national level and has the advantage of being able to simultaneously analyzing the direct,
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indirect, and ripple effects of the variables. Daohan et al. (2020) adopted a two-stage least
squares (2SLS) to calculate the elasticities between the WEF nexus-related factors using
local-scale panel data of local scale (China) from 2005 to 2016. This model outperforms
single-equation models in the analysis of indirect impacts, and has an advantage over
structural equation models in investigating variable interactions. They defined the local
WEF nexus as containing core, peripheral, and interactive sub-nexus, established a
system to represent the local WEF nexus, and identified the main factors influencing the

WEF subsystem in China.

(6) Life cycle assessment

Life cycle assessment (LCA) is a methodology for cradle-to-grave assessment to
compute the environmental impacts and resources used throughout the life cycle of a
product (Finnveden et al., 2009). The primary objective of an LCA is to evaluate the
complete spectrum of environmental impacts attributed to products and services. This is
achieved by quantifying all inputs and outputs of material flows and examining their
environmental repercussions of these material flows. Al-Ansari et al. (2015)
demonstrated the importance of integrated modelling in assessing the environmental
impact of various WEF scenarios in the production process. The WEF-LCA nexus tool
was used to estimate the environmental impact of expanding food production on Qatar’s
perceived level of food security. An understanding of the overall environmental impact
of food consumption in Qatar was obtained by considering the emissions resulting from
the lifecycle of imported products. Entrena-Barbero et al. (2023) suggested a standard
procedure for the creation of an LCA for seafood products in connection with the
computation of three environmental burdens (carbon, water, and energy footprints). They
provided technical support for constructing a single WEF nexus index for ecolabeling
seafood items in the Euro-Atlantic region. It is anticipated that this will result in the
creation of a helpful communication channel between producers and consumers via an

ecolabel that is simple to read.
(7) Optimization model

A mathematical method called optimization modeling is used to select the optimal

solution from a range of options while considering certain restrictions and goals into
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account (Calafiore and Ghaoui, 2014). It is an effective instrument utilized in many
different disciplines, such as engineering, economics, finance, operations research, and
logistics. These models can reduce costs and increase operational efficiency throughout
workflows by optimizing resource allocation, industrial processes, or logistics.
Wicaksono et al. (2019) proposed an optimization module to support stakeholders in
making informed decisions regarding sustainable resource management. By improving
the priority index and water allocation choices, single- and multi-objective optimization
modules were created to maximize the user reliability index for the WEF sector in South
Korea. They applied the model to ascertain the best course of action for managing and
allocating resources in plausible drought scenarios. Cansino-Loeza and Ponce-Ortega
(2021) introduced a multi-objective optimization model for designing a WEF system that
includes sustainable production of WEF resources in regions where the industrial,
agricultural, and animal sectors share economic activity. A multi-stakeholder evaluation
was also conducted to produce a set of options with varying priorities assigned to the
stakeholders. This model could serve as a foundation for identifying sustainable
interactions between resources and designing the WEF nexus at the regional level in
Mexico with input from various stakeholders. Raya-Tapia et al. (2023) evaluated
Mexico’s WEF security and implemented actions to achieve sustainable development of
the three resources by 2050 through deep learning (Long Short-Term Memory and Gated
Recurrent Unit networks). The future quantification of WEF security made possible by
this new methodology will assist decision-makers in managing, organizing, and

implementing strategies to attain sustainability.

Table 2.4 Quantitative models in nexus field

Type Specific method Main point Author
Integrated LEAP, WEAP, To measure where pressure points exist Howells et al.
model and AEZ and how to minimize trade-offs (2013)
ABM and SWAT | To assess the effect of climate and Khan et al. (2017)
demographic changes on the WEF and
ecosystem sectors
System SD To calculate the conditions of WEF Wicaksono and
dynamics resources according to the changes of Kang (2019)
(SD) policy
SD To assess the impacts of possible Bakhshianlamouki
restoration measures considering et al. (2020)
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environment and WEF sectors

SD To provide potential interactions, Wang et al. (2023)
integrating society, economic, and
environment systems into the WEF nexus

SD To evaluate agricultural adaptations in Wu et al. (2023)
terms of climate change via the lens of the
WEF nexus
SD To explore the holistic impact of various Lee et al. (2018)
self-sufficiency ratio of rice
Correlation Spearman's rank To analyze interactions between the WEF | Putra et al. (2020)
analysis correlation sectors, defining positive and negative
correlations

Spearman's rank | To recognize the drivers that positively or | Hao et al. (2022)

correlation negatively determined WEF security
Scenario- Web-based tool To calibrate the interconnections among Mohtar and Daher
based model the three resources, reflecting the effects (2014)
of social, economic, and environmental
factors.
The Indus Basin To present a thorough analysis of the ways | Yang et al. (2016)
Model Revise in which various impact of the WEF
nexus
Economic GMM To gauge WEF nexus and to extract Ozturk (2015)
model insights into sustainability
Input-output To estimate future scenarios considering Karnib (2017)
analysis all the WEF intersectoral connections
2SLS To calculate elasticities between WEF Daohan et al. (2020)
nexus related factors
Life cycle LCA To demonstrate the environmental impact | Ansari et al. (2015)
assessment of various WEF scenarios
(LCA) LCA To provide technical support in order to Entrena-Barbero et
construct a WEF nexus index for al. (2023)
ecolabelling seafood items
Optimization | Single- and multi- | To support stakeholders in making Wicaksono et al.
model objective informed decisions regarding sustainable | (2019)
optimization resource management
Multi-objective To serve as a foundation for identifying Cansino-Loeza and
optimization sustainable interactions between resources | Ponce-Ortega
(2021)
Deep learning To assist decision-makers in managing, Raya-Tapia et al.

organizing, and implementing strategies to | (2023)
attain sustainability

2.3. Summary

Resource security is under great pressure worldwide, and it should be considered

holistically rather than approached separately because WEF security is deeply interrelated.
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The WEF nexus has emerged as a comprehensive approach to alleviate these issues.
According to the numerous previous studies, ‘WEF Nexus’ is following definitions: It is
an approach that analyzes how synergies can be built and how trade-offs can be reduced
by estimating the interactions in WEF security. Therefore, many researchers have
attempted to explore these interconnections using various frameworks and methodologies.

The presented nexus frameworks explore not only the relationship between WEF
security, but also the external factors related to it. Moreover, the range of elements
covered has gradually expanded and developed beyond WEF security. Quantitative
methodologies are useful for investigating the complex inter-relationships between WEF
security and external drivers from a nexus perspective.

Nevertheless, the limitations of the existing literature should be noted. First, nexus
case studies at the country level are lacking, particularly those related to Korea, which is
a resource-poor country. Numerous analytical models (Table 2.4) have been proposed and
applied mainly targeting regional, multi-national, and transboundary level. Second,
despite the close relationship between sustainable development and WEF security, there
is a paucity of research on sustainability. Third, there is a lack of nexus frameworks for
policy suggestions concerning external drivers (environmental, economic, and social) and

indirect impacts.
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Chapter 3. Interaction Analysis in the WEF nexus

This chapter discusses the interactions composed of synergies and trade-offs between
the WEF sectors in South Korea through Spearman’s rank correlation and network
analyses using secondary data at the national level. This provides important guidelines

for prioritizing policies to implement sustainable resource management systems.

3.1. Introduction

Water, energy, and food (WEF) are essential resources for human survival (Adnan,
2013; Bizikova et al., 2013), and their demand is expected to increase worldwide by 80%,
55%, and 60%, respectively, by 2050 (Flammini et al., 2014) because of factors such as
industrialization, urbanization, population explosion, and economic growth (Hoff, 2011).
Consequently, the supply of corresponding resources can be disrupted, which, in turn, can
diminish resource security (World Economic Forum, 2011). The concept of the WEF
nexus, which is a holistic framework used to analyze the trade-offs and synergies between
water, energy, and food, has emerged to address the problem of WEF security (Albrecht
et al., 2018; Terrapon-Pfaff et al., 2018). Because the three components of the nexus are
inextricably linked, they should be considered integratively (Brears, 2018). For example,
food production consumes approximately 70% and 30% of the total global freshwater and
energy, respectively (FAO, 2017). Moreover, bio-crops are not only food resources but
can also be used as a renewable bioenergy source (IRENA, 2019). The water sector, which
involves wastewater transfer, treatment, reuse, desalination, distribution, and supply,
consumes approximately 4% of the world’s electricity, while primary energy production
and power generation consume approximately 10% (IEA, 2016).

The WEF nexus approach explores the interconnections among different WEF sectors,
which can generally be regarded as synergies, wherein advances in one sector promote
advances in another, and trade-offs, wherein advances in one sector hinder advances in
another (Putra et al., 2020). Synergies enhance WEF security, whereas trade-offs
undermine WEF security (Cai et al., 2018). A cross-sectoral nexus approach to the WEF

sector provides an opportunity to achieve positive synergies and effectively manage trade-
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offs (Hoff, 2011). This approach can help achieve the sustainable development goals
(SDGs) of the United Nations because SDGs 2 (zero hunger), 6 (Clean Water and
Sanitation), and 7 (Affordable and Clean Energy) are closely related to water, energy, and
food, respectively (Liu et al., 2018). Therefore, understanding the interactions among the
WEF sectors, maximizing synergies, and minimizing trade-offs could improve overall
WEF security while achieving the SDGs (Karnib, 2018; Stephan et al. (2018; Terrapon-
Pfaff et al., 2018).

Previous studies on the WEF security nexus have emphasized global (Ringler et al.,
2016), transboundary river basin (Amjath-Babu et al., 2019), local (Mroue et al., 2019),
and regional (Mahlknecht et al., 2020; Saidmamatov et al., 2020) approaches. Since the
2011 Bon Nexus Conference, several studies have been conducted on WEF security since
the Bon 2011 Nexus Conference (Leck et al., 2015; Endo et al., 2017). However,
according to Albrecht et al. (2018), quantitative research on the relationships among the
WEF sectors is limited at the national scale. Additionally, in nexus-related research, the
environmental science approach is dominant, whereas the social science approach is
insufficient (Newell et al., 2019).

South Korea does not have abundant natural resources and thus faces difficulties in
ensuring WEF security. First, its renewable water resources per capita (1,453 m?®) rank
129 among 153 countries (MOE and K-water, 2019). Generally, managing water
resources is easy and feasible if precipitation is uniformly distributed seasonally; however,
in South Korea, precipitation is concentrated in the summer. Second, owing to the low
abundance of natural resources, the country is highly dependent on imported natural
resources for energy production, accounting for 94% (KEEI, 2019). Finally, the food self-
sufficiency rate in South Korea is only 23%, with a major dependency on food resource
imports (KREI, 2019). Based on these factors, a comprehensive investigation of the WEF
security nexus can help achieve sustainable resource management. Further, understanding
the interactions among the WEF indicators can not only provide a broader perspective of
the relationship among the WEF sectors but can also help to establish a priority
implementation strategy to address the WEF nexus security challenges (Huang et al.,
2020). Wicaksono and Kang (2018) assessed the feedback analysis results and calculated
the reliability index of resources resulting from energy policy changes in South Korea by

examining the interlinkages between the WEF sectors. Wicaksono et al. (2019) proposed
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an optimization approach to maximize the reliability index of WEF security under
plausible drought scenarios, and Lee et al. (2020) analyzed food-related interconnections
in the WEF nexus under different scenarios of climate change and changes in irrigation
management. Despite numerous studies and unpredictable resource security, there are few
case studies of the WEF nexus targeting South Korea, and studies on the interactions
between WEF security nexus indicators in South Korea are lacking.

To fill these research gaps, this chapter aimed to perform a quantitative analysis of the
synergies and trade-offs identified between the WEF security indicators in South Korea
using Spearman’s rank correlation analysis and network analysis. The specific objectives
are to (1) identify the interactions in WEF security indicators for South Korea, (2) analyze
the most influential indicators in the WEF security nexus, and (3) provide policy priorities
for effective resource management. The results can facilitate the identification of
indicators for which improvements need to be prioritized by sector to ensure efficient
WETF security. The systematic framework for assessing WEF interactions proposed in this
study makes a fundamental contribution to policy implementation that can ensure

effective management of water, energy, and food resources.

3.2. Materials and methods

3.2.1 Materials

To identify the indicators influencing the WEF security nexus, the indicators used in
this study were selected based on criteria defined in previous studies. Simpson et al.
(2020) developed a composite indicator that can effectively measure the WEF nexus using
a method developed by the European Commission. Flammini et al. (2014) proposed
comprehensive indices to determine the interactions among WEF sectors. Bizikova et al.
(2013) defined utilization, access, and availability as core indicators of WEF security and
further categorized them. For the SDGs indicators, SDGs 2 (zero hunger), 6 (Clean Water
and Sanitation), and 7 (Affordable and Clean Energy) were considered by Liu et al. (2018)
and Stephan et al. (2018). Based on these studies, 48 indicators, including 16 for water,
energy, and food, were selected in the present study (Table 3.1; Appendix 1). These

indicators consider the availability, accessibility, affordability, and productivity of the
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WEEF security in South Korea. Data for the selected 48 indicators were obtained for the
period 2004-2018 from the SDG database (UN, 2021), International Energy Agency
(2021), Food and Agriculture Organization Corporate Statistical Database (2021), World
Bank (2021), Organization for Economic Cooperation and Development (2021), and
statistics databases of the South Korean government (KEEI, 2019; MAFRA, 2020; GIMS,
2021; KOSIS, 2021; MOE, 2020; MOE, 2021). The research approach followed in this
study was similar to that of Putra et al. (2020), who analyzed the interactions among the
WEF sectors from five South Asian countries; however, in the present study,
comparatively more indicators were considered with the focus on only one country, that

is, South Korea.

Table 3.1 Indicators selected to investigate the water, energy, and food (WEF) security nexus of

South Korea.

ID Description Sign | Source | ID Description Sign | Source

W1 | Safe drinking | 1 SDGY E9 Electricity generation | 1 IEA
water 6.1.1 by biofuels

W2 | Safe 1 SDG E10 | Electricity generation | 1 IEA
sanitation 6.2.1 by waste (renewable)
water

W3 | Water use 1 SDG E11 | Electricity generation | —1 IEA
efficiency 6.4.1 by coal

W4 | Level of -1 SDG E12 | Electricity generation | —1 IEA
water stress 6.4.2 by oil

W5 | Lake and 1 SDG E13 | Electricity generation | —1 IEA
river area 6.6.1 by nature gas

W6 | Water usage | —1 MOE? | E14 | Electricity generation | —1 IEA
per capita by nuclear

W7 | Agricultural | -1 MOE E15 | Energy imports -1 KEEI”
water
consumption

W8 | Industrial 1 MOE E16 | Budget for low- 1 IEA
water carbon energy
consumption technologies

W9 | Municipal 1 MOE F1 Stunning children -1 SDG
water 2.2.1
consumption

W10 | Annual 1 KOSISY | F2 Overweight children | —1 SDG
precipitation 2.2.2

W11 | Ground water | —1 GIMS? | F3 Value-added 1 SDG
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for management of 2.a.1
agriculture agriculture

W12 | Water supply | —1 KOSIS | F4 Emission from -1 MOE
service fee agriculture sector

W13 | Water supply | 1 KOSIS | F5 Food production 1 FAOSTA
service rate index ™

W14 | Water -1 OECD? | F6 Cereal production 1 KOSIS
withdrawals

W15 | Wastewater 1 OECD | F7 Arable land 1 World
treatment Bank

W16 | Sewerage 1 KOSIS | F8 Cereal self- 1 MAFRA
supply rate sufficiency rate

El Access to 1 SDG F9 Fertilizer usage 1 FAOSTA
clean fuels 7.1.2 T
for cooking

E2 Renewable 1 SDG F10 | Crops and livestock | —1 FAOSTA
energy 7.2.1 products import T
consumption

E3 Energy -1 SDG F11 Consumer food price | —1 OECD
intensity 7.3.1 index

E4 Emission -1 MOE F12 | Non-arable land 1 MAFRA
from energy
sector

ES Energy usage | 1 IEA® F13 | Agricultural 1 KOSIS
in agriculture productivity

E6 Electricity 1 IEA F14 | Meat consumption 1 OECD
consumption
per capita

E7 Electricity 1 IEA F15 | Food supply 1 KOSIS
generation by
solar

ES8 Electricity 1 IEA F16 | Rail line density 1 FAOSTA
generation by T
wind

1) SDG Sustainable Development Goal Two) MOE, Ministry of Environment of South Korea; 3) KOSIS, Korean
Statistical Information Service; 4) GIMS, National Groundwater Information Management & Service Center; 5) OECD,
Organization for Economic Cooperation and Development; 6) IEA, International Energy Agency; 7) KEEI, Korea
Energy Economics Institute; 8) FAOSTAT, Food and Agriculture Organization Corporate Statistical Database; 9)
MAFRA, Ministry of Agriculture, Food, and Rural Affairs of South Korea

3.2.2 Investigation of interactions

This study mathematically investigated the synergies and trade-offs among the WEF
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sectors following the methodological approach suggested by Pradhan et al. (2017), who
analyzed the interactions among SDGs by analyzing the official SDG indicator data of
227 countries using Spearman’s rank correlation. This approach was also used by Putra
et al. (2020) and Hao et al. (2022) to investigate the interactions between different WEF
security indicators. The author analyzes the correlations among the WEF security
indicators as synergies (positive) and trade-offs (negative) based on Pradhan et al. (2017).
All values of the indicators were re-coded consistently to advance WEF security and
avoid false correlations. A positive sign was assigned to indicators that improved WEF
security when the indicator value increased, whereas a negative sign was assigned to
indicators that reduced WEF security when the indicator value increased. For example, a
positive sign was assigned to “W3 (water use efficiency)” because an increase in the
indicator improved water security; moreover, a negative sign was assigned to “F12 (non-
arable land)” because an increase in the indicator decreased food security.

Spearman’s rank correlation analysis, wherein the coefficient is derived using the
ranks of two values instead of the actual data values (Spearman, 1904), was used to
identify the correlations between paired indicator values. The correlation coefficients

were calculated using the following equation:

6y d?
= 1_n(nz—l)

where rs is Spearman’s rank correlation coefficient, d is the difference in ranks
between the paired items, and # is the number of pairs of observations.

Similar to Pearson’s correlation coefficient, the correlation coefficient ranges from —1
to 1, with a value of 1 indicating a strong positive correlation, —1 indicating a strong
negative correlation, and 0 indicating no correlation (Myers et al., 2003). However, unlike
Pearson’s correlation analysis, Spearman’s rank correlation can identify correlations for
nonlinear relationships and can be applied to discrete and ordered data if the data can be
ranked (Hauke & Kossowski, 2011). In addition, Spearman’s rank correlation is used as
an alternative to the Pearson correlation coefficient because it is less sensitive to outliers
owing to the utilization of ranks rather than actual data values in the calculation and can

capture the strength of monotonic relationships (Conover, 1999).
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According to previous studies (Pradhan et al., 2017; Kroll et al., 2019; Putra et al.,
2020; Ronzon & Sanjuan, 2020; Hao et al., 2022), a Spearman’s rank correlation
coefficient value of 0.6 or higher indicated a “synergy,” whereas a value of —0.6 or lower
indicated a “trade-off.” Moreover, if the value ranged between —0.6 and 0.6, the
correlation was interpreted as “unclassified” to avoid over-analysis (Hauke & Kossowski,
2011). Furthermore, only statistically significant correlations, that is, with p <0.05, were
considered. The open-source software Jamovi was used to perform Spearman’s rank

correlation analysis (The Jamovi Project, 2021).

3.2.3 Network analysis

Network analysis was used to identify the most influential indicators of the WEF
security nexus for South Korea, which has previously been used to analyze the most
influential indicators and interactions between objects (Stein et al., 2014; Kurian et al.,
2018; Weitz et al., 2018; Yeh et al., 2019; Mahjabin et al., 2020; Putra et al., 2020; An et
al., 2021; Swain & Ranganathan, 2021). Network analysis is a well-developed
methodology that provides various tools for analyzing the relationships between objects
and patterns and interpreting such relationships (Wasserman & Faust, 1994). A network
generally comprises nodes that represent objects and edges that interconnect pairs of
nodes. In this chapter, the selected 48 indicators were interpreted as nodes, and the
interactions between each pair of indicators, analyzed using Spearman’s rank correlation
analysis, were interpreted as edges. Thus, the interactions between WEF security
indicators can be visualized. The open-source software Gephi was used to visualize the

network (Bastian et al., 2009).

3.3. Results

3.3.1 Interactions within WEF security indicators

Figure 3.1-2 shows the results of analyzing the interaction with WEF security using

Spearman's rank correlation analysis. Colors represent synergy (green), trade-offs

(orange), and unclassified (apricot). Gray indicates statistically insignificant values with
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a p-value greater than 0.05, which were therefore excluded from the analysis. The
proportions of synergies and trade-offs were the same (both 38%) within the water sector,
whereas that of synergies (49-56%) was higher than that of trade-offs (43—44%) within
the energy and food sectors (Figs. 3.1 and 3.3; Table 3.2). These interactions indicate that
improving one indicator in each sector could improve other indicators, and vice versa. In
general, as the water fee and usage increase, water stress could be aggravated, resulting
in a negative impact on overall water security (Waughray, 2011; Lankford et al., 2013).
Thus, water usage (W6) and fees (W12) were positively correlated with water stress (W4),
whereas W4, W6, and W12 were negatively correlated with safe water (W1 and W2),
water efficiency (W3), and water-supply services (W13, W15, and W16). Moreover, W1-
W2-W3 and W13-W15-W16 were positively correlated. Agricultural water consumption
(W7) and water withdrawal (W14) showed synergies, because South Korea uses
approximately 60% of its water resources annually for agriculture (World Bank, 2021).

In the power generation field, renewable energy sources are environmentally friendly
because their fuel consumption and carbon emissions are significantly lower than those
of nonrenewable energy sources. Therefore, renewable energy indicators (solar: E7, wind:
ES, biofuel: E9, and waste: E10) were negatively correlated with carbon emissions in the
energy field (E4), and nonrenewable energy indicators (coal: E11 and natural gas: E13)
were positively correlated with E4. Furthermore, because renewable energies have lower
energy efficiencies than non-renewable energies, E7, E8, E9, and E10 are positively
correlated with energy intensity (E3), whereas the opposite trend is observed for E11 and
E13. In contrast, oil-based electricity generation (E12) showed opposite correlations with
E3 and E4, unlike the other non-renewable energy indicators. This is probably because
the operation of oil-fired plants has steadily decreased since 1995, accounting for only
approximately 1% of the total energy mix (IEA, 2021). Energy imports (E15) are
negatively correlated with budgets for low-carbon energy technologies (E16). These
interactions are similar to those observed in previous studies that reported that renewable
energy could enhance energy security (Valentine, 2011; Hinrichs-Rahlwes, 2013; Gokgoz
& Giivercin, 2018).
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Figure 3.1 Interactions within water, energy, and food (WEF) security indicators in South Korea
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Figure 3.2 Interactions among water, energy, and food (WEF) security indicators in South Korea
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Figure 3.3 Interactions between WEF security indicators in South Korea indicated by the

proportions of synergies, trade-offs, and unclassified items based on Figure 3.1-2.

Table 3.2 Number of WEF interactions in Figure 3.1-2

Type Synergies | Trade- | Unclassified Total Non- Total
offs interactions | significant
Within | Water 19 19 12 50 70 120
WEF | Energy 58 44 1 103 17 120
security | Food 29 26 4 59 61 120
Among | Water- 78 55 14 147 109 256
WEF Energy
security | Water- 48 58 15 121 135 256
Food
Energy- 70 87 10 167 89 256
Food
Total 302 289 56 647 481 1,128

Furthermore, a well-developed food supply chain can reduce food prices (Bunte,
2006; Armendariz et al., 2015). Hence, the increase in railline density (F16) and consumer
food price index (F11) were negatively correlated. Additionally, a negative correlation
was observed between arable land (F7) and value-added management of agriculture (F3)
and between F7 and F3 and the proportion of starving children (F1). Arable land and
value-added management of agriculture in South Korea are continuously decreasing (UN,

2021; World Bank, 2021); thus, improving these issues could solve hunger problems.
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Because a decrease in domestic food production can be replaced by corresponding food
imports (Sandstrom et al., 2018), the food production index (F5) and imports of crop and
livestock products (F10) were negatively correlated. Moreover, F10 and F11 were

positively correlated, highlighting their dependence on food imports.

3.3.2 Interactions among WEF security indicators

This study captured the interactions wherein synergies (40-53%) and trade-offs (37—
52%) showed similar proportions among the WEF sectors and discovered the possibility
of improving WEF security (Figs. 3.2 and 3.3; Table 3.2). Many water indicators in the
water and energy fields (safe: W1 and W2; efficiency: W3; and supply service: W13, W15,
and W16) showed positive correlations with renewable energy-related indicators (E2,
renewable consumption; solar: E7; wind: ES; biofuel: E9; and waste: E10), and negative
correlations with non-renewable energy-related indicators ( E11 and E13). Furthermore,
indicators related to the water stress level (W4) and water usage per capita (W6) were
negatively correlated with renewable energy-related indicators (E7, E8, E9, and E10),
possibly because renewable energy uses much less water than nonrenewable energy
(Larsen and Drews, 2019), which uses more water for cooling (Macknick et al., 2012).
The water industry is highly energy-intensive because of its strong dependence on energy
(Kenway et al., 2011; Plappally and Lienhard, 2012). Thus, the water-supply service
indicators (W13, W15, and W16) and emissions from the energy sector (E4) were
negatively correlated.

Regarding water and food fields, as the arable land (F7) and cereal self-sufficiency
rate (F8) increased, W4 and W6 increased because agriculture is water-intensive and
sensitive to water stress (FAO 2017). For similar reasons, W4 and the consumer food
price index (F11) were positively correlated. Moreover, annual precipitation (W10) and
food supply (F15) were positively correlated because the volume of water available for
food production depends on precipitation (Achite et al., 2017). The water supply service
fee (W12) was positively correlated with crop and livestock product imports (F10)
because as water prices increased, domestic food prices also increased, making people
more dependent on cheaper imported foods (Johansson, 2000). In the livestock industry,

meat has a large water footprint, which includes the amount of water consumed to obtain
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products, including feed (Hoekstra & Chapagain, 2011). According to Mekonnen and
Hoekstra (2012), the water footprints of 1 kg of potato, beans, and rice are 900, 1800, and
4300 L, respectively, whereas for meat they are 15500, 4800, and 3900 L for 1 kg of beef,
pork, and chicken, respectively. Therefore, when W4 increased, meat consumption (F14)
decreased, indicating a negative correlation. Furthermore, the indicators related to water-
supply services (W13, W15, and W16) were positively correlated with the food
production index (F5), indicating that food production becomes more efficient when the
water-supply system is well developed (Bhagwat, 2019).

In the energy and food fields, indicators related to agricultural productivity and
availability (value-added management of agriculture: F3, cereal production: F6, and
cereal self-sufficiency rate: F8) were negatively correlated with renewable energy
indicators (E2, E7, E8, E9, and E10) and positively correlated with non-renewable energy
indicators (E11 and E13). This is because the levelized cost of electricity from renewable
energy sources in South Korea is higher than that from nonrenewable energy sources
(Hong et al., 2019). Renewable energies are expected to achieve grid parity owing to
improvements in efficiency and technological development (Breyer and Gerlach, 2013;
IRENA, 2021), but such correlations could be reversed in the near future. The food
industry is energy-intensive and accounts for approximately 30% of the total global
energy (FAO, 2017). Accordingly, F3, F6, and F8 showed synergies with energy imports
(E15), whereas crop and livestock product imports (F10) were negatively correlated with
agricultural energy consumption (ES). Fluctuations in oil prices significantly affect food
prices (Esmaeili and Shokoohi, 2011) because food production depends heavily on
nonrenewable energy resources (Pelletier et al., 2011). Therefore, diversifying energy
consumption in the food sector to renewable energy could stabilize food prices

(Taghizadeh-Hesary et al., 2019).
3.3.3 Networks of interactions

Figure 3.4 shows the interaction networks within and among WEF sectors in South
Korea. The diagram on the left shows synergistic interactions, whereas that on the right

shows trade-off interactions. Furthermore, each node indicates one of the 48 WEF

indicators, and the edges represent interactions between the two indicators, based on
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Figures 3.1 and 3.2. The higher the number of connected edges, the larger the number of
nodes. Interactions are expressed in each network by distinguishing between synergies
and trade-offs. Energy field indicators had the highest influence across all synergy and
trade-off networks. Nonetheless, the water and food fields contributed significantly to the
networks. The number of edges between nodes (interactions) ranged from 1 to 21 per
indicator. Furthermore, among the top ten indicators with the largest number of connected
edges, the energy field had the greatest influence (Table 3.3). Table 3.3 shows the most
influential indicators with 20 or more connected edges, implying that these indicators
further influenced 20 or more other indicators.

Among the energy-related indicators in the synergy networks, those related to
renewable energy (E2, E7, E8, and E10) were the most influential, indicating that
increasing the proportion of renewable energy can improve WEF security (Wicaksono
and Kang, 2019; Putra et al., 2020) and positively influence the other 20 indicators.
Energy intensity (E3) and energy consumption in agriculture (E5) have similar effects.
This is because higher energy intensity corresponds to lower water consumption during
energy generation and fewer food resources, and the proportion of renewable energy for
power consumption in South Korea is steadily increasing (IEA, 2021). The food and
energy industries are water-intensive (FAO, 2017; Bhagwat, 2019), and the indicators
related to water infrastructure, safe water (W1 and W2), water efficiency (W3), and water
supply services (W13, W15, and W16) in the water field had the largest impact. Water
infrastructure refers to water-related facilities such as dams, reservoirs, water supply
systems, and sewage facilities, including the above-mentioned water-related indicators
(Monsma et al., 2019). South Korea’s current water infrastructure is severely deteriorating
(Kang, 2019). Thus, major improvements are required to ensure the sustainability of these
indicators. As meat production has a high water footprint (Hoekstra & Chapagain, 2011),
meat consumption (F14) shows many interactions with other indicators. Observations of
food consumption patterns in South Korea indicate that meat consumption has increased,
whereas cereal consumption has decreased since 1980 (KREI, 2019), suggesting that
switching to a cereal-based diet can promote water, energy, and food security.

Energy-related indicators showed contrasting patterns in the trade-off and synergy
networks. The indicators related to nonrenewable energies (electricity generation by coal

and natural gas, E11 and E13; emissions from the energy sector, E4; and energy imports,
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E15) had the highest influence on the energy field. Emissions from the energy industry in
South Korea are extremely high because the industry largely depends on thermal power
for energy and imports of non-renewable energy sources (IEA, 2021; MOE, 2021).
Moreover, the thermal power industry is water-intensive and can sometimes disrupt the
water supply to the surrounding villages during droughts (Zhang et al., 2017). As water
is an important resource for the food and energy industries, water usage per capita (W6)
and water supply service fees (W12) can compromise WEF security. Interestingly,
interactions with precipitation (W10), which is closely related to water availability, were
few, implying that even if sufficient water is available, the impacts of W6 and W12 on
water security are low, despite the inefficient management of water infrastructure and
usage. Arable land (F7) and the value-added management of agriculture (F3) have the
most negative impacts on WEF security because the food industry is directly and
indirectly associated with the water and energy sectors (Daher and Mohtar, 2015;
Vandone et al., 2018). Similarly, the nodes, namely crop and livestock product imports
(F10) and the consumer food price index (F11), which are F3 elements, have the largest

impact on the trade-off network (Lu and Dudensing, 2015).

3.4. Discussion

This chapter had two main findings. First, the interactions of the indicators associated
with WEF security were quantified, thereby realizing the first objective of the study.
These results confirm that interlinked WEF sectors interact with each other. Among all
the interactions, the proportion of synergies and trade-offs was higher, whereas the
proportion of unclassified correlations was lower than that observed in previous studies
on South Asian (Putra et al., 2020) and Central Asian (Hao et al., 2022) countries. These
findings suggest that the WEF sectors in South Korea are complexly interconnected, and
that WEF security can be improved through the nexus approach (OECD, 2018). Using
the approach outlined here, the author discusses different ways of maximizing synergies
while minimizing trade-offs, which are especially important in countries with WEF

insecurity.
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Figure 3.4 Visualization of the interactions among WEF security indicators in South Korea

through network analysis.

Table 3.3 Top 10 indicators with nodes having 20 or more edges in Figure 3.4

Interaction Sector Node (number of edges)

Synergy Water W1 (20), W2 (20), W3 (20), W13 (20), W15 (20), W16 (20)
Energy E2 (20), E3 (20), E5 (20), E6 (20), E7 (20), E8 (20), E10 (20)
Food F1 (20), F14 (20)

Trade-off Water W6 (20), W12 (20)
Energy E4 (21), E11 (21), E13 (21), E15 (21)
Food F2 (21), F10 (21), F11 (21), F3 (20), F7 (20)

Second, the most influential indicators and policy priorities for effective resource

management in the WEF security nexus were analyzed, thus achieving the second and
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third research objectives. The corresponding results can help identify resource
management policies that should be prioritized to ensure efficient WEF security
(Flammini et al., 2014; Mahlknecht et al., 2020). For example, renewable and
nonrenewable energy-related indicators mostly showed positive and negative influences
on WEF security, respectively, in the energy sector. If the proportion of renewable energy
in the energy mix increases, WEF security can be improved by maximizing synergies and
minimizing trade-offs (Wicaksono & Kang, 2018; Putra et al., 2020). Improving water
infrastructure and efficiency is the most effective strategy in the water sector. Currently,
the water infrastructure in South Korea is rapidly deteriorating; thus, investment and
repairs to maintain WEF security are necessary (Kang, 2019). Simultaneously, it is
important to control water consumption and prices, which negatively influence WEF
security. In the food sector, the value-added management of agriculture is the most
important. Notably, meat consumption has the greatest positive influence on WEF
security. South Korea relies heavily on the import of meat products, with imports
increasing over time (KREI, 2019). The meat industry is both water- and energy-intensive
(Mekonnen & Hoekstra, 2012), Thus, importing meat products reduces the consumption
of energy and water resources, which is why the meat industry is the most influential
indicator.

Overall, this analysis indicates that efforts in one area alone cannot improve WEF
security. For example, even if the proportion of renewable energy and food production
increases rapidly, the water supply is impaired, and WEF security will deteriorate in
general. WEF security can be effectively ensured when improving the indicators in each
field has the highest influence on other fields.

However, one limitation of this study is that the selected indicators covered only a
part of resource security. Owing to the nature of the applied method, which requires pairs
of sorted data, the availability of data significantly affects the selection of indicators. It is
expected that more interactions can be analyzed in the future if more indicators related to
WEF security are considered. Moreover, because linear relationships were applied to
compare pairs of data points, the relationships among the three resources (WEF) could
not be considered cumulatively. However, individual relationships between the two
resources were analyzed by pairing them three times (W-E, W-F, and E-F). The effects of

these three resources can be examined simultaneously if a simulation model, which can
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simultaneously explore linear and nonlinear relationships, is utilized. The results of this
study provide a substantial reference for future research. Furthermore, for its active
utilization, the nexus system should be combined with decision-making fields so that
policies can respond to future demands for WEF resources. This can be achieved by

applying various WEF food-resource scenarios.

3.5. Conclusion

In this chapter, a systematic framework is proposed to determine the interactions
between WEF security in South Korea using two quantitative approaches—Spearman’s
rank correlation and network analysis—to better understand WEF security on a national
scale. The results indicate that the WEF sectors are closely interconnected; thus, WEF
security could be ensured if synergies are maximized and trade-offs are minimized
regarding the interactions in WEF security. Furthermore, the interaction between energy
and energy-related sectors was found to be the highest, which means that managing
energy security is the most effective area for improving WEF security. Specifically,
reducing the proportion of non-renewable energy sources and increasing the proportion
of renewable energy sources could contribute significantly to WEF security, followed by
water infrastructure management and value-added management of agriculture. An
integrated approach via the WEF security nexus provides a basis for sustainable resource
management, and mutual feedback enables the efficient use of each resource. In addition,
sustainable and effective resource management can be achieved through policies that

prioritize the most interactive indicators.
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Chapter 4. Assessment of Elasticity on the Sustainable WEF

nexus

This chapter builds a sustainable WEF nexus framework and analyzes the
interrelationships between water consumption, electricity demand, food production, and
ecological footprint, considering the Environmental Kuznets curve (EKC) hypothesis and
external factors of the WEF nexus. This provides a roadmap for policymakers regarding

efficient ways to improve environmental quality and WEF security.

4.1. Introduction

The demand for water, energy, and food resources, which constitute the basic needs
of humans, has increased globally, and this trend is predicted to continue until 2030 (FAO
et al., 2021). According to the NIC (2012), the demand for water, energy, and food will
increase by 35, 40, and 50%, respectively, in 2030 compared to 2012 due to soaring
population, urbanization, and an additional three billion middle-class people by 2030
(WWEF and SABMiller, 2014; Ferroukhi et al., 2015). Additionally, the economic, social,
and environmental impacts of the COVID-19 pandemic (Al-Saidi and Hussein, 2021;
Hamid and Mir, 2021; Mofijur et al., 2021), the threat of climate change (Misra, 2014;
IPCC, 2022), and geopolitical instabilities, such as the Russia—Ukraine war (Liadze et al.,
2022; Shumilova et al., 2023), have aggravated these challenges (Estoque, 2022).

Further research is necessary to guarantee responsible and sustainable resource
management and ensure stable access to water, energy, and food sources (Pefia-Torres et
al., 2022). These three resources are highly interrelated, and thus should be considered
together (Daher and Mohtar, 2015; Albrecht et al., 2018; Brears, 2018). For example,
water is required for drinking, agricultural irrigation, and in the food industry (FAO,
2017). Water also plays an important role in energy generation processes such as the
production of hydroelectric power and biofuels, cooling of nuclear and geothermal power
plants, and extraction of traditional fuels, notably in shale gas development and mining
(International Energy Agency (IEA), 2020). Pumping water for food and irrigated

agriculture, desalination, water purification, water distribution, wastewater treatment,
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long-distance water pumping, food production, and its supply chain require considerable
amounts of energy (FAO, 2011; WWAP, 2014). Food production is an energy and water-
intensive industry that consumes significant amounts of energy and water (Bazilian et al.,
2011; Compton et al., 2018). Additionally, bio-crops can be used as renewable bioenergy
sources, in addition to being a food source (IRENA, 2019).

Since the 2011 Bonn Conference on the Water, Energy, and Food Security Nexus
(WEF) nexus has been used to analyze the complex interrelationship between water,
energy, and food resources since the 2011 Bonn Conference on Water, Energy, and Food
Security Nexus (Hoff, 2011). According to the WEF nexus framework, a choice made
regarding the management of one of the three resources affects the choices made for the
other two resources (Putra et al., 2020; Pefia-Torres et al., 2022). This idea includes the
notion that the supply and demand chains for these resources are closely intertwined
(Bizikova et al., 2013; Ringler et al., 2013; Rasul, 2014). Specifically, the WEF proposes
a method to maximize synergy and minimize trade-offs by analyzing complex
interactions among the three resources (World Economic Forum, 2011; Mukuve and
Fenner, 2015; An, 2022). A comprehensive evaluation will cover water, energy, and food
as well as environmental, social, and economic drivers, which will also allow for the
identification of interrelationships (synergies and trade-offs) across sectors to guide solid
WEF-related management and development activities (McCarl et al., 2017).

In this context, this chapter aimed to conduct an interrelationship analysis of
internal/external drivers and direct/indirect impacts on the sustainable WEF nexus in
South Korea using a simultaneous equation approach. This aim is divided into three parts:
(1) developing a theoretical basis for a simultaneous equation model (SEM) based on a
sustainable WEF nexus framework, (2) exploring the interrelationship between WEF
security and sustainability by analyzing the coefficients between factors involved in the
sustainable WEF nexus, and (3) investigating sustainability in South Korea by combining
the WEF nexus and the Environmental Kuznets Curve (EKC) hypothesis. The main
contribution of this study is its assessment of the WEF nexus in South Korea through a
systematic estimation that considers perspectives for achieving sustainable development.
In particular, SEM enables the determination of the relationships between numerous
variables that affect each other directly or indirectly, thereby assessing the effects of

different policy interventions and evaluating hypotheses on the causal nexus among
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variables by systematically considering all relevant interdependencies.

4.2. Literature review

The nexus approach has drawn attention in the academic, political, and industrial
fields because of its unique characteristics (Ozturk, 2015; Garcia and You, 2016; Al-
Riffai et al., 2017; Weitz et al., 2017; Fayiah et al., 2020). Dynamic quantification
techniques are necessary to identify the critical variables influencing the performance of
the coupled nexus system and highlight the dynamics of natural processes in conjunction
with various dimensions that sustain the interrelationships between nexus sectors (Zhang
et al., 2018). Many earlier studies have analyzed the interactions in the WEF nexus using

guantitative methods (Newell et al., 2019).

4.2.1 WEF nexus

At the national level, the nexus approach has been applied within the scope of a single
country or in comparisons between several countries. Howells et al. (2013) presented an
integrated assessment model called climate, land use, energy, and water strategies
(CLEWSs) to identify trade-offs, synergies, and co-benefits by assessing the resource
system in Mauritius. Mohtar and Daher (2014) developed a scenario-based tool (WEF
Nexus Tool 2.0) to analyze interactions in WEF security while considering social,
environmental, and economic changes. Al-Ansari et al. (2015) considered Qatar and
examined the interrelations within the WEF nexus, focusing on a food production system
using a life cycle assessment. Moreover, Owen et al. (2018) calculated the consumption-
based WEF of the UK and explored the critical supply chain by considering the entire
lifetime of a product via an input—output analysis. Zhou et al. (2016) build a computable
general equilibrium model with a tax module to study China’s nexus system. Campana et
al. (2018) investigated the effects of drought on WEF resource requirements during a
drought period in Sweden using a multi-objective simulation-optimization model. Putra
et al. (2020) confirmed the interactions between WEF sectors in South Asian countries
(Bangladesh, India, Nepal, Pakistan, and Sri Lanka) using correlation and network

analyses. Wicaksono and Kang (2019) developed a computer simulation model based on
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a system dynamics algorithm for interconnecting WEF resources in South Korea and
Indonesia. Huang et al. (2020) built China’s local WEF nexus using a simultaneous
equation approach involving the core, peripheral, and interactive nexuses. These studies
have revealed that sustainable development can be achieved by exploring the interactions
within the WEF nexus. This is because water (Goal 6: clean water and sanitation), energy
(Goal 7: affordable and clean energy), and food (Goal 2: zero hunger) resources are the
central elements of the Sustainable Development Goals (SDGs), and pressure on these
three resources can threaten sustainable development (Bleischwitz et al., 2018; Liu et al.,

2018; Simpson and Jewitt, 2019; Akinsete et al., 2022).

4.2.2 EKC hypothesis in relation to WEF nexus

The EKC hypothesis has been used to evaluate sustainability (Hartman and Kwon,
2005; Farhani et al., 2014; Sarkodie and Ozturk, 2020). Kuznets (1955) claims an inverted
U-shaped relationship between economic development and environmental degradation.
The inverted U-shaped curve indicates that environmental conditions deteriorate in the
early stages of economic growth and improve in the later stages of economic growth. This
implies that environmental degradation initially increases, and subsequently decreases as
the economy grows. Ozturk (2015) conducted a sustainability assessment of the WEF
nexus by utilizing dynamic panel modeling with the EKC hypothesis among BRICS
countries (Brazil, the Russian Federation, India, China, and South Africa). Moreover,
Zaman et al. (2017) confirmed the carbon fossil-methane EKC of sub-Saharan African
(SSA) countries by analyzing the non-linear relationship between WEF resources and air
pollutants. Nassani et al. (2019) used a simultaneous generalized method of moments to
investigate the relationships among WEF resources, carbon fossil-GHG emissions, and
growth-specific factors to verify the EKC in Pakistan. Xu et al. (2022) examine the link
between economic growth and the WEF footprint by exploring the existence of the EKC

in China’s economic zones and regions.
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4.2.3 Literature gap

Despite the increasing literature on the WEF nexus, the application of nexus
frameworks to policy recommendations (Gain et al., 2015; Pahl-Wostl et al., 2018;
Silalertruksa and Gheewala, 2018; Olawuyi, 2020; Lazaro et al.,, 2022) and the
consideration of external drivers (environmental, economic, and social dimensions) in the
WEF system are still limited (Rasanen et al., 2015). Systematic studies that explain the
interaction between WEF security and its indirect impacts are lacking (Wicaksono and
Kang, 2019). Furthermore, there is a lack of research on sustainability, even though the
WEF nexus is closely related to sustainable development. Finally, most studies on the
EKC hypothesis rely on atmospheric indicators, whereas literature on the EKC hypothesis
that uses land, biodiversity, and freshwater indicators is erratic and sparse (Sarkodie and
Strezov, 2019).

Therefore, applying SEM and considering sustainability will help establish policies
for the sustainable WEF nexus by simultaneously analyzing the bi-directional interactions
caused by external drivers and indirect impacts (Ozturk, 2016; Galdeano-Gomez et al.,
2017; Fan et al., 2018).

4.3. Methods

4.3.1 Research area

This study was conducted at the national level in South Korea, which has experienced
considerable economic and population growth with limited resources. South Korea,
formally the Republic of Korea (ROK), is located in Northeast Asia, with a total land area
of 97.6 x 10° km?. In 2022, South Korea’s total population was 52 million and its gross
domestic product (GDP) was 1.67 trillion USD. The country’s dependence on energy
resource imports is 95% (Korea Energy Economics Institute, 2019), and its food self-
sufficiency rate is only 23% (Korea Rural Economic Institute, 2019). Moreover, it has a
considerably large water footprint (Hoekstra and Chapagain, 2011), which, together with
the deterioration of water infrastructure (Kang, 2019), threatens water security. Therefore,

the availability aspect of WEF resources are particularly vulnerable (Simpson et al., 2022).
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Integrating the interactions between WEF security and the nexus approach can help

achieve sustainable resource management.

4.3.2 Frameworks and variables

Various frameworks have been suggested according to the purpose and scope of the
study. However, the following are the cornerstones of the WEF nexus framework: Hoff
(2011) presented a WEF nexus framework centered on water supply, energy, and food
security, all of which are connected to water availability. It also considers global trends,
including urbanization, population, and climate change, to promote WEF security,
sustainable growth, and a productive environment. The World Economic Forum (2011)
offers a framework in which water and food security are connected to economic
disparities and global governance failures, as well as energy security, causing chronic
WEF shortages and crises. This comprehensive structure includes external drivers
affecting the nexus, such as demographic, economic, and environmental factors. The
Food and Agriculture Organization (FAO)’s WEF framework addresses the interrelations
between human and natural systems, focusing on the biophysical and socioeconomic
resources related to the WEF nexus (Flammini et al., 2014). These interactions are
affected by external global drivers such as population change, urbanization, climate
change, industrial development, and sectoral policies.

Based on the existing literature on the WEF, the author built a systematic framework
for a sustainable WEF nexus by coupling it with sustainability at the national level (see
Figure 4.1). In this framework, WEF security and sustainability, which are core and
internal factors, are not only influenced by each other’s security but also by external
factors such as the environment, society, and economy. The criteria for the WEF security
indicators considered availability, accessibility, affordability, and productivity drivers,
following An (2022). Each indicator can satisfy more than one criterion and affect other
internal nexus factors. For example, agricultural productivity (AP) affects not only the
accessibility, affordability, and productivity of food but also water and energy security.
This influence also has a ripple effect on sustainability, which is linked to WEF security.
Ecological footprint was selected as an indicator of sustainability. It identifies the use of

productive surface areas, which consist of cropland, grazing land, fishing grounds, built-
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up land, forest areas, and carbon demand and assesses the amount needed to produce
various resources that humans consume and dispose of as waste (Wackernagel and Rees,
1998; Moffatt, 2000; Wackernagel et al., 2021). Therefore, it is regarded as an accounting
measure of the demand and supply of natural systems.

Internal nexus

Sustain-

ability

External nexus

Environment Society Economy

Figure 4.1 Framework of the WEF nexus at the national scale

To examine the interrelationships in the proposed framework, author collected a panel
dataset covering 2005-2019 (Table 4.1). Appendix 2 presents the descriptive statistics of
all the variables for the entire period. Data were obtained from the IEA, UN, Organization
for Economic Cooperation and Development (OECD), Global Footprint Network (GFN),
Ministry of Environment of South Korea (MOE), Korean Statistical Information Service
(KOSIS), Ministry of Agriculture, Food, and Rural Affairs of South Korea (MAFRA),

and the National Groundwater Information Management and Service Center (GIMS).
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Table 4.1 Description of variables.

Variables (Symbol) Specifications Units Sources
Water consumption Amount of total water Million cubic MOE (2022)
(WC) consumption meters
Electricity demand Peak electricity demand Ten thousand KOSIS
(ED) kw (2022)
Food production (FP) | Agricultural output of meats, Thousand tons | MAFRA

vegetables, and fruits (2021)
Ecological footprint Annual growth rate of ecological | Score GFN (2023)
(EF) footprint
Agricultural support Subsidy for agricultural sectors Million Euros OECD
(AS) (2022a)
Agricultural water Water consumption in agricultural | Million cubic MOE (2022)
consumption (AWC) | sectors meters
Total groundwater Total amount of total groundwater | Million cubic GIMS
usage (TG) usage meters (2022)
Low-carbon energy (Research, Demonstration, and USD per IEA (2022a)
technology (LE) Development) RD&D budget for | thousand units

low-carbon energy technologies of GDP
Climate disaster cost | Total amount of economic Billion Korean | KOSIS
(CD) damage from natural disasters Won (2022)
Producer protection Proportion between the average Ratio OECD
(PP) price received by producers and (2022a)

the border price.
Public energy RD&D | Total RD&D budget for public USD per IEA (2022a)
budget (PEB) energy technologies thousand units

of GDP

Annual precipitation | Precipitation per year mm KOSIS
(AP2) (2022)
Population growth Population growth rate per year Percent OECD
(PG) (2022a)
Lakes and rivers Change in the extent of water- Square UN (2022)
permanent water area | related ecosystems kilometers
(LRA)
Rice production (RP) | Amount of rice production per kg/ha KOSIS

cultivation area (2022)
Agricultural Amount of agricultural 9,917.4 Square | KOSIS
productivity (AP) productivity per unit area kilometers/Tons | (2022)
Consumer price index | Annual growth rate of energy Percent OECD
for energy (CPIE) price index (20223)
Consumer price index | Annual growth rate of food price | Percent OECD
for food (CPIF) index (20223)
Low-carbon power Share carbon sources in power Percent IEA (2022a)

(LCP)

generation
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Energy efficiency RD&D budget for energy USD per IEA (2022a)
RD&D budget (EEB) | efficiency technologies thousand units

of GDP
Economic growth Annual growth rate of GDP Percent KOSIS
(EG) (2022)
Groundwater for Total amount of groundwater Million cubic GIMS
agriculture (GWA) usage for agriculture sector meters (2022)
Industrial water Water consumption in industrial Million cubic MOE (2022)
consumption (IWA) sectors meters
Carbon emission (CE) | Annual growth rate of carbon Percent KOSIS

emission (2022)

CO: intensity of Emitted CO to produce a kilowatt | Index (2000 = IEA (2022a)
power (CI) hour 100)
Hydrogen and fuel RD&D budget of hydrogen and USD per IEA (2022a)
cells budget (HFB) fuel cells in US dollars thousand units

of GDP

4.3.3 Model specification

SEM is a system of linear equations that includes a feedback relationship between
variables, where some variables occur as explained in one equation, whereas others may
appear as explanatory variables (Wooldridge, 2012). SEM variables may be connected
through direct relationships, indirect ties, reciprocal interactions, feedback loops, and
correlations between disturbances (Maddala, 1992; Paxton et al., 2011). The two most
popular estimation methods for SEM are two-stage least squares (2SLS) and three-stage
least squares (3SLS) (Kapteyn and Fiebig, 1981). 2SLS, which is a single-equation
approach, implies that over-identifying restrictions in other equations are not considered
when estimating the parameters in a particular equation. By contrast, 3SLS, which is a
system equation approach, uses information concerning the endogenous variables in the
system and considers error covariances across equations; hence, it is asymptotically
efficient in the absence of specification errors (Greene, 2008). A systemic method can
also help consider important indicators such as sustainability and resilience with regard
to linkages across different domains, rather than just their respective components
(Huntington et al., 2021). The endogeneity issue in the SEM estimation can also be
resolved using the 2SLS approach. However, if the variance—covariance matrix of the
disturbance is not diagonal, the estimators from the 2SLS cannot be asymptotically
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effective (Zellner and Theil, 1992). As a combination of 2SLS and seemingly unrelated
regression (SUR), 3SLS provides consistent and efficient estimates if the disturbances are
correlated contemporaneously (Henningsen and Hamann, 2008) because SUR may
enhance the efficiency of parameter estimates in the presence of contemporaneous
correlation of errors across equations. In addition, 3SLS is often, but not always, superior
to 2SLS, especially in overidentified equations (Kennedy, 2008; Larcker and Rusticus,
2010). Therefore, in this study, 3SLS was used to examine direct and indirect
relationships in the WEF nexus framework.

In this study, four equations for interrelationships in the internal and external nexuses,
based on the abovementioned literature, structural concepts, and collected data, are
presented in Section 4.2. Water consumption, energy demand, food production, and the
ecological footprint were classified as endogenous variables, whereas the other variables
were categorized as exogenous. These four endogenous variables are indicators that play
key roles in each sustainable WEF nexus (Hoff, 2011; Bizikova et al., 2013). Moreover,
the security of one resource is affected by the security of the other two resources because
WEF security interact with each other (Ringler et al., 2013; Artioli et al., 2017; Albrecht
et al., 2018; Endo et al., 2020). For example, the FAO has analyzed these indicators for
sustainable water—energy, water—food, and energy—food linkages (Flammini et al., 2014).
The external factors affecting WEF security and sustainability include environmental,
social, and economic factors. Considering these relationships and the multicollinearity

among the independent variables, the following equations were established:

Equation (1): Water consumption
In(WC); = ag + a,Ln(ED); + a,Ln(FP),; + azLn(AWC); + a,Ln(CI),
+ asLn(CPIF); + agLn(EEB); + a;Ln(HFB); + agLn(PP),
+ agLn(RP); + a1oLn(TG); + uy

Equation (2): Energy demand
Ln(ED); = by + b1 Ln(FP); + b,Ln(WC); + b3Ln(AP); + b, Ln(AS),
+ bsLn(LE); + bgLn(CD), + b;Ln(CPIE), + bgLn(CPIF),
+ boLn(EG), + b1oLn(GWA), + b1 Ln(IWC), + ug
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Equation (3): Food production
Ln(FP); = ¢y + ¢1Ln(ED); + c,Ln(EF); + c3Ln(AP); + c,Ln(AWC),
+ c5Ln(Cl); + ceLn(EG); + c;Ln(HFB); + cgLn(LRA),
+ cgLn(PG); + c19Ln(PP); + ¢11Ln(TG); + up

Equation (4): Ecological footprint
Ln(EF), = do + d{Ln(WC), + d;Ln(AP2), + d3Ln(CE), + d4,Ln(EG),
+ dsLn(GWA), + dgLn(LRA), + d;Ln(PG), + dgLn(RP),
+ doLn(LCP), + d1oLn(PEB), + ugp

where t is the time span from to 2005-2019, and u is the error term. Equation 4
confirms the EKC by analyzing the relationship between environmental sustainability and
economic growth. Including economic growth in Equation 4 helps us explore the EKC
hypothesis.

The system of equations is over-identified in most simultaneous equation models
(Zellner and Theil, 1992). Every equation of the system obeyed the rank and order
conditions for identifiability (identified and over-identified). Moreover, to systematically
understand the analysis results of 3SLS systematically, all variables were transformed
into logarithmic scales (Equations 1-4). The estimated coefficient is the elasticity
obtained by adopting a logarithmic form (Auster et al., 1972). For example, if an
independent variable exhibits a negative coefficient (b), a 1% increase in the value of the
independent variable decreases the value of the dependent variable by b%. Using this
mathematical structure, the interrelationship of the WEF nexus is evaluated in Section
4.4,

4.4. Results and discussion

4.4.1 Model verifications

Before interpreting the 3SLS results, several tests were conducted to verify the
appropriateness of the proposed model. First, the Wu—Hausman test was used to detect
the endogenous regressors for the four suggested equations (Hausman, 1978). Second,
the validity of the over-identifying restrictions was verified by applying the Sargan—

Hansen test (Sargan, 1958). Third, the Wald test, a parametric statistical measure, was
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conducted to confirm whether the independent variables are significant for the model
(Wald, 1943). Finally, the variance inflation factor was used to detect multicollinearity

(Alin, 2010). As shown in tables 4.2 and 4.3, the results of the four tests indicate that the

model was appropriate.

Table 4.2 Model diagnostics

Test Water Energy demand | Food production | Ecological

consumption footprint
Wu-—Hausman 238 (»=0.296) | 5.28 (p=0.148) | 4.02 (p=0.295) | 4.54 (p=0.167)
Sargan—Hansen | 3.63 (p=0.163) | 3.97 (p =0.137) | 2.66 (p =0.103) | 4.28 (p =0.118)
Wald 423" 30.6™ 19.3" 10.9™

Table 4.3 Multicollinearity check

Variance inflation factor
Water consumption Energy demand Food production Ecological footprint
AWC 2.72 wC 3.77 EF 1.99 WC 3.72
HFB 4.24 GWA 4.56 EG 5.41 EG 2.34
RP 5.57 AS 2.30 AWC 3.63 CE 6.04
PP 4.08 AP 6.95 HFB 3.71 PG 2.27
EEB 3.95 LE 5.97 AP 6.71 PEB 8.15
FP 3.58 CPIF 3.14 CI 7.56 RP 3.35
TG 2.18 FP 2.33 TG 2.32 AP2 2.89
CI 2.55 CD 2.81 PP 3.52 LRA 3.40
ED 7.54 IWC 5.58 LRA 5.04 LCP 5.38
CPIF 5.74 EG 3.23 PG 2.17 GWA 4.45
CPIE 4.29 ED 6.68

4.4.2 Empirical findings

Table 4.4 shows the estimation results for the system of simultaneous equations with
water consumption, energy demand, food production, and ecological footprint as the
endogenous variables. The goodness of fit, measured by the overall R-squared value of
0.9592 in all equations, shows that the explanatory variables are sufficient to explain the
changes in the endogenous variables across South Korea. Figures 4.2 and 4.3, were
visualized using only the statistically significant values from the results in Table 4.4. The
interrelationships for each indicator consist of three parts: positive links representing

synergies, negative links indicating trade-offs, and intrinsic links representing inherent
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connections. Intrinsic links are used according to the theoretical background because the
interrelationships between the indicators are difficult to explain. This relationship can be
interpreted using a nexus approach. For example, the consumer price index for energy
(CPIE) cannot explain the direct effect on electricity demand (ED); however, it indirectly
affects ED because it affects the AP.

Table 4.4 3SLS estimation results

Variables | Water Energy Food Ecological

consumption | demand production | footprint
In(we) In(ED) In(FP) In(EF)

In(We) -0.6508™ —-12.830

In(ED) | —0.0817 —0.0364

In(FP) | 0.0453 -0.7029™

In(EF) -0.0093™

In(AWC) | 0.4892™ —0.1037

In(HFB) | —0.0108 —0.0371

In(LRA) —-1.4900™ | —52.654"

In(GWA) 0.2036 —-14.274™

In(RP) | 0.2465" 31.309™

In(TG) | 0.0457 —0.0393

In(AP) 2.6746™ | 0.5373"

In(AP2) 1.8886

In(AS) 0.2243

In(CD) 0.0475™

In(FID)

In(PG) 0.0485" —-3.7583™

In(LE) -0.3563™

In(LCP) 21.821™

In(CPIE) 0.3269"

In(CPIF) | —0.0134 -0.1289"

In(IWC) -0.5101"

In(EG) 0.0290 —0.0404" —-0.1418

In(EEB) | —0.0257"

In(CI) | 0.1347" -0.9609™

In(PP) | —0.0749 0.1793"

In(CE) -0.2345

In(PEB) 23.603™

Note: ™ p < 0.01, " p <0.05 “p<0.1.
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Figure 4.2 Positive feedback loops of sustainable WEF nexus

(1) Synergy context

Figure 4.2 summarizes the estimation results for the synergistic relationships,
excluding values that were not statistically significant. Carbon intensity (CI) indicated a
positive relationship with water consumption (WC = 0.1347). A high carbon intensity of
power generation implies that the proportion of fossil energy sources such as coal, oil,
and natural gas is high in the energy mix (Rahman et al., 2022). These fossil-fuel-based
power plants use substantial amounts of water resources for power generation (Qin et al.,
2015; Stokes-Draut et al., 2017; Lee et al., 2018), accounting for approximately 60% of
South Korea’s energy mix. Rice production and agricultural water consumption (AWC)
increased WC by 0.2465 and 0.4892%, respectively. Although the food self-sufficiency
rate was 23% in 2018, the rice self-sufficiency rate was 97%. Approximately 80% of
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agricultural water, which accounts for 61% of total water use, is used in paddy fields, and
rice is grown on most paddy farms (MOE and K-water, 2023). Therefore, agriculture,
particularly rice production, accounts for a significant portion of the country’s water
resources (Yoo et al., 2014). The introduction of technologies and policies that increase
agricultural water use efficiency (Wallace, 2000; Howell, 2001; Hsiao et al., 2007) and
the production of crops with a lower water footprint than rice (e.g., potatoes, sweet
potatoes, and taro) (Mekonnen and Hoekstra, 2011) will simultaneously improve water

and food security (Davis et al., 2017).

EG
-0.0404"

CI

EEB

-1.4900™

-14.274" \-3-7533** LRA
g 4

Water 8 Sustainability =P Necgative connections

Energy External factors
Food * p<0.01, " p<0.05, * p<0.1. === P Intrinsic connections
WwC Water consumption CPIF | Consumer price index for Food
ED Electricity demand CI CO, intensity of power
FP Food production LE Low-carbon energy tech
EF Ecological footprint PG Population growth

EEB Energy efficiency RD&D budget | EG Economic growth

IWC Industrial water consumption LRA | Lakes and rivers permanent water
area

GWA | Ground water for agriculture

Figure 4.3 Negative feedback loops of sustainable WEF nexus
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The climate disaster cost (CD), which escalates owing to climate change (Banholzer
et al., 2014), exerts a significantly positive effect on ED (0.0475). This relationship can
be explained by the fact that increasing average global temperatures are associated with
widespread changes in weather patterns (IPCC, 2022). Extreme temperature fluctuations
increase the demands for heating and cooling, leading to an increase in electricity demand
(Parkpoom et al., 2004; Franco & Sanstad, 2008; Eskeland & Mideksa, 2010; Allen et al.,
2016; Auffhammer et al., 2017).

The AP was significant and positive for ED (2.7646) and food production (FD,
0.5373). Recently introduced agricultural automation helps improve food productivity by
reducing labor costs, improving crop productivity, and decreasing working hours (Edan
etal., 2009; Kim et al., 2020; O’Shaughnessy et al., 2021). Hence, the share of electricity
in agriculture increased from 11.7% in 2001 to 40% in 2019, whereas that of oil decreased
from 85.9% to 57.3% over the same period (Korea Energy Economics Institute, 2022).
The average rate of increase in the use of agricultural electricity has been 7.4% per year
since 2005, far exceeding the rate of increase in total electricity consumption (5.7%),
which is expected to increase further in the predictable future (KOSIS, 2022). As Korea
relies heavily on energy resource imports for power generation, it also relies on energy
imports for food security, even though it currently increases domestic food production.
This explains why the CPIE has an intrinsic connection with the AP. The use of renewable
energy, a sustainable power supply, in agricultural areas can maximize agricultural
productivity and minimize electricity demand, thereby overcoming the abovementioned
problems (Ravi et al., 2016; Aghajanzade and Therkelsen, 2019; Gorjian et al., 2020;
Gorjian et al., 2022).

The ecological footprint (EF) increased by 31.309% when the rice production
increased by 1%. In Korea’s food consumption pattern, per capita rice consumption
continues to decrease and meat consumption increases (KOSIS, 2022). The government
has provided huge subsidies for rice production through a direct payment system to
support the supply of rice, which is a staple food source (OECD, 2022b). As a result,
farmers have flocked to rice production because it guarantees a stable income, resulting
in an oversupply of rice since the 2000s. In contrast, the self-sufficiency rates for crops
other than rice, such as wheat (1.2%), corn (3.3%), beans (25.4%), and barley (32.6%)
are very low (MAFRA, 2021). An oversupply of food worsens food security and
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environmental conditions through food waste (Messner et al., 2021). In Korea, where
only an oversupply of rice has been observed, this effect is more severe. According to Xu
et al. (2021), rice production in paddy fields generates the highest carbon emissions
among plant-based foods. If rice oversupply subsidies can be invested in crop
diversification, food security can be improved while minimizing environmental damage
(Smith et al., 2008; Massawe et al., 2016; Renard and Tilman, 2019).

A 1% increase in both low-carbon power (LCP) and the public energy RD&D budget
(PEB) has a positive impact on EF by 21.821 and 23.603%, respectively. This result is
inconsistent with the findings of Garrone and Grilli (2010), Brouwer et al. (2016), Anadon
et al. (2017), Pehl et al. (2017), Zeyringer et al. (2018), and Zhu et al. (2021), who found
that a low-carbon power system and public energy RD&D investment promote a
decarbonized society and contribute to sustainability by improving energy efficiency and
reducing carbon intensity. Over the past decade, the Korean government has invested
significantly in renewable energy, particularly solar power (IEA, 2020). Additionally,
investments in low-carbon power and public energy RD&D have focused on solar
photovoltaics. As a result, the renewable energy mix in 2021 represented solar,
hydroelectric, wind, wave, and tidal power at 69.5, 19.8, 9.3, and 1.3%, respectively,
indicating that solar power will account for most renewable energy generation (IEA,
2022a; IEA, 2022b). However, solar power may lead to land occupation and change,
which can adversely affect ecosystems and biodiversity (Turney and Fthenakis, 2011; Wu
et al., 2021). Korea has not yet considered these aspects of solar power deployment. The
indiscriminate installation of solar power can damage farmland and forests, consequently
destroying the ecosystem and offsetting the benefits of reducing carbon emissions.
Therefore, solar energy that minimizes environmental burdens, such as building-
integrated photovoltaics (BIPV) (Peng et al., 2011; Shukla et al., 2017), agrivoltaic
farming (Adeh et al., 2019; Miskin et al., 2019), and floating solar technology (Oliveira-
Pinto and Stokkermans, 2020; Hooper et al., 2021), should be actively introduced to

overcome the paradoxical situation in which solar power damages sustainability.
(2) Trade-off context

Figure 4.3 shows the estimation results with trade-off relationships, except for the

statistically insignificant values. Energy efficiency RD&D budget (EEB) indicates a
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negative relation with WC (—0.0257). An increase in the energy efficiency indicates a
decrease in the energy input. Approximately 90% of South Korea’s energy mix in 2021
will be non-renewable energy, such as nuclear energy, LNG, and coal (KOSIS, 2022).
These nonrenewable energy sources use significant amounts of water for power
generation, particularly during cooling (Spang et al., 2014; Qin et al., 2015; Lee et al.,
2018; Larsen and Drews, 2019). In contrast, renewable energy (solar and wind) consumes
a small amount of water for cleaning, whereas non-renewable energy uses more than 500
gal MW h™* of water for cooling (Macknick et al., 2012).

Economic growth (EG) is significantly negative for FP (—0.0404). As the economy
grows, meat consumption tends to increase (Gerbens-Leenes et al., 2010; Sans and
Combris, 2015). South Korea has continued economic growth, and meat consumption per
capita has also increased by more than 20 kg, from 31.9 kg in 2000 to 53.9 kg in 2018
(MAFRA, 2021). Although meat productivity has improved, it has not sustained
increasing meat consumption and has begun to rely on imports. The meat self-sufficiency
rate has decreased by 14.6%, from 78.8% in 2018 to 64.2% in 2000 (MAFRA, 2021).
Consequently, as the economy grows, it becomes dependent on food imports and
domestic food production decreases. Cl exerts a significant negative effect on FP
(—0.9609). Agricultural water accounts for 62.3% of total water consumption (MOE,
2022). Limited water availability and increased water consumption for non-renewable
energy due to the positive relationship between Cl and WC negatively impacted
agricultural water use. This finding is consistent with that of Wicaksono and Kang (2019),
who found that securing water availability by decreasing the share of nonrenewable
energy will help food security in the future. As the EF value increased and became a threat
to sustainability, it had a negative impact on FP (—=0.0093). Given that it entails the use of
land, water, and energy and the creation of trash, food production is one of the key
contributors to the ecological footprint (Noordwijk and Brussaard, 2014; Galli et al.,
2017). Hence, an increasing ecological footprint implies that more resources are being
used and more waste is generated, which can deteriorate the quality and availability of
water and land for food production (Wackernagel and Rees, 1998; Wackernagel et al.,
2021). A 1% increase in lake and river permanent water areas (LRA) will directly result
inal1.49 and 52.65% decrease in FP and EF, respectively. Agriculture is a water-intensive

industry closely related to water availability (Postel, 1998; Wallace, 2000; Gordon et al.,
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2010). Globally, approximately 70% of surface water consists of lakes and rivers
(Shiklomanov and Rodda, 2003). An increase in the area of lakes and rivers can
negatively impact food production if the cost of pollution exceeds water availability. In
South Korea, nonpoint pollution sources pollute water resources owing to urbanization
and a steady increase in meat production, and this trend is gradually increasing (OECD,
2018a). In contrast, the ecological footprint can be reduced by increasing the area of lakes
and rivers, because freshwater environments clean and store water, which is crucial for
people and ecosystems (Kitzes et al.,, 2007; Kitzes and Wackernagel, 2009).
Consequently, simultaneous management of water quality and quantity is necessary for
sustainable food production and ecosystems (Kirby et al., 2003).

The negative relationship between population growth (PG) and EF does not
correspond to the findings of Dietz et al. (2007) and Kitzes et al. (2008), who suggested
that PG consumes more resources and adds to the environmental burden. Generally, as
the population decreases, the number of resources used also decreases. However, if
unsustainable consumption continues, such as overconsumption of water, overemission
of carbon, use of fossil fuels, and a diet centered on meat consumption, the environmental
burden will be greater than that of declining resource consumption (Spangenberg and
Lorek, 2002; Jackson and Papathanasopoulou, 2008; Hoekstra and Wiedmann, 2014).
Groundwater for agriculture (GWA) has a trade-off relationship with EF. Groundwater is
a crucial source of water for irrigation, and accounts for more than 40% in many OECD
nations and 70% of water use globally (Gruére and Shigemitsu, 2021). In 2020, South
Korea’s agricultural sector accounted for approximately 53% of total groundwater use
(GIMS, 2022). In the agricultural sector, groundwater use is more efficient in terms of
energy consumption than surface water use because of the more streamlined distribution,
transportation, and supply processes (Siddigi and Anadon, 2011; Yang et al., 2016). This
can reduce the carbon footprint and thus help diminish the ecological footprint in the
short-term. However, land subsidence, saltwater intrusion, and other environmental
issues can result from intensive groundwater pumping for agriculture, which depletes
aquifers in the long term (Hallberg, 1986; Han, 2003; Raquel et al., 2007). Groundwater
is considered a finite resource because aquifer recharge rates are frequently sluggish
(Merchant, 1994; Madramootoo, 2012; Richey et al., 2015). Hence, controlling the use
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of GWA, while considering the environmental burden and availability caused by the
consumption of subsurface water, is important (Shan et al., 2009).

A 1% increase in low-carbon energy technology (LE) decreases ED by 0.3563%. High
electricity prices have suppressed growth in electricity demand worldwide (IEA, 2023).
South Korea’s levelized cost of electricity (LCOE) is as follows (Lorenczik et al., 2020):
gas, 90.19-100.43 USD/MWh,; coal, 81.04 USD/MWh; nuclear, 67.16 USD/MWh; wind
(offshore), 119.31 USD/MWHh; solar (commercial), 121.14 USD/MWh; wind (onshore),
137.02 USD/MWh; and wind (offshore), 193.24 USD/MWh. Owing to continued
investment in clean energy, the LCOE of renewable energy is declining faster than that of
nonrenewable energy. For example, solar power in South Korea is expected to achieve
grid parity by 2025 (Hong et al., 2020). Hence, the negative relationship between LE and
ED is expected to gradually increase. Consumer price index for food (CPIF) is
intrinsically linked to EG and negatively affects ED. Maintaining stable food prices is an
important factor in the economic growth of Asian countries (Dawe and Timmer, 2012).
This is because the ripple effect of economic and social costs resulting from price
instability slows economic growth (Byerlee et al., 2006; Jayne, 2012; Verpoorten et al.,
2013). For example, when food prices rise, households reduce their consumption of goods,
which worsens their economic cycle. Contrary to previous studies that showed a positive
relationship between food production and electricity demand (Khan and Hanjra, 2009;
Ladha-Sabur et al., 2019), ED decreased by 0.7029% when FP increased by 1%. This is
because energy consumption in the agricultural sector comprises 57.3% oil and 40%
electricity, and agricultural productivity is continuously increasing (Korea Energy
Economics Institute, 2019). In addition, power savings in the food industry, which are
directly related to food production, have steadily increased since 2013 (KOSIS, 2022).
However, the potential for productivity decline due to the aging rural population and the
increasing share of electrification in agricultural energy use remain issues that need to be
addressed (OECD, 2018b). The WC and industrial water consumption have intrinsic
connections to the LRA and GWA, respectively. When water is removed from rivers and
lakes for drinking, the water flow may decrease, reducing the total area of the water body
(Wurtsbaugh et al., 2017). The increased evaporation rate owing to climate change will
further accelerate this situation (Shenbin et al., 2006; Woolway et al., 2020). Water

availability in a country is limited by factors, such as precipitation and water resource
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management (Chenoweth, 2008; Elliott et al., 2014). Increased water use in the industrial

sector has reduced the availability of water resources for municipal and agricultural use.

(3) EKC hypothesis

As described in Table 4.4, the empirical findings of this study cannot establish the
EKC hypothesis, as is evident from the EG estimates, which depict a statistically
insignificant relationship with EF. This conflicts with the findings of Iwata et al. (2012),
Onafowora and Owoye (2014), Onater-Isberk (2016), and Destek and Sarkodie (2019),
who find that the EKC hypothesis is valid for South Korea. The rationale behind this
discrepancy is that the present study considers indicators associated with WEF security
that have been neglected in previous studies. The rejection of the EKC hypothesis implies
that economic growth does not guarantee environmental sustainability. Therefore,
additional actions are required to address these critical environmental problems (Ali et al.,
2017; Gill et al., 2018; Pata et al., 2022). Moreover, focusing on the scaling up of
economic and other external factors undermines the improvement of WEF security
(Huang et al., 2023). According to the above discussion, the components of WEF security
(LCP,RP, PEB, LRA, and GWA) affect environmental sustainability rather than economic
development. Maximizing synergies and minimizing trade-offs between WEF resources
improves WEF security and achieves environmental sustainability. This finding is
consistent with those of Zaman et al. (2017), Zaman (2018), Nassani et al. (2019), and
Xu et al. (2022) who found that environmental quality could be enhanced through the

WEF nexus framework.

4.5. Conclusion

In the present study, a sustainable WEF nexus framework was introduced to explore
the interrelationships between WEF security and sustainability in South Korea from 2005
to 2019 using a simultaneous equation model and the EKC hypothesis. The key findings
and relevant policy implications of this study are as follows: First, rice production is a
water- and energy-intensive industry with low production per unit area, which adversely
affects the sustainable WEF nexus. Excessive use of agricultural water reduces water

availability and quality, resulting in scarce water resources. Environmental degradation
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negatively affects energy production and sustainability. Korea’s rice-oriented food
production structure accelerates this effect; therefore, expanding the production of
alternative crops such as potatoes and sweet potatoes is important. Second, an increase in
agricultural productivity caused by automation can improve food security; however, it
can also threaten energy security by increasing electricity demand and energy imports.
The share of renewable energy sources must increase to achieve stable food production.
Compared to non-renewable energy, renewable energy consumes little water and does
not emit pollutants; therefore, it can positively impact the sustainable WEF nexus.
However, South Korea’s renewable energy industry focuses on solar power, and the
current solar power policy is detrimental to sustainability because installations can
damage nature. Solar power sources, such as agrivoltaic farming, float solar power, and
BIPV, which do not adversely affect sustainability, should be actively introduced. Third,
according to the EKC, environmental problems cannot be resolved through economic
development. In South Korea, even if the population decreases because of unsustainable
consumption patterns, sustainability is undermined. Policy established on a “wait and
grow” presumption is not appropriate (Agras and Chapman, 1999), and the current
generation should strive for sustainable development. Sustainable WEF security can be
achieved by analyzing the synergies and trade-offs of WEF security, a key element of the
SDGs, through the Nexus approach.

This study had three limitations. First, a few indicators associated with the sustainable
WEF nexus were selected based on data availability and statistical characteristics of the
SEM. Although this study considered more indicators than previous studies, the selected
indicators do not thoroughly represent a sustainable WEF nexus. Introducing dimension-
reduction methods, such as principal component analysis, allowed the author to handle
larger amounts of data. Second, only the GDP growth rate is selected as a factor to analyze
the EKC hypothesis. Future studies should consider various economic factors such as
GDP, squared GDP, and GDP per capita for a more in-depth analysis. Finally, the analysis
performed in this study and suggestions were based on historical data. In particular, there
is speculation about the development of renewable energy, even though reasonable
grounds for speculation are presented based on the existing literature. To handle a broader
range of possible results, a procedure to verify the effectiveness of the proposed measures

should be developed in future studies.
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This study presents a sustainable WEF nexus framework that considers sustainability
and external factors in the existing WEF nexus theory. Through SEM and the EKC
hypothesis, it was determined that the optimization of synergies and trade-offs between
the interconnected sustainable WEF nexus can contribute to sustainable development in

South Korea.
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Chapter 5. Conclusions and Recommendations

This section summarizes the main findings of this dissertation. It proposes policy
recommendations for improving WEF security and sustainable development under the
nexus perspective for better development in the future. Moreover, it suggests the

contributions, limitations, and future directions of this research.
5.1. Summary of the research findings

This dissertation explored the interactions in WEF security to achieve sustainable
development through a nexus approach using quantitative methods, suggesting the
importance of maximizing synergies and minimizing trade-offs within the WFE nexus
framework. The conclusions of this dissertation offer a valuable framework for
conducting similar investigations in the future. However, previous studies on the
interactions among the WEF sectors are scarce at the national scale. In particular, the
application of nexus frameworks to policy recommendations for external drivers is still
lacking. In addition, there is a dearth of studies on sustainability, even though the WEF is
closely associated with sustainable development. The major objective of this dissertation
is to address the WEF nexus in the national context and evaluate the interactions of
selected national-scale indicators in WEF security by applying a conceptual and
quantitative analysis framework and considering sustainability aspects together with
external factors. To achieve this objective and overcome the limitations of the
aforementioned studies, the following chapters are formulated:

In Chapter 2, an extended literature review reveals that the WEF nexus is a field that
must be approached comprehensively and that a quantitative methodology helps analyze
the interactions in the WEF nexus. Moreover, the drivers handled by the nexus framework
expanded beyond WEF security.

In Chapter 3, an interaction analysis proved that South Korea's interactive
relationships with the WEF nexus are stronger than those of other countries and that
national resource security can be improved through the nexus approach. The results

indicated that the interaction between energy and energy-related sectors was the highest,
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indicating that managing energy security is the most effective area for improving WEF
security.

In Chapter 4, a sustainable WEF nexus framework is established to consider
sustainability and external factors, and an assessment of elasticity is conducted to estimate
specific interactions using SEM and the EKC hypothesis. Based on these investigations,
it was determined that establishing synergies and reducing trade-offs in WEF security
through the nexus approach can improve overall resource security and achieve sustainable
development. In particular, the indicators related to WEF security influence sustainability
rather than economic development. These results indicate that WEF security and
sustainability can be improved simultaneously by maximizing synergies and minimizing

trade-offs within a sustainable WEF nexus.

5.2. Policy recommendations

The results of this dissertation show that WEF security interactions can be efficiently
managed in South Korea if the following policies are introduced from a nexus approach
point of view.

First, the interaction between energy and energy-related sectors was the highest
because of the country's heavy reliance on energy resources. Specifically, increasing the
proportion of renewable energy utilization improved WEF security. By reducing the
proportion of nonrenewable energy that consumes a large amount of water in the energy
mix, the availability of water, which can be used as a resource for food production, can
be increased. However, focusing on a small number of renewable energy sources has the
potential to increase environmental burden and worsen resource security. To prevent this,
it is necessary to introduce various renewable energy sources. The Korean government
has invested heavily in renewable energy, particularly solar power. Moreover,
investments in low-carbon power and energy RD&D have focused on solar energy,
indicating that solar power accounts for most renewable energy generation. In particular,
Korea's land area is very small, and most (63%) consists of forests. Solar power can lead
to land development and change, negatively affecting ecosystems, biodiversity, and food
production. Korea has not scrutinized the above-mentioned aspects of solar power

installation. The indiscriminate deployment of solar power can damage farmland and
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forests, consequently destroying the ecosystem and offsetting the benefits of reducing
carbon emissions. Therefore, solar energy that minimizes environmental burdens, such as
BIPV, agrivoltaic farming, and floating solar technology, should be vigorously
introduced to overcome the ironic situation in which solar power deteriorates
sustainability. Furthermore, it is necessary to diversify renewable energy sources such as
marine energy, offshore wind power, hydrogen energy, geothermal heat, bioenergy, and
hydrothermal energy.

Second, rice production causes the excessive use of agricultural water, thereby
deteriorating water availability and quality. This leads to scarce water resources and
environmental degradation, which adversely affect energy production and sustainability.
Rice production accounts for a significant proportion of South Korea’s water resources.
The introduction of technologies and policies that increase agricultural water use
efficiency and the production of crops with lower water consumption than rice, such as
potatoes, sweet potatoes, and taro, will simultaneously promote water and food security.
Therefore, it is crucial to expand the production of alternative crops, such as less water-
and energy-intensive crops, and encourage people to change their diet to these crops. To
achieve this goal, government-level rice subsidies must be distributed across various
crops. Currently, Korean farmers have flocked to rice production because it guarantees a
stable income through a direct payment system, resulting in rice since the 2000s. An
oversupply of food worsens food security and environmental conditions through food
waste. Rice production in paddy fields generates the highest carbon emissions of all plant-
based foods. If subsidies for rice oversupply can be invested into crop diversification,
food security can be improved while minimizing environmental damage. Furthermore,
although increased agricultural productivity through automation improves food security,
it can also pose a threat to energy security by increasing electricity demand and energy
imports. Because Korea relies heavily on imported energy resources for power generation,
it also relies on energy imports for food security. The use of renewable energy as a
sustainable power supply in agricultural areas can maximize agricultural productivity and
minimize electricity demand.

Thirdly, economic growth does not guarantee environmental sustainability. However,
the indicators related to WEF security influence environmental sustainability rather than

economic development. Hence, additional actions are required to address these critical
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environmental problems. These results indicate that WEF security and sustainability can
be improved simultaneously by maximizing synergies and minimizing trade-offs within
a sustainable WEF nexus. To achieve the “killing two birds with one stone”, resource
management policies that take into account the nexus approach should be implemented

at national level.

5.3. Contributions and future research

The dissertation presented in this dissertation makes referential, conceptual, and
practical contributions to literature. At the reference level, South Korea, the study area, is
a resource-poor country that has recently joined the ranks of developed countries. Hence,
this research can serve as a reference for developed and developing countries whose
resource security is threatened. At a conceptual level, it has been proven that WEF
security is closely related. Moreover, the existing WEF nexus system was expanded into
a ‘sustainable WEF nexus’ that takes into account external factors and sustainability, and
it was revealed that sustainable development can be achieved through resource
management through the nexus approach. At the practical level, the two manuscripts
(Chapter 3-4) offer detailed practical insights. Spearman’s rank correlation and network
analyses demonstrated that resource security is an interconnected rather than an
independent system, and that WEF security improves efficiently when indicators are
preferentially upgraded with many interactions, providing important guidelines for
prioritizing policies to implement sustainable resource management systems (Chapter 3).
An assessment of the national WEF nexus via a systematic estimation that considers
perspectives for achieving sustainable development using the 3SLS and EKC hypotheses.
In particular, SEM enables the determination of the relationships between numerous
variables that affect each other directly or indirectly, thereby assessing the effects of
different policy interventions and evaluating hypotheses on the causal nexus among
variables by systematically considering all relevant interdependencies. (Chapter 4).

This dissertation has some limitations. First, the selection of indicators was
significantly affected by the availability of data, owing to the nature of the applied method,
which necessitates pairs of sorted data. If other WEF security-related indicators are

considered, additional interactions will be examined in the future. Second, the analysis
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and recommendations of this study are based on historical data. In particular, there is a
conjecture on the advancement of renewable energy, despite the fact that plausible
justifications for this conjecture are provided by the body of current studies. To
accommodate a wider variety of potential outcomes, future studies should establish
protocols to confirm the efficacy of suggested interventions. The nexus system should
also be integrated with decision-making domains so that policies can address future WEF
resource demands for full utilization. Third, the quantitative method used in this
dissertation is based on linear analysis. Using a simulation model that can simultaneously
examine linear and non-linear interactions, the effects of the three resources can be
investigated simultaneously. Moreover, applying multiple WEF food resource scenarios

would help to overcome this limitation.

7



References

Achite, M., Buttafuoco, G., Toubal, K.A., & Luca, F. (2017). Precipitation spatial variability and
dry areas temporal stability for different elevation classes in the Macta basin (Algeria).
Environmental Earth Sciences. 76(13), 1-13. https://doi.org/10.1007/s12665-017-6794-3.

Adeh, E.H., Good, S.P,, Calaf, M., & Higgins, C.W. (2019). Solar PV power potential is greatest
over croplands. Scientific Reports. 9, 11442, https://doi.org/10.1038/s41598-019-47803-3.

Adnan, H. (2013). Water-food-energy nexus in Asia and the Pacific. United Nations ESCAP:
Bangkok, Thailand, 72.

Aghajanzadeh, A., & Therkelsen, P. (2019). Agricultural demand response for decarbonizing the
electricity grid. Journal of Cleaner Production. 220, 827-835.
https://doi.org/10.1016/j.jclepro.2019.02.207.

Agras, J., & Chapman, D. (1999). A dynamic approach to the Environmental Kuznets Curve
hypothesis. Ecological Economics. 28, 267-277. https://doi.org/10.1016/S0921-
8009(98)00040-8.

Akinsete, E., Koundouri, P., Kartala, X., Englezos, N., Lautze, J., Yihdego, Z., Gibson, J.,

Scholz, G., van Bers, C., & Sodoge, J. (2022). Sustainable WEF nexus management: A

conceptual framework to integrate models of social, economic, policy, and institutional

developments. Frontiers in Water. 4, 727772. https://doi.org/10.3389/frwa.2022.727772.
Al-Ansari, T., Korre, A., Nie, Z., & Shah, N. (2015). Development of a life cycle assessment

tool for the assessment of food production systems within the energy, water and food
nexus. Sustain. Sustainable Production and Consumption. 2, 52—66.
https://doi.org/10.1016/j.spc.2015.07.005.

Al-Riffai, P., Breisinger, C., Mondal, M., Alam, H., Ringler, C., Wiebelt, M., & Zhu, T. (2017).

Linking the Economics of Water, Energy, and Food: A Nexus Modeling Approach (Vol. 4).

International Food Policy Research Institute. https://www.ifpri.org/publication/linking-

economics-water-energy-and-food-nexus-modeling-approach.

Al-Saidi, M., & Hussein, H. (2021). The water-energy-food nexus and COVID-19: Towards a

systematization of impacts and responses. Science of The Total Environment. 779, 146529.
https://doi.org/10.1016/.scitotenv.2021.146529.
Albrecht, T.R., Crootof, A., & Scott, C.A. (2018). The water-energy-food nexus: A systematic

review of methods for nexus assessment. Environmental Research Letters. 13, 043002.
https://doi.org/10.1088/1748-9326/aaa9c6.
Ali, G., Ashraf, A., Bashir, M.K., & Cui, S. (2017). Exploring environmental Kuznets curve

78


https://doi.org/10.1007/s12665-017-6794-3
https://doi.org/10.1038/s41598-019-47803-3
https://doi.org/10.1016/j.jclepro.2019.02.207
https://doi.org/10.1016/S0921-8009(98)00040-8
https://doi.org/10.1016/S0921-8009(98)00040-8
https://doi.org/10.3389/frwa.2022.727772
https://doi.org/10.1016/j.spc.2015.07.005
https://www.ifpri.org/publication/linking-economics-water-energy-and-food-nexus-modeling-approach
https://www.ifpri.org/publication/linking-economics-water-energy-and-food-nexus-modeling-approach
https://doi.org/10.1016/j.scitotenv.2021.146529
https://doi.org/10.1088/1748-9326/aaa9c6

(EKC) in relation to green revolution: A case study of Pakistan. Environmental Science &
Policy. 77, 166—-171. https://doi.org/10.1016/j.envsci.2017.08.019.

Alin, A. (2010). Multicollinearity. WIREs Computational Statistics. 2, 370-374.
https://doi.org/10.1002/wics.84.

Allen, M.R., Fernandez, S.J., Fu, J.S., & Olama, M.M. (2016). Impacts of climate change on

sub-regional electricity demand and distribution in the southern United States. Nature
Energy. 1, 1-9. https://doi.org/10.1038/nenergy.2016.103.
Amjath-Babu, T.S., Sharma, B., Brouwer, R., Rasul, G., Wahid, S.M., Neupane, N., & Sieber, S.

(2019). Integrated modelling of the impacts of hydropower projects on the water-food-
energy nexus in a transboundary Himalayan river basin. Applied Energy. 239, 494-503.
https://doi.org/10.1016/j.apenergy.2019.01.147.

An, D. (2022). Interactions in water-energy-food security nexus: A case study of South Korea.
Frontiers in Water. 4, 943053, https://doi.org/10.3389/frwa.2022.943053.
An, R., Liu, P,, Cheng, L., Yao, M., Li, H., & Wang, Y. (2021). Network analysis of the food—

energy—water nexus in China’s Yangtze River Economic Belt from a synergetic
perspective. Environmental Research Letters. 16(5), 054001. https://doi.org/10.1088/1748-
9326/abe25e.

Anadon, L.D., Baker, E., & Bosetti, V. (2017). Integrating uncertainty into public energy
research and development decisions. Nature Energy. 2, 1-14.
https://doi.org/10.1038/nenergy.2017.71.

Ang, B. W., Choong, W. L., & Ng, T. S. (2015). Energy security: Definitions, dimensions and

indexes. Renewable and Sustainable Energy Reviews. 42, 1077-1093.
https://doi.org/10.1016/j.rser.2014.10.064.

Armendariz, V., Armenia, S., & Atzori, A.S. (2015). Understanding the dynamics of food supply
and distribution systems (FSDS). In Proceedings of the 33" International Conference of
the System Dynamics Society, Cambridge, Massachusetts, USA-July, 19-23.

Artioli, F., Acuto, M., & McArthur, J. (2017). The water-energy-food nexus: An integration
agenda and implications for urban governance. Political Geography. 61, 215-223.
https://doi.org/10.1016/j.polgeo.2017.08.009.

Auffhammer, M., Baylis, P., & Hausman, C.H. (2017). Climate change is projected to have

severe impacts on the frequency and intensity of peak electricity demand across the United
States. Proceedings of the National Academy of Sciences. 114(8), 1886—1891.
https://doi.org/10.1073/pnas.1613193114.

Auster, R., Leveson, 1., & Sarachek, D. (1972). The production of health, an exploratory study,

79


https://doi.org/10.1016/j.envsci.2017.08.019
https://doi.org/10.1002/wics.84
https://doi.org/10.1038/nenergy.2016.103
https://doi.org/10.1016/j.apenergy.2019.01.147
https://doi.org/10.3389/frwa.2022.943053
https://doi.org/10.1088/1748-9326/abe25e
https://doi.org/10.1088/1748-9326/abe25e
https://doi.org/10.1038/nenergy.2017.71
https://doi.org/10.1016/j.rser.2014.10.064
https://doi.org/10.1016/j.polgeo.2017.08.009
https://doi.org/10.1073/pnas.1613193114

in: Fuchs, V.R., (Eds.), Essays in the Economics of Health and Medical Care. National
Bureau for Economic Research, Massachusetts. pp. 135-158.

http://www.nber.org/chapters/c3454.

Axon, C. J., & Darton, R. C. (2021). Sustainability and risk—a review of energy security.
Sustainable Production and Consumption, 27, 1195-1204.
https://doi.org/10.1016/j.spc.2021.01.018.

Bakhshianlamouki, E., Masia, S., Karimi, P., van der Zaag, P., & Susnik, J. (2020). A system

dynamics model to quantify the impacts of restoration measures on the water-energy-food
nexus in the Urmia lake Basin, Iran. Science of the Total Environment, 708, 134874.
https://doi.org/10.1016/j.scitotenv.2019.134874.

Banholzer, S., Kossin, J., & Donner, S. (2014). The Impact of Climate Change on Natural

Disasters, in: Singh, A., Zommers, Z., (Eds.) Reducing Disaster: Early Warning Systems
for Climate Change. Springer, Dordrechtpp, pp. 21-49. https://doi.org/10.1007/978-94-
017-8598-3 2.

Barrett, C. B. (2002). Food security and food assistance programs. Handbook of agricultural
economics, 2,2103-2190.

Bastian, M., Heymann, S., & Jacomy, M. (2009). Gephi: An open source software for exploring
and manipulating networks. Third international AAAI conference on weblogs and social
media. Stanford, CA: AAAL

Bazilian, M., Rogner, H., Howells, M., Hermann, S., Arent, D., Gielen, D., Steduto, P., Mueller,
A., Komor, P, Tol, R.S.J., & Yumkella, K.K. (2011). Considering the energy, water and
food nexus: Towards an integrated modelling approach. Energy Policy. 39, 7896—7906.
https://doi.org/10.1016/j.enpol.2011.09.039.

Berry, E. M., Dernini, S., Burlingame, B., Meybeck, A., & Conforti, P. (2015). Food security

and sustainability: can one exist without the other?. Public health nutrition, 18(13), 2293—
2302. https://doi.org/10.1017/S136898001500021X.

Bhagwat, V. R. (2019). Safety of water used in food production. In Food safety and human
health (pp. 219-247). https://doi.org/10.1016/B978-0-12-816333-7.00009-6.

Bizikova, L., Roy, D., Swanson, D., Venema, H.D., & McCandless, M. (2013). The water-

energy-food security nexus: towards a practical planning and decision-support framework
for landscape investment and risk management. Winnipeg: International Institute for
Sustainable Development, 16-20.

http://www.cilt.uct.ac.za/sites/default/files/image tool/images/91/Bizikova%?20et%20al.%2
Owef nexus 2013%20I1SD.pdf. (accessed 11 March 2023).

80


http://www.nber.org/chapters/c3454
https://doi.org/10.1016/j.spc.2021.01.018
https://doi.org/10.1016/j.scitotenv.2019.134874
https://doi.org/10.1007/978-94-017-8598-3_2
https://doi.org/10.1007/978-94-017-8598-3_2
https://doi.org/10.1016/j.enpol.2011.09.039
https://doi.org/10.1017/S136898001500021X
https://doi.org/10.1016/B978-0-12-816333-7.00009-6
http://www.cilt.uct.ac.za/sites/default/files/image_tool/images/91/Bizikova%20et%20al.%20wef_nexus_2013%20IISD.pdf
http://www.cilt.uct.ac.za/sites/default/files/image_tool/images/91/Bizikova%20et%20al.%20wef_nexus_2013%20IISD.pdf

Bleischwitz, R., Spataru, C., VanDeveer, S.D., Obersteiner, M., van der Voet, E., Johnson, C., &
Van Vuuren, D.P. (2018). Resource nexus perspectives towards the United Nations
sustainable development goals. Nature Sustainability. 1, 737-743.
https://doi.org/10.1038/s41893-018-0173-2.

Brears, R.C. (2018). The green economy and the water-energy-food nexus. In The Green
Economy and the Water-Energy-Food Nexus. London: Palgrave Macmillan, 23-50.
https://doi.org/10.1057/978-1-137-58365-9 2.

Breyer, C., & Gerlach, A. (2013). Global overview on grid-parity. Progress in Photovoltaics:
Research and Applications, 21(1), 121-136. https://doi.org/10.1002/pip.1254.

Brouwer, A.S., van den Broek, M., Zappa, W., Turkenburg, W.C., & Faaij, A. (2016). Least-cost

options for integrating intermittent renewables in low-carbon power systems. Applied

Energy. 161, 48—74. https://doi.org/10.1016/j.apenergy.2015.09.090.

Bunte, F. (2006). Pricing and performance in agri-food supply chains. In C.J.M. Ondersteijn,
J.H.M. Wijnands, R.B.M.Huirne, & O. van Kooten (Eds.), Quantifying the agri-food
supply chain (pp. 37-45). The Netherlands: Springer.

Byerlee, D., Jayne, T.S., & Myers, R.J. (2006). Managing food price risks and instability in a
liberalizing market environment: Overview and policy options. Food Policy. 31, 275-287.
https://doi.oreg/10.1016/j.foodpol.2006.02.002.

Cai, X., Wallington, K., Shafiee-Jood, M., & Marston, L. (2018). Understanding and managing

the food-energy-water nexus—opportunities for water resources research. Advances in
Water Resources. 111, 259-273.

Calafiore, G.C., & El Ghaoui, L. (2014). Optimization Models. Cambridge University Press.
https://doi.org/10.1017/CBO9781107279667.

Campana, P.E., Zhang, J., Yao, T., Andersson, S., Landelius, T., Melton, F., & Yan, J. (2018).

Managing agricultural drought in Sweden using a novel spatially explicit model from the
perspective of water-food-energy nexus. Journal of Cleaner Production. 197, 1382—1393.
https://doi.org/10.1016/j.jclepro.2018.06.096.

Campbell, B. M., Vermeulen, S. J., Aggarwal, P. K., Corner-Dolloff, C., Girvetz, E.,

Loboguerrero, A. M., & Wollenberg, E. (2016). Reducing risks to food security from
climate change. Global Food Security, 11, 34—43.
https://doi.org/10.1016/j.gfs.2016.06.002.

Cansino-Loeza, B., & Ponce-Ortega, J. M. (2021). Sustainable assessment of Water-Energy-

Food Nexus at regional level through a multi-stakeholder optimization approach. Journal

of Cleaner Production, 290, 125194. https://doi.org/10.1016/j.jclepro.2020.125194.

81


https://doi.org/10.1038/s41893-018-0173-2
https://doi.org/10.1057/978-1-137-58365-9_2
https://doi.org/10.1002/pip.1254
https://doi.org/10.1016/j.apenergy.2015.09.090
https://doi.org/10.1016/j.foodpol.2006.02.002
https://doi.org/10.1017/CBO9781107279667
https://doi.org/10.1016/j.jclepro.2018.06.096
https://doi.org/10.1016/j.gfs.2016.06.002
https://doi.org/10.1016/j.jclepro.2020.125194

Cergibozan, R. (2022). Renewable energy sources as a solution for energy security risk:
Empirical evidence from OECD countries. Renewable Energy, 183, 617-626.
https://doi.org/10.1016/j.renene.2021.11.056.

Chenoweth, J. (2008). A re-assessment of indicators of national water scarcity. Water

International. 33, 5-18. https://doi.org/10.1080/02508060801927994.

Cherp, A., & Jewell, J. (2014). The concept of energy security: Beyond the four As. Energy
policy, 75, 415-421. https://doi.org/10.1016/j.enpol.2014.09.005.

Compton, M., Willis, S., Rezaie, B., & Humes, K. (2018). Food processing industry energy and
water consumption in the Pacific northwest. Innovative Food Science & Emerging
Technologies. 47, 371-383. https://doi.org/10.1016/].ifset.2018.04.001.

Conover, W. J. (1999). Practical nonparametric statistics (Vol. 350). John Wiley & Sons.

Daher, B.T., & Mohtar, R.H. (2015). Water—energy—food (WEF) Nexus Tool 2.0: Guiding

integrative resource planning and decision-making. Water International. 40, 748-771.
https://doi.org/10.1080/02508060.2015.1074148.
Davis, K.F., Rulli, M.C., Seveso, A., & D’Odorico, P. (2017). Increased food production and

reduced water use through optimized crop distribution. Nature Geoscience. 10, 919-924.

https://doi.ore/10.1038/s41561-017-0004-5.

Dawe, D., & Timmer, C.P. (2012). Why stable food prices are a good thing: Lessons from
stabilizing rice prices in Asia. Global Food Security. 1, 127-133.
https://doi.ore/10.1016/1.2fs.2012.09.001.

Destek, M.A., & Sarkodie, S.A. (2019). Investigation of environmental Kuznets curve for
ecological footprint: The role of energy and financial development. Science of The Total
Environment. 650, 2483-2489. https://doi.org/10.1016/j.scitotenv.2018.10.017.

Dietz, T., Rosa, E.A., & York, R. (2007). Driving the human ecological footprint. Frontiers in
Ecology and the Environment. 5, 13—18. https://doi.org/10.1890/1540-
9295(2007)5[13:DTHEF]2.0.CO;2.

Dogan, B., Shahbaz, M., Bashir, M. F., Abbas, S., & Ghosh, S. (2023). Formulating energy

security strategies for a sustainable environment: evidence from the newly industrialized
economies. Renewable and Sustainable Energy Reviews, 184, 113551.
https://doi.org/10.1016/j.rser.2023.113551.
Edan, Y., Han, S., & Kondo, N. (2009). Automation in Agriculture. Springer Handbook of
Automation, New York. pp. 1095-1128. https://doi.org/10.1007/978-3-540-78831-7_63.
Elliott, J., Deryng, D., Miiller, C., Frieler, K., Konzmann, M., Gerten, D., Glotter, M., Florke,
M., Wada, Y., Best, N., Eisner, S., Fekete, B. M., Folberth, C., Foster, 1., Gosling, S. N.,

82


https://doi.org/10.1016/j.renene.2021.11.056
https://doi.org/10.1080/02508060801927994
https://doi.org/10.1016/j.enpol.2014.09.005
https://doi.org/10.1016/j.ifset.2018.04.001
https://doi.org/10.1080/02508060.2015.1074148
https://doi.org/10.1038/s41561-017-0004-5
https://doi.org/10.1016/j.gfs.2012.09.001
https://doi.org/10.1016/j.scitotenv.2018.10.017
https://doi.org/10.1890/1540-9295(2007)5%5b13:DTHEF%5d2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5%5b13:DTHEF%5d2.0.CO;2
https://doi.org/10.1016/j.rser.2023.113551
https://doi.org/10.1007/978-3-540-78831-7_63

Haddeland, I., Khabarov, N., Ludwig, F., Masaki, Y., Olin, S., Rosenzweig, C., Ruane,
A.C., Satoh, Y., Schmid, E., Stacke, T., Tang, Q., & Wisser, D. (2014). Constraints and
potentials of future irrigation water availability on agricultural production under climate
change. Proceedings of the National Academy of Sciences. 111, 3239-3244.
https://doi.org/10.1073/pnas.1222474110.

Endo, A., Tsurita, 1., Burnett, K., & Orencio, P. M. (2017). A review of the current state of

research on the water, energy, and food nexus. Journal of Hydrology: Regional Studies. 11,
20-30. https://doi.org/10.1016/j.ejrh.2015.11.010.
Endo, A., Yamada, M., Miyashita, Y., Sugimoto, R., Ishii, A., Nishijima, J., & Qi, J. (2020).

Dynamics of water—energy—food nexus methodology, methods, and tools. Current Opinion
in Environmental Science & Health. 13, 46—-60.
https://doi.org/10.1016/j.coesh.2019.10.004.

Entrena-Barbero, E., Ceballos-Santos, S. S., Cortés, A., Esteve-Llorens, X., Moreira, M. T.,

Villanueva-Rey, P., & Feijoo, G. (2023). Methodological guidelines for the calculation of a
Water-Energy-Food nexus index for seafood products. Science of The Total Environment,
877, 162845.

Eskeland, G.S., & Mideksa, T.K. (2010). Electricity demand in a changing climate. Mitigation
and Adaptation Strategies for Global Change. 15, 877-897.
https://doi.oreg/10.1007/s11027-010-9246-x.

Esmaeili, A., & Shokoohi, Z. (2011). Assessing the effect of oil price on world food prices:
Application of principal component analysis. Energy Policy, 39(2), 1022-1025.

Estoque, R.C. (2022). Complexity and diversity of nexuses: A review of the nexus approach in
the sustainability context. Science of The Total Environment. 854, 158612.
https://doi.org/10.1016/j.scitotenv.2022.158612.

Fan, H., Liu, W., & Coyte, P.C. (2018). Do military expenditures crowd-out health

expenditures? Evidence from around the world, 2000-2013. Defence and Peace
Economics. 29, 766—779. https://doi.org/10.1080/10242694.2017.1303303.
FAO (2009). State of food insecurity 2009 Food and Agriculture Organization, Rome

FAO (2011). Food agriculture organization of the United Nations. Energy-Smart food for people
and climate: issue paper. Food and Agriculture Organization, Rome, Italy.
https://www.fao.org/3/i2454e/i2454e.pdf.

FAO (2017). The Future of Food and Agriculture: Trends and Challenges. Food and Agriculture

Organization, Rome, Italy. https://www.fao.org/3/16583¢e/i6583e.pdf.
FAO, .LF.A.D., UNICEF, W.E.P., & WHO (2021). The State of Food Security and Nutrition in

83


https://doi.org/10.1073/pnas.1222474110
https://doi.org/10.1016/j.ejrh.2015.11.010
https://doi.org/10.1016/j.coesh.2019.10.004
https://doi.org/10.1007/s11027-010-9246-x
https://doi.org/10.1016/j.scitotenv.2022.158612
https://doi.org/10.1080/10242694.2017.1303303
https://www.fao.org/3/i2454e/i2454e.pdf
https://www.fao.org/3/i6583e/i6583e.pdf

the World 2021, the State of Food Security and Nutrition in the World 2021. Transforming
Food Systems for Food Security, Improved Nutrition and Affordable Healthy Diets for All.
Food and Agriculture Organization, Rome, Italy.
https://www.fao.org/3/cb4474en/cb4474en.pdf.

FAO, IFAD, UNICEF, WHO, & WEFP (2017). The state of food security and nutrition in the

world 2017. Building resilience for peace and food security. Food and Agriculture
Organization, Rome, Italy.

FAOSTAT. (2021). FAOSTAT data. Food and Agriculture Organization Corporate Statistical
Database. https://www.fao.org/faostat/en/#data. (accessed 10 January 2022).

Farhani, S., Mrizak, S., Chaibi, A., & Rault, C. (2014). The environmental Kuznets curve and

sustainability: A panel data analysis. Energy Policy. 71, 189—198.
https://doi.org/10.1016/j.enpol.2014.04.030.

Fayiah, M., Dong, S., Singh, S., & Kwaku, E.A. (2020). A review of water—energy nexus trend,
methods, challenges and future prospects. International Journal of Energy and Water
Resources. 4, 91-107. https://doi.org/10.1007/s42108-020-00057-6.

Ferroukhi, R., Nagpal, D., Lopez-Pefia, A., Hodges, T., Mohtar, R.H., Daher, B., Mohtar, S., &

Keulertz, M. (2015). Renewable energy in the water, energy and food nexus. International
Renewable Energy Agency. 1-125. https://www.irena.org/-
/media/Files/IRENA/Agency/Publication/2015/IRENA Water Energy Food Nexus 2015

-pdf.
Finnveden, G., Hauschild, M. Z., Ekvall, T., Guinée, J., Heijungs, R., Hellweg, S., & Suh, S.

(2009). Recent developments in life cycle assessment. Journal of environmental
management, 91(1), 1-21. https://doi.org/10.1016/j.jenvman.2009.06.018.
Flammini, A., Puri, M., Pluschke, L., & Dubois, O. (2014). Walking the nexus talk: assessing

the water-energy-food nexus in the context of the sustainable energy for all initiative.

http://www.fao.org/3/a-13959e.pdf.

Forrester, J. W. (1987). Lessons from system dynamics modeling. System Dynamics Review,
3(2), 136-149. https://doi.org/10.1002/sdr.4260030205.

Franco, G., & Sanstad, A.H. (2008). Climate change and electricity demand in California.
Climatic Change. 87(Suppl 1), 139—151. https://doi.org/10.1007/s10584-007-9364-y.

Friedman, M. (1953). The methodology of positive economics. In Essays in Positive
Economics, Chicago: Chicago University Press.

Gain, A K., Giupponi, C., & Benson, D. (2015). The water-energy-food (WEF) security nexus:
The policy perspective of Bangladesh. Water International. 40, 895-910.

84


https://www.fao.org/3/cb4474en/cb4474en.pdf
https://www.fao.org/faostat/en/#data
https://doi.org/10.1016/j.enpol.2014.04.030
https://doi.org/10.1007/s42108-020-00057-6
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2015/IRENA_Water_Energy_Food_Nexus_2015.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2015/IRENA_Water_Energy_Food_Nexus_2015.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2015/IRENA_Water_Energy_Food_Nexus_2015.pdf
https://doi.org/10.1016/j.jenvman.2009.06.018
http://www.fao.org/3/a-i3959e.pdf
https://doi.org/10.1002/sdr.4260030205
https://doi.org/10.1007/s10584-007-9364-y

https://doi.org/10.1080/02508060.2015.1087616.

Gain, A. K., Giupponi, C., & Wada, Y. (2016). Measuring global water security towards
sustainable development goals. Environmental Research Letters, 11(12), 124015.
https://doi.org/10.1088/1748-9326/11/12/124015.

Galdeano-Gomez, E., Aznar-Sanchez, J.A., Pérez-Mesa, J.C., & Piedra-Muiioz, L. (2017).
Exploring synergies among agricultural sustainability dimensions: An empirical study on
farming system in Almeria (Southeast Spain). Ecological Economics. 140, 99—-109.
https://doi.org/10.1016/j.ecolecon.2017.05.001.

Galli, A., Tha, K., Halle, M., El Bilali, H., Grunewald, N., Eaton, D., Capone, R., Debs, P., &

Bottalico, F. (2017). Mediterranean countries’ food consumption and sourcing patterns: An
ecological footprint viewpoint. Science of The Total Environment. 578, 383-391.
https://doi.org/10.1016/j.scitotenv.2016.10.191.

Garrick, D., & Hall, J. W. (2014). Water security and society: risks, metrics, and pathways.
Annual Review of Environment and Resources, 39, 611-639.

https://doi.org/10.1146/annurev-environ-013012-093817.

Garcia, D.J., & You, F. (2016). The water-energy-food nexus and process systems engineering:
A new focus. Computers & Chemical Engineering. 91, 49-67.
https://doi.ore/10.1016/j.compchemeng.2016.03.003.

Garrone, P., & Grilli, L. (2010). Is there a relationship between public expenditures in energy
R&D and carbon emissions per GDP? An empirical investigation. Energy Policy. 38,
5600-5613. https://doi.org/10.1016/i.enpol.2010.04.057.

Gasser, P. (2020). A review on energy security indices to compare country performances. Energy
Policy, 139, 111339, https://doi.org/10.1016/j.enpol.2020.111339.
Gerbens-Leenes, P.W., Nonhebel, S., & Krol, M.S. (2010). Food consumption patterns and

economic growth. Increasing affluence and the use of natural resources. Appetite. 55, 597—
608. https://doi.org/10.1016/j.appet.2010.09.013.
Gerlak, A. K., House-Peters, L., Varady, R. G., Albrecht, T., Zaniga-Teran, A., de Grenade, R.

R., & Scott, C. A. (2018). Water security: A review of place-based research. Environmental
Science & Policy, 82, 79—89. https://doi.org/10.1016/j.envsci.2018.01.009.
Gill, A.R., Viswanathan, K.K., & Hassan, S. (2018). A test of environmental Kuznets curve

(EKC) for carbon emission and potential of renewable energy to reduce green house gases
(GHG) in Malaysia. Environment, Development and Sustainability. 20, 1103—1114.
https://doi.org/10.1007/s10668-017-9929-5.

GIMS (2022). Statistical yearbook (In Korean). National groundwater information management

85


https://doi.org/10.1080/02508060.2015.1087616
https://doi.org/10.1016/j.ecolecon.2017.05.001
https://doi.org/10.1016/j.scitotenv.2016.10.191
https://doi.org/10.1146/annurev-environ-013012-093817
https://doi.org/10.1016/j.compchemeng.2016.03.003
https://doi.org/10.1016/j.enpol.2010.04.057
https://doi.org/10.1016/j.enpol.2020.111339
https://doi.org/10.1016/j.appet.2010.09.013
https://doi.org/10.1016/j.envsci.2018.01.009
https://doi.org/10.1007/s10668-017-9929-5

& service center. http://www.gims.go.kr/statistics.do?s_value=statistics_004#this (accessed
12 May 2023).

GIMS (2021). Statistical yearbook. National Groundwater Information Management & Service
Center. http://www.gims.go.kr/statistics.do?s_value=statistics _004#this. (accessed 8

January 2022).

Global Footprint Network (2023). Ecological Footprint. https://www.footprintnetwork.org/
(accessed 19 January 2023).

Global Water Partnership (2000). Towards Water Security: A Framework for Action, Stockholm.

Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence, D., Muir, J. F., &

Toulmin, C. (2010). Food security: the challenge of feeding 9 billion people. Science,
327(5967), 812—818. https://doi.org/10.1126/science.1185383.
Gogtay, N. J., & Thatte, U. M. (2017). Principles of correlation analysis. Journal of the

Association of Physicians of India, 65(3), 78-81. https://www.kem.edu/wp-

content/uploads/2012/06/9-Principles_of correlation-1.pdf.

Gokgoz, F., & Giivercin, M. T. (2018). Energy security and renewable energy efficiency in EU.
Renewable and Sustainable Energy Reviews. 96, 226-239.
https://doi.ore/10.1016/j.rser.2018.07.046.

Gordon, L.J., Finlayson, C.M., & Falkenmark, M. (2010). Managing water in agriculture for
food production and other ecosystem services. Agricultural Water Management. 97, 512—
519. https://doi.org/10.1016/j.agwat.2009.03.017.

Gorjian, S., Fakhraei, O., Gorjian, A., Sharafkhani, A., & Aziznejad, A. (2022). Sustainable food

and agriculture: Employment of renewable energy technologies. Current Robotics Reports.
3, 153-163. https://doi.org/10.1007/s43154-022-00080-x.
Gorjian, S., Minaei, S., MalehMirchegini, L., Trommsdorff, M., & Shamshiri, R.R. (2020).

Applications of solar PV systems in agricultural automation and robotics. In Photovoltaic
Solar Energy Conversion. Academic Press, Massachusetts. pp. 191-235.
https://doi.org/10.1016/B978-0-12-819610-6.00007-7.

Greene, W.H. (2008). Econometric Analysis, sixth ed. Prentice—Hall. Upper Saddle River, New

Jersey.

Gregory, P. J., Ingram, J. S., & Brklacich, M. (2005). Climate change and food security.
Philosophical Transactions of the Royal Society B: Biological Sciences, 360(1463), 2139—
2148. https://doi.org/10.1098/rstb.2005.1745.

Grey, D., & Sadoff, C. W. (2007). Sink or swim? Water security for growth and development.
Water policy, 9(6), 545-571. https://doi.org/10.2166/wp.2007.021.

86


http://www.gims.go.kr/statistics.do?s_value=statistics_004#this
http://www.gims.go.kr/statistics.do?s_value=statistics_004#this
https://www.footprintnetwork.org/
https://doi.org/10.1126/science.1185383
https://www.kem.edu/wp-content/uploads/2012/06/9-Principles_of_correlation-1.pdf
https://www.kem.edu/wp-content/uploads/2012/06/9-Principles_of_correlation-1.pdf
https://doi.org/10.1016/j.rser.2018.07.046
https://doi.org/10.1016/j.agwat.2009.03.017
https://doi.org/10.1007/s43154-022-00080-x
https://doi.org/10.1016/B978-0-12-819610-6.00007-7
https://doi.org/10.1098/rstb.2005.1745
https://doi.org/10.2166/wp.2007.021

Gruere, G., & Shigemitsu, M. (2021). Measuring progress in agricultural water management:
Challenges and practical options. OECD Food, Agriculture and Fisheries Papers, No. 162.
OECD Publishing, Paris. https://doi.org/10.1787/52b4db7e-en.

Hallberg, G.R. (1986). From hoes to herbicides agriculture and groundwater quality. Journal of
Soil and Water Conservation. 41, 357-364.
https://www.jswconline.org/content/41/6/357.short.

Hamid, S., & Mir, M.Y. (2021). Global Agri-food sector: Challenges and opportunities in
COVID-19 pandemic. Frontiers in Sociology. 6, 647337.
https://doi.org/10.3389/fs0c.2021.647337.

Han, Z. (2003). Groundwater resources protection and aquifer recovery in China. Environmental
Geology. 44, 106—111. https://doi.org/10.1007/s00254-002-0705-x.
Hao, L., Wang, P., Yu, J., & Ruan, H. (2022). An integrative analytical framework of water-

energy-food security for sustainable development at the country scale: A case study of five
Central Asian countries. Journal of Hydrology, 607, 127530.
https://doi.org/10.1016/j.jhydrol.2022.127530.

Hartman, R., & Kwon, O.S. (2005). Sustainable growth and the environmental Kuznets curve.
Journal of Economic Dynamics and Control. 29, 1701-1736.
https://doi.ore/10.1016/j.jedc.2004.10.001.

Hauke, J., & Kossowski, T. (2011). Comparison of values of Pearson’s and Spearman’s
correlation coefficients on the same sets of data. Quaestiones Geographicae. 30(2), 87-93.
Hausman, J.A. (1978). Specification tests in econometrics. Econometrica. 46, 1251-1271.

https://doi.org/10.2307/1913827.

Henningsen, A., & Hamann, J.D. (2008). Systemfit: A package for estimating systems of
Simultaneous equations in R. Journal of Statistical Software. 23, 1-40.

https://doi.org/10.18637/1ss.v023.104.

Hinrichs-Rahlwes, R. (2013). Renewable energy: Paving the way towards sustainable energy
security: lessons learnt from Germany. Renewable Energy, 49, 10—14.
https://doi.org/10.1016/j.renene.2012.01.076.

Hoekstra, A.Y., & Chapagain, A.K. (2011). Globalization of water: Sharing the planet’s

freshwater resources. John Wiley & Sons.

Hoekstra, A.Y., & Wiedmann, T.O. (2014). Humanity’s unsustainable environmental footprint.
Science. 344, 1114-1117. https://www.science.org/doi/10.1126/science.1248365.

Hoff, H. (2011). Understanding the nexus. Background Paper for the Bonn 2011 Nexus

Conference: The Water, Energy and Food Security Nexus. Stockholm Environment

87


https://doi.org/10.1787/52b4db7e-en
https://www.jswconline.org/content/41/6/357.short
https://doi.org/10.3389/fsoc.2021.647337
https://doi.org/10.1007/s00254-002-0705-x
https://doi.org/10.1016/j.jhydrol.2022.127530
https://doi.org/10.1016/j.jedc.2004.10.001
https://doi.org/10.2307/1913827
https://doi.org/10.18637/jss.v023.i04
https://doi.org/10.1016/j.renene.2012.01.076
https://www.science.org/doi/10.1126/science.1248365

Institute, Stockholm. https://www.sei.org/publications/understanding-the-nexus/ (accessed
20 December 2022).
Hong, J.H., Kim, J., Son, W., Shin, H., Kim, N., Lee, WK., & Kim, J. (2019). Long-term energy

strategy scenarios for South Korea: transition to a sustainable energy system. Energy
Policy, 127, 425-437. https://doi.org/10.1016/j.enpol.2018.11.055.
Hong, S., Yang, T., Chang, H.J., & Hong, S. (2020). The effect of switching renewable energy

support systems on grid parity for photovoltaics: Analysis using a learning curve model.

Energy Policy. 138, 111233. https://doi.org/10.1016/j.enpol.2019.111233.

Hooper, T., Armstrong, A., & Vlaswinkel, B. (2021). Environmental impacts and benefits of
marine floating solar. Solar Energy. 219, 11-14.
https://doi.org/10.1016/j.solener.2020.10.010.

Howell, T.A. (2001). Enhancing water use efficiency in irrigated agriculture. 4gronomy Journal.
93, 281-289. https://doi.org/10.2134/agronj2001.932281x.

Howells, M., Hermann, S., Welsch, M., Bazilian, M., Segerstrom, R., Alfstad, T., Gielen, D.,
Rogner, H., Fischer, G., van Velthuizen, H., Wiberg, D., Young, C., Roehrl, R.A., Mueller,

A., Steduto, P., & Ramma, I. (2013). Integrated analysis of climate change, land-use,
energy and water strategies. Nature Climate Change. 3, 621-626.
https://doi.org/10.1038/nclimate1789.

Hsiao, T.C., Steduto, P., & Fereres, E. (2007). A systematic and quantitative approach to
improve water use efficiency in agriculture. /rrigation Science. 25, 209-231.

https://doi.ore/10.1007/s00271-007-0063-2.

Huang, D., Li, G., Sun, C., & Liu, Q. (2020). Exploring interactions in the local water-energy-
food nexus (WEF-Nexus) using a simultaneous equations model. Science of The Total
Environment. 703, 135034. https://doi.org/10.1016/j.scitotenv.2019.135034.

Hughes, L. (2009). The four ‘R's of energy security. Energy policy, 37(6), 2459-2461.
https://doi.org/10.1016/j.enpol.2009.02.038.

Huntington, H.P., Schmidt, J.I., Loring, P.A., Whitney, E., Aggarwal, S., Byrd, A.G., Dev, S.,
Dotson, A.D., Huang, D., Johnson, B., Karenzi, J., Penn, H.J.F., Salmon, A., Sambor, D.J.,
Schnabel, W.E., Wies, R.W., & Wilber, M. (2021). Applying the food—energy—water nexus

concept at the local scale. Nature Sustainability. 4, 672—679.
https://doi.org/10.1038/s41893-021-00719-1.

IEA (2019). Advanced Biofuels: What Holds Them Back? https://www.irena.org/-
/media/Files/IRENA/Agency/Publication/2019/Nov/IRENA Advanced-biofuels 2019.pdf
(accessed 22 December 2022).

88


https://www.sei.org/publications/understanding-the-nexus/
https://doi.org/10.1016/j.enpol.2018.11.055
https://doi.org/10.1016/j.enpol.2019.111233
https://doi.org/10.1016/j.solener.2020.10.010
https://doi.org/10.2134/agronj2001.932281x
https://doi.org/10.1038/nclimate1789
https://doi.org/10.1007/s00271-007-0063-2
https://doi.org/10.1016/j.scitotenv.2019.135034
https://doi.org/10.1016/j.enpol.2009.02.038
https://doi.org/10.1038/s41893-021-00719-1
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Nov/IRENA_Advanced-biofuels_2019.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Nov/IRENA_Advanced-biofuels_2019.pdf

IEA (2020). Korea 2020 energy policy review.
https://iea.blob.core.windows.net/assets/90602336-71d1-4ea9-8d44-
efeeb24471f6/Korea 2020 Energy Policy Review.pdf (accessed 22 January 2023).

IEA (2022a). Data and statistics. https://www.iea.org/data-and-statistics (accessed 25 May
2023).

IEA (2022b). World Energy Outlook 2022. Paris, France. https://www.iea.org/reports/world-

energy-outlook-2022 (accessed 11 January 2023).

IEA, 2023, Electricity Market Report. https://www.iea.org/reports/electricity-market-report-
2023 (accessed 13 May 2023).

IEA, IRENA, UNSD, World Bank, & WHO. (2023). Tracking SDG 7: The Energy Progress
Report. World Bank: Washington DC.

Ingram, J. S. 1., Gregory, P. J. & Brklacich, M. (eds). (2005) GECAFS science plan and

implementation strategy. ESS report, Wallingford, vol. 2.

International Energy Agency. (2016). Water energy nexus: Excerpt from the world energy
outlook 2016.
https://webstore.iea.org/download/direct/303?fileName=WorldEnergyOutlook2016Excerpt

WaterEnergyNexus.pdf. (accessed 19 February 2021).

International Energy Agency. (2021). Data and statistics. International Energy Agency.
https://www.iea.org/data-and-statistics. (accessed 2 March 2022).

International Renewable Energy Agency. (2019). Advanced biofuels. What holds them back?
ISBN 978-92-9260-158-4. International Renewable Energy Agency, Abu Dhabi.

International Renewable Energy Agency. (2021), Renewable power generation costs in 2020.
International Renewable Energy Agency, Abu Dhabi.

IPCC (2022). In: Portner, H.-O., et al. (Eds.), 2022: Climate Change 2022: Impacts, Adaptation,
and Vulnerability. Contribution of Working Group II to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change.
https://report.ipcc.ch/ar6/wg2/IPCC_AR6_WGII FullReport.pdf (accessed 22 May 2023).

Iwata, H., Okada, K., & Samreth, S. (2012). Empirical study on the determinants of CO2

emissions: Evidence from OECD countries. Applied Economics. 44, 3513-3519.
https://doi.org/10.1080/00036846.2011.577023.

Jackson, T., & Papathanasopoulou, E. (2008). Luxury or “lock-in”? An exploration of
unsustainable consumption in the UK: 1968 to 2000. Ecological Economics. 68, 80-95.
https://doi.org/10.1016/j.ecolecon.2008.01.026.

Jayne, T.S. (2012). Managing food price instability in East and Southern Africa. Global Food

89


https://iea.blob.core.windows.net/assets/90602336-71d1-4ea9-8d4f-efeeb24471f6/Korea_2020_Energy_Policy_Review.pdf
https://iea.blob.core.windows.net/assets/90602336-71d1-4ea9-8d4f-efeeb24471f6/Korea_2020_Energy_Policy_Review.pdf
https://www.iea.org/data-and-statistics
https://www.iea.org/reports/world-energy-outlook-2022
https://www.iea.org/reports/world-energy-outlook-2022
https://www.iea.org/reports/electricity-market-report-2023
https://www.iea.org/reports/electricity-market-report-2023
https://webstore.iea.org/download/direct/303?fileName=WorldEnergyOutlook2016ExcerptWaterEnergyNexus.pdf
https://webstore.iea.org/download/direct/303?fileName=WorldEnergyOutlook2016ExcerptWaterEnergyNexus.pdf
https://report.ipcc.ch/ar6/wg2/IPCC_AR6_WGII_FullReport.pdf
https://doi.org/10.1080/00036846.2011.577023
https://doi.org/10.1016/j.ecolecon.2008.01.026

Security. 1, 143—149. https://doi.org/10.1016/j.gfs.2012.10.002.
Johansson, R. (2000). Pricing irrigation water: a literature survey. Available at SSRN 632520.

Kang, H. (2019). Challenges for water infrastructure asset management in South Korea. Water
Policy, 21(5), 934-944. https://doi.org/10.2166/wp.2019.005.
Kapteyn, A., & Fiebig, D.G. (1981). When are two-stage and three-stage least squares

estimators identical? Economics Letters. 8, 53—57. https://doi.org/10.1016/0165-
1765(81)90092-6.

Karnib, A. (2017). Evaluation of technology change effects on quantitative assessment of water,
energy and food nexus. Journal of Geoscience and Environment Protection, 5(03), 1.
Karnib, A. (2018). Bridging science and policy in water-energy-food nexus: using the Q-Nexus
model for informing policy making. Water Resources Management. 32(15), 4895-4909.

https://doi.org/10.1007/s11269-018-2059-5.

Keairns, D.L., Darton R.C., & Irabien, A. (2016). The energy-water-food nexus. Annual Review
of Chemical and Biomolecular Engineering. 7 239—62. https://doi.org/10.1146/annurev-
chembioeng-080615-033539.

Kennedy, P. (2008). A Guide to Econometrics. Blackwell Press, Malden.

Kenway, S.J., Lant, P.A., Priestley, A., & Daniels, P. (2011). The connection between water and
energy in cities: a review. Water Science & Technology. 63, 1983—-1990.
https://doi.ore/10.2166/wst.2011.070.

Khan, H. F., Yang, Y. C., Xie, H., & Ringler, C. (2017). A coupled modeling framework for

sustainable watershed management in transboundary river basins. Hydrology and Earth

System Sciences, 21(12), 6275-6288. https://doi.org/10.5194/hess-21-6275-2017.

Khan, S., & Hanjra, M.A. (2009). Footprints of water and energy inputs in food production—
Global perspectives. Food Policy. 34, 130-140.
https://doi.org/10.1016/j.foodpol.2008.09.001.

Kim, W.S., Lee, W.S., & Kim, Y.J. (2020). A review of the applications of the internet of things

(IoT) for agricultural automation. Journal of Biosystems Engineering. 45, 385—400.
https://doi.org/10.1007/s42853-020-00078-3.

Kirby, R.M., Bartram, J., & Carr, R. (2003). Water in food production and processing: Quantity
and quality concerns. Food Control. 14, 283-299. https://doi.org/10.1016/S0956-
7135(02)00090-7.

Kitzes, J., Peller, A., Goldfinger, S., & Wackernagel, M. (2007). Current methods for calculating

national ecological footprint accounts. Journal of Environmental Science for Sustainable

Society. 4, 1-9.

90


https://doi.org/10.1016/j.gfs.2012.10.002
https://doi.org/10.2166/wp.2019.005
https://doi.org/10.1016/0165-1765(81)90092-6
https://doi.org/10.1016/0165-1765(81)90092-6
https://doi.org/10.1007/s11269-018-2059-5
https://doi.org/10.1146/annurev-chembioeng-080615-033539
https://doi.org/10.1146/annurev-chembioeng-080615-033539
https://doi.org/10.2166/wst.2011.070
https://doi.org/10.5194/hess-21-6275-2017
https://doi.org/10.1016/j.foodpol.2008.09.001
https://doi.org/10.1007/s42853-020-00078-3
https://doi.org/10.1016/S0956-7135(02)00090-7
https://doi.org/10.1016/S0956-7135(02)00090-7

https://www.footprintnetwork.org/content/documents/Footprint Method Paper06.pdf.

Kitzes, J., & Wackernagel, M. (2009). Answers to common questions in ecological footprint

accounting. Ecological Indicators. 9, 812—817. https://www.eusteps.eu/wp-
content/uploads/2021/11/Unit-2_Kitzes-and-Wackernagel 2009.pdf,
Kitzes, J., Wackernagel, M., Loh, J., Peller, A., Goldfinger, S., Cheng, D., & Tea, K. (2008).

Shrink and share: Humanity’s present and future Ecological Footprint. Philosophical
Transactions of the Royal Society B: Biological Sciences. 363, 467-475.
https://doi.org/10.1098/rstb.2007.2164.

Korea Energy Economics Institute (2018). Yearbook of Energy Statistics.
http://www.keei.re.kr/web_keei/d_results.nsf/0/C2232C7770E4E45349258386002E62CB/
$£ile/YES2018.PDF (In Korean) (accessed 29 May 2019).

Korea Energy Economics Institute (2019). Yearbook of energy statistics (In Korean).
http://www.keei.re.kr/main.nsf/index_en.html?open&p=%2Fweb_keei%2Fen_publish.nsf
%2Fby_yearbook energy stat%2F2d9c8d93dfc8d58049257839004b5173&s=%3FOpenD
ocument%26menucode%3DES167%26category%3D Yearbook%252001%2520Energy%25
20Statistics%26Click%3D (accessed 23 September 2022).

Korea Energy Economics Institute (2022). Energy consumption survey (In Korean).
https://www.energy.or.kr/web/kem home new/info/statistics/data/kem view.asp?sch_key=
&sch_value=&c=305&h page=1&9q=23399 (accessed 21 May 2023).

Korea Rural Economic Institute (2019). Agricultural Outlook 2019.
http://library.krei.re.kr/pyxis-api/1/digital-files/d4b1612f-1649-44b8-b92e-ab0albb878e9
(In Korean) (accessed 29 May 2019).

Korean Statistical Information Service (2021). Database statistics https://kosis.kr/index/index.do
(accessed 15 January 2022).

KOSIS (2022). Database statistics (In Korean). https://kosis.kr/index/index.do (accessed 21
May 2023).

Kroll, C., Warchold, A., & Pradhan, P. (2019). Sustainable development goals (SDGs): are we

successful in turning trade-offs into synergies?. Palgrave Communications. 5, 1-11.
https://doi.org/10.1057/s41599-019-0335-5.
Kruyt, B., Van Vuuren, D. P., de Vries, H. J., & Groenenberg, H. (2009). Indicators for energy
security. Energy policy, 37(6), 2166-2181. https://doi.org/10.1016/j.enpol.2009.02.006.
Kurian, M., Portney, K.E., Rappold, G., Hannibal, B., & Gebrechorkos, S.H. (2018).

Governance of water-energy-food nexus: a social network analysis approach to

understanding agency behavior. In Managing water, soil and waste resources to achieve

91


https://www.footprintnetwork.org/content/documents/Footprint_Method_Paper06.pdf
https://www.eusteps.eu/wp-content/uploads/2021/11/Unit-2_Kitzes-and-Wackernagel_2009.pdf
https://www.eusteps.eu/wp-content/uploads/2021/11/Unit-2_Kitzes-and-Wackernagel_2009.pdf
https://doi.org/10.1098/rstb.2007.2164
http://www.keei.re.kr/main.nsf/index_en.html?open&p=%2Fweb_keei%2Fen_publish.nsf%2Fby_yearbook_energy_stat%2F2d9c8d93dfc8d58049257839004b5173&s=%3FOpenDocument%26menucode%3DES167%26category%3DYearbook%2520of%2520Energy%2520Statistics%26Click%3D
http://www.keei.re.kr/main.nsf/index_en.html?open&p=%2Fweb_keei%2Fen_publish.nsf%2Fby_yearbook_energy_stat%2F2d9c8d93dfc8d58049257839004b5173&s=%3FOpenDocument%26menucode%3DES167%26category%3DYearbook%2520of%2520Energy%2520Statistics%26Click%3D
http://www.keei.re.kr/main.nsf/index_en.html?open&p=%2Fweb_keei%2Fen_publish.nsf%2Fby_yearbook_energy_stat%2F2d9c8d93dfc8d58049257839004b5173&s=%3FOpenDocument%26menucode%3DES167%26category%3DYearbook%2520of%2520Energy%2520Statistics%26Click%3D
http://www.keei.re.kr/main.nsf/index_en.html?open&p=%2Fweb_keei%2Fen_publish.nsf%2Fby_yearbook_energy_stat%2F2d9c8d93dfc8d58049257839004b5173&s=%3FOpenDocument%26menucode%3DES167%26category%3DYearbook%2520of%2520Energy%2520Statistics%26Click%3D
https://www.energy.or.kr/web/kem_home_new/info/statistics/data/kem_view.asp?sch_key=&sch_value=&c=305&h_page=1&q=23399
https://www.energy.or.kr/web/kem_home_new/info/statistics/data/kem_view.asp?sch_key=&sch_value=&c=305&h_page=1&q=23399
https://kosis.kr/index/index.do
https://doi.org/10.1057/s41599-019-0335-5
https://doi.org/10.1016/j.enpol.2009.02.006

sustainable development goals. Springer, Cham, 125-147. https://doi.org/10.1007/978-3-
319-75163-4 6.

Kuznets, S. (1955). Economic growth and income inequality. American Economic Review. 45,
1-28. https://www.jstor.org/stable/1811581.

Ladha-Sabur, A., Bakalis, S., Fryer, P.J., & Lopez-Quiroga, E. (2019). Mapping energy

consumption in food manufacturing. Trends in Food Science & Technology. 86, 270-280.
https://doi.org/10.1016/j.tifs.2019.02.034.

Lal, R. (2013). Food security in a changing climate. Ecohydrology & Hydrobiology, 13(1), 8—
21. https://doi.org/10.1016/j.ecohyd.2013.03.006.

Lang, T., & Barling, D. (2012). Food security and food sustainability: reformulating the debate.
The Geographical Journal, 178(4), 313-326. https://doi.org/10.1111/1.1475-
4959.2012.00480.x.

Lankford, B., Bakker, K., Zeitoun, M., & Conway, D. (Eds.). (2013). Water security: principles,

perspectives and practices. Routledge.
Larcker, D.F., & Rusticus, T.O. (2010). On the use of instrumental variables in accounting
research. Journal of Accounting and Economics. 49, 186-205.

https://doi.ore/10.1016/j.jacceco0.2009.11.004.

Larsen, M.A.D., & Drews, M. (2019). Water use in electricity generation for water-energy
nexus analyses: the European case. Science of The Total Environment, 2044-2058.
https://doi.org/10.1016/j.scitotenv.2018.10.045.

Lazaro, L.L.B., Bellezoni, R.A., Puppim de Oliveira, J.A., Jacobi, P.R., & Giatti, L.L. (2022).

Ten years of research on the water-energy-food nexus: An analysis of topics evolution.

Fronters in Water. 4, 859891. https://doi.org/10.3389/frwa.2022.859891.

Leck, H., Conway, D., Bradshaw, M., & Rees, J. (2015). Tracing the water—energy—food nexus:
description, theory and practice. Geography Compass, 9(8), 445—460.
https://doi.org/10.1111/gec3.12222.

Lee, S.H., Choi, J.Y., Hur, S.0O., Taniguchi, M., Masuhara, N., Kim, K.S., & Yoo, S. H. (2020).

Food-centric interlinkages in agricultural food-energy-water nexus under climate change
and irrigation management. Resources, Conservation and Recycling. 163, 105099.

https://doi.org/10.1016/j.resconrec.2020.105099.

Lee, U., Han, J., Elgowainy, A., & Wang, M. (2018). Regional water consumption for hydro and
thermal electricity generation in the United States. Applied Energy. 210, 661-672.
https://doi.org/10.1016/j.apenergy.2017.05.025.

Liadze, 1., Macchiarelli, C., Mortimer-Lee, P., & Juanino, P.S. (2022). The Economic Costs of

92


https://doi.org/10.1007/978-3-319-75163-4_6
https://doi.org/10.1007/978-3-319-75163-4_6
https://www.jstor.org/stable/1811581
https://doi.org/10.1016/j.tifs.2019.02.034
https://doi.org/10.1016/j.ecohyd.2013.03.006
https://doi.org/10.1111/j.1475-4959.2012.00480.x
https://doi.org/10.1111/j.1475-4959.2012.00480.x
https://doi.org/10.1016/j.jacceco.2009.11.004
https://doi.org/10.1016/j.scitotenv.2018.10.045
https://doi.org/10.3389/frwa.2022.859891
https://doi.org/10.1111/gec3.12222
https://doi.org/10.1016/j.resconrec.2020.105099
https://doi.org/10.1016/j.apenergy.2017.05.025

the Russia—Ukraine Conflict. https://www.niesr.ac.uk/wp-content/uploads/2022/03/PP32-

Economic-Costs-Russia-Ukraine.pdf (accessed 21 May 2023).

Liu, J., Hull, V., Godfray, H.C.J., Tilman, D., Gleick, P., Hoff, H., Pahl-Wostl, C., Xu, Z.,
Chung, M.G., Sun, J., & Li, S. (2018). Nexus approaches to global sustainable
development. Nature Sustainability, 1(9), 466—476. https://doi.org/10.1038/s41893-018-
0135-8.

Liu, Q. (2016). Interlinking climate change with water-energy-food nexus and related ecosystem
processes in California case studies. Ecological Processes. 5, 14.

https://doi.org/10.1186/s13717-016-0058-0.

Lorenczik, S., Kim, S., Wanner, B., Bermudez Menendez, J.M., Remme, U., Hasegawa, T., &
Mertens, T. (2020). Projected Costs of Generating Electricity - 2020 Edition.
https://inis.iaea.org/search/search.aspx?orig_g=RN:52007078 (accessed 23 May 2023).

Lu, R., & Dudensing, R. (2015). What do we mean by value-added agriculture? Choices, 30(4),

1-8. https://www.jstor.org/stable/choices.30.4.05.
Macknick, J., Newmark, R., Heath, G., & Hallett, K.C. (2012). Operational water consumption

and withdrawal factors for electricity generating technologies: a review of existing
literature. Environmental Research Letters. 7(4), 045802. https://doi.org/10.1088/1748-
9326/7/4/045802..

Maddala, G. (1992). Introduction to Econometrics, third ed. Macmillan Publishing Company,
New York.

Madramootoo, C.A. (2012). Sustainable groundwater use in agriculture. /rrigation and
Drainage. 61, 26-33. https://doi.org/10.1002/ird.1658.

MAFRA (2021). Main Statistics (in Korean).
https://www.atfis.or.kr/home/board/FB0028.do?act=read&subSkin Yn=N&bpold=4603 &bc
ald=0&pagelndex=1 (accessed 28 March 2020).

Mahjabin, T., Mejia, A., Blumsack, S., & Grady, C. (2020). Integrating embedded resources and

network analysis to understand food-energy-water nexus in the US. Science of The Total
Environment, 709, 136153. https://doi.org/10.1016/].scitotenv.2019.136153.
Mahlknecht, J., Gonzalez-Bravo, R., & Loge, F.J. (2020). Water-energy-food security: a Nexus

perspective of the current situation in Latin America and the Caribbean. Energy, 194,

116824. https://doi.org/10.1016/j.energy.2019.116824.

Massawe, F., Mayes, S., & Cheng, A. (2016). Crop diversity: An unexploited treasure trove for
food security. Trends in Plant Science. 21, 365-368.
https://doi.org/10.1016/j.tplants.2016.02.006.

93


https://www.niesr.ac.uk/wp-content/uploads/2022/03/PP32-Economic-Costs-Russia-Ukraine.pdf
https://www.niesr.ac.uk/wp-content/uploads/2022/03/PP32-Economic-Costs-Russia-Ukraine.pdf
https://doi.org/10.1038/s41893-018-0135-8
https://doi.org/10.1038/s41893-018-0135-8
https://doi.org/10.1186/s13717-016-0058-0
https://inis.iaea.org/search/search.aspx?orig_q=RN:52007078
https://www.jstor.org/stable/choices.30.4.05
https://doi.org/10.1088/1748-9326/7/4/045802
https://doi.org/10.1088/1748-9326/7/4/045802
https://doi.org/10.1002/ird.1658
https://www.atfis.or.kr/home/board/FB0028.do?act=read&subSkinYn=N&bpoId=4603&bcaId=0&pageIndex=1
https://www.atfis.or.kr/home/board/FB0028.do?act=read&subSkinYn=N&bpoId=4603&bcaId=0&pageIndex=1
https://doi.org/10.1016/j.scitotenv.2019.136153
https://doi.org/10.1016/j.energy.2019.116824
https://doi.org/10.1016/j.tplants.2016.02.006

Maxwell, S. (1996). Food security: a post-modern perspective. Food policy, 21(2), 155-170.
https://doi.org/10.1016/0306-9192(95)00074-7.
McCarl, B.A., Yang, Y., Schwabe, K., Engel, B.A., Mondal, A.H., Ringler, C., & Pistikopoulos,

E.N. (2017). Model use in WEF nexus analysis: A review of issues. Current
Sustainable/Renewable Energy Reports. 4, 144—152. https://doi.org/10.1007/s40518-017-
0078-0.

Mekonnen, M.M., & Hoekstra, A.Y. (2011). The green, blue and grey water footprint of crops

and derived crop products. Hydrology and Earth System Sciences. 15, 1577-1600.
https://doi.org/10.5194/hess-15-1577-2011.
Mekonnen, M.M., & Hoekstra, A.Y. (2012). A global assessment of the water footprint of farm
animal products. Ecosystems, 15(3), 401-415. https://doi.org/10.1007/s10021-011-9517-8.
Melo, F. P, Parry, L., Brancalion, P. H., Pinto, S. R., Freitas, J., Manhaes, A. P., & Chazdon, R.
L. (2021). Adding forests to the water—energy—food nexus. Nature Sustainability, 4(2), 85—
92. https://doi.org/10.1038/s41893-020-00608-z.

Merchant, J.W. (1994). GIS-based groundwater pollution hazard assessment: A critical review
of the DRASTIC model. Photogrammetric Engineering & Remote Sensing. 60, 1117-1117.
https://www.asprs.org/wp-content/uploads/pers/1994journal/sep/1994 sep 1117-1127.pdf.

Messner, R., Johnson, H., & Richards, C. (2021). From surplus-to-waste: A study of systemic
overproduction, surplus and food waste in horticultural supply chains. Journal of Cleaner
Production. 278, 123952. https://doi.org/10.1016/1.jclepro.2020.123952.

Ministry of Agriculture, Food and Rural Affair of South Korea. (2020). Main statistics (In

Korean).

Ministry of Environment & Korea Water Resources Corporation. (2020). Water and future.
https://www.kwater.or.kr/news/sub03/sub01/landDownload.do?downloadSeq=502 (In
Korean) (accessed 29 May 2021).

Ministry of Environment of South Korea (2020). Water supply statistics (In Korean).

Ministry of Environment of South Korea (2021). National Greenhouse Gas Inventories (In
Korean).

Miskin, C.K., Li, Y., Perna, A., Ellis, R.G., Grubbs, E.K., Bermel, P., & Agrawal, R. (2019).
Sustainable co-production of food and solar power to relax land-use constraints. Nature

Sustainability. 2, 972-980. https://doi.org/10.1038/s41893-019-0388-x.

Misra, A.K. (2014). Climate change and challenges of water and food security. Infernational
Journal of Sustainable Built Environment. 3, 153—165.
https://doi.org/10.1016/].1jsbe.2014.04.006.

94


https://doi.org/10.1016/0306-9192(95)00074-7
https://doi.org/10.1007/s40518-017-0078-0
https://doi.org/10.1007/s40518-017-0078-0
https://doi.org/10.5194/hess-15-1577-2011
https://doi.org/10.1007/s10021-011-9517-8
https://doi.org/10.1038/s41893-020-00608-z
https://www.asprs.org/wp-content/uploads/pers/1994journal/sep/1994_sep_1117-1127.pdf
https://doi.org/10.1016/j.jclepro.2020.123952
https://doi.org/10.1038/s41893-019-0388-x
https://doi.org/10.1016/j.ijsbe.2014.04.006

Misselhorn, A., Aggarwal, P., Ericksen, P., Gregory, P., Horn-Phathanothai, L., Ingram, J., &
Wiebe, K. (2012). A vision for attaining food security. Current opinion in environmental
sustainability, 4(1), 7-17. https://doi.org/10.1016/j.cosust.2012.01.008.

MOE, K-water, 2023. Water for the Future. (In Korean).
https://www.kwater.or.kr/news/sub03/sub01/landList.do?s_mid=113 (accessed 23 May
2023).

Mofftatt, 1. (2000). Ecological footprints and sustainable development. Ecological Economics.
32, 359-362. https://doi.org/10.1016/S0921-8009(99)00154-8.

Mofijur, M., Fattah, LM.R., Alam, M.A., Islam, A.B.M.S., Ong, H.C., Rahman, S.M.A., Najafi,
G., Ahmed, S.F., Uddin, M.A., & Mahlia, T.M.I. (2021). Impact of COVID-19 on the

social, economic, environmental and energy domains: Lessons learnt from a global
pandemic. Sustainable Production and Consumption. 26, 343-359.
https://doi.org/10.1016/j.spc.2020.10.016.

Mohtar, R.H., & Daher, B. (2014). A platform for trade-off analysis and resource allocation: the

water-energy-food nexus tool and its application to Qatar’s food security [part of the
‘Valuing vital resources in the Gulf’series]. Chatham House, London.
https://policycommons.net/artifacts/613775/a-platform-for-trade-off-analysis-and-resource-
allocation/1593884/.

Monsma, D., Nelson, R., & Bolger, R. (2009). Sustainable Water Systems: Step One -

Redefining the Nation’s Infrastructure Challenge. The Aspen Institute: Washington, DC,
USA.

Mroue, A.M., Mohtar, R.H., Pistikopoulos, E.N., & Holtzapple, M.T. (2019). Energy portfolio
assessment tool (EPAT): sustainable energy planning using the WEF nexus approach—
Texas case. Science of The Total Environment. 648, 1649—1664.
https://doi.org/10.1016/j.scitotenv.2018.08.135.

Mukuve, F.M., & Fenner, R.A. (2015). Scale variability of water, land, and energy resource
interactions and their influence on the food system in Uganda. Sustainable Production and
Consumption. 2, 79-95. https://doi.org/10.1016/].spc.2015.07.009.

Myers, J.L., Well, A.D., & Lorch Jr, R.F. (2013). Research design and statistical analysis.

Routledge.

Nassani, A.A., Aldakhil, A.M., Abro, M.M.Q., Zaman, K., & Kabbani, A. (2019). Resource
management for green growth: Ensure environment sustainability agenda for mutual
exclusive global gain. Environmental Progress & Sustainable Energy. 38, 13132.
https://doi.org/10.1002/ep.13132.

95


https://doi.org/10.1016/j.cosust.2012.01.008
https://www.kwater.or.kr/news/sub03/sub01/landList.do?s_mid=113
https://doi.org/10.1016/s0921-8009(99)00154-8
https://doi.org/10.1016/j.spc.2020.10.016
https://policycommons.net/artifacts/613775/a-platform-for-trade-off-analysis-and-resource-allocation/1593884/
https://policycommons.net/artifacts/613775/a-platform-for-trade-off-analysis-and-resource-allocation/1593884/
https://doi.org/10.1016/j.scitotenv.2018.08.135
https://doi.org/10.1016/j.spc.2015.07.009
https://doi.org/10.1002/ep.13132

Newell, J. P., Goldstein, B., & Foster, A. (2019). A 40-year review of food—energy—water nexus
literature and its application to the urban scale. Environmental Research Letters, 14(7),
073003. https://doi.org/10.1088/1748-9326/ab0767.

NIC (2012). Global Trends 2030: Alternative Worlds. NIC, New York.
https://www.dni.gov/files/documents/GlobalTrends_2030.pdf.

O’Shaughnessy, S.A., Kim, M., Lee, S., Kim, Y., Kim, H., & Shekailo, J. (2021). Towards smart

farming solutions in the US and South Korea: A comparison of the current status.
Geography and Sustainability. 2, 312-327. https://doi.org/10.1016/j.geosus.2021.12.002.

OECD (2018a). Managing the Water-Energy-Land-Food Nexus in Korea: Policies and
Governance Options. OECD Studies on Water. OECD Publishing, Paris.

https://www.oecd.org/environment/managing-the-water-energy-land-food-nexus-in-korea-
9789264306523-en.htm.
OECD (2018b). Innovation, Agricultural Productivity and Sustainability in Korea, OECD Food

and Agricultural Reviews. OECD Publishing, Paris.
https://doi.ore/10.1787/9789264307773-en.

OECD (2022a). OECD Data. https://data.oecd.org/. (accessed 21 May 2023).

OECD (2022b). Agricultural Policy Monitoring and Evaluation. OECD Publishing, Paris.
https://doi.org/10.1787/agr pol-2018-en.

Olawuyi, D. (2020). Sustainable development and the water-energy-food nexus: Legal
challenges and emerging solutions. Environmental Science & Policy. 103, 1-9.

https://doi.org/10.1016/j.envsci.2019.10.009.

Oliveira-Pinto, S., & Stokkermans, J. (2020). Assessment of the potential of different floating
solar technologies—Overview and analysis of different case studies. Energy Conversion and

Management. 211, 112747. https://doi.org/10.1016/j.enconman.2020.112747.

Onafowora, O.A., & Owoye, O. (2014). Bounds testing approach to analysis of the environment
Kuznets curve hypothesis. Energy Economics. 44, 47-62.
https://doi.org/10.1016/j.eneco.2014.03.025.

Onater-Isberk, E. (2016). Environmental Kuznets curve under noncarbohydrate energy.
Renewable and Sustainable Energy Reviews. 64, 338-347.
https://doi.org/10.1016/].rser.2016.06.022.

Organization for Economic Cooperation and Development (OECD) (2018). Managing the
water-energy-land-food nexus in Korea: policies and Governance Options, OECD Studies

on Water. OECD Publishing, Paris. https://doi.org/10.1787/9789264306523-en.

Organization for Economic Cooperation and Development. (2021). OECD data.

96


https://doi.org/10.1088/1748-9326/ab0767
https://www.dni.gov/files/documents/GlobalTrends_2030.pdf
https://doi.org/10.1016/j.geosus.2021.12.002
https://www.oecd.org/environment/managing-the-water-energy-land-food-nexus-in-korea-9789264306523-en.htm
https://www.oecd.org/environment/managing-the-water-energy-land-food-nexus-in-korea-9789264306523-en.htm
https://doi.org/10.1787/9789264307773-en
https://data.oecd.org/
https://doi.org/10.1787/agr_pol-2018-en
https://doi.org/10.1016/j.envsci.2019.10.009
https://doi.org/10.1016/j.enconman.2020.112747
https://doi.org/10.1016/j.eneco.2014.03.025
https://doi.org/10.1016/j.rser.2016.06.022
https://doi.org/10.1787/9789264306523-en

https://data.oecd.org/ (accessed 25 January 2022).

Overseas Development Institute, European Centre for Development Policy Management,
German Development Institute. (2012). Confronting Scarcity: Managing Water, Energy
and Land for Inclusive and Sustainable Growth. Third European Report on Development.
Overseas Development Institute (ODI), European Centre for Development Policy
Management (ECDPM), German Development Institute/Deutsches Institut fiir
Entwicklungspolitik (GDI/DIE). London: ODI.

Owen, A., Scott, K., & Barrett, J. (2018). Identifying critical supply chains and final products:
An input-output approach to exploring the energy-water-food nexus. Applied Energy. 210,
632—-642. https://doi.org/10.1016/j.apenergy.2017.09.069.

Oxford University Press. (2023). Available online at:

https://www.oxfordlearnersdictionaries.com (accessed 12 October 2023).

Ozturk, 1. (2015). Sustainability in the food-energy-water nexus: Evidence from BRICS (Brazil,
the Russian Federation, India, China, and South Africa) countries. Energy. 93, 999-1010.
https://doi.ore/10.1016/j.energy.2015.09.104.

Ozturk, 1. (2016). Biofuel, sustainability, and forest indicators’ nexus in the panel generalized
method of moments estimation: Evidence from 12 developed and developing countries.
Biofuels, Bioproducts and Biorefining. 10, 150—-163. https://doi.org/10.1002/bbb.1628.

Pahl-Wostl, C., Bhaduri, A., & Bruns, A. (2018). Editorial special issue: The Nexus of water,

energy and food—An environmental governance perspective. Environmental Science &
Policy. 90, 161-163. https://doi.org/10.1016/j.envsci.2018.06.021.
Parkpoom, S., Harrison, G.P., & Bialek, J.W. (2004). Climate change impacts on electricity

demand. In UPEC 2004 39th International Universities Power Engineering Conference
(Vol. 3). IEEE Publications, New York.
https://ieeexplore.ieee.org/abstract/document/1492245.

Pata, U.K., Shahzad, F., Fareed, Z., & Rehman, M.A. (2022). Revisiting the EKC hypothesis

with export diversification and ecological footprint pressure index for India: A RALS-
Fourier cointegration test. Frontiers in Environmental Science. 10, 886515.
https://doi.org/10.3389/fenvs.2022.886515.

Paxton, P., Hipp, J.R., Marquart-Pyatt, S., & Marquart-Pyatt, S.T. (2011). Nonrecursive Models:

Endogeneity, Reciprocal Relationships, and Feedback Loops (Vol. 168). Sage Publications,
Washington.
Pehl, M., Arvesen, A., Humpendder, F., Popp, A., Hertwich, E.G., & Luderer, G. (2017).

Understanding future emissions from low-carbon power systems by integration of life-

97


https://doi.org/10.1016/j.apenergy.2017.09.069
https://doi.org/10.1016/j.energy.2015.09.104
https://doi.org/10.1002/bbb.1628
https://doi.org/10.1016/j.envsci.2018.06.021
https://ieeexplore.ieee.org/abstract/document/1492245
https://doi.org/10.3389/fenvs.2022.886515

cycle assessment and integrated energy modelling. Nature Energy. 2, 939-945.
https://doi.org/10.1038/s41560-017-0032-9.
Pelletier, N., Audsley, E., Brodt, S., Garnett, T., Henriksson, P., Kendall, A., & Troell, M.

(2011). Energy intensity of agriculture and food systems. Annual Review of Environment

and Resources. 36, 223-246. https://doi.org/10.1146/annurev-environ-081710-161014.

Pefia-Torres, D., Boix, M., & Montastruc, L. (2022). Optimization approaches to design water-
energy-food nexus: A litterature review. Computers & Chemical Engineering. 167, 108025.
https://doi.org/10.1016/j.compchemeng.2022.108025.

Peng, C., Huang, Y., & Wu, Z. (2011). Building-integrated photovoltaics (BIPV) in architectural
design in China. Energy Build. 43, 3592-3598.
https://doi.org/10.1016/j.enbuild.2011.09.032.

Plappally, A K., & Lienhard, J.H.V. (2012) Energy requirements for water production, treatment,
end use, reclamation, and disposal. Renewable and Sustainable Energy Reviews. 16, 4818.
https://doi.ore/10.1016/j.rser.2012.05.022.

Postel, S.L. (1998). Water for food production: Will there be enough in 2025?. BioScience. 48,
629-637. https://doi.org/10.2307/1313422.

Pradhan, P., Costa, L., Rybski, D., Lucht, W., & Kropp, J.P. (2017). A systematic study of
sustainable development goal (SDG) interactions. Earth’s Future, 5(11), 1169-1179.
https://doi.org/10.1002/2017EF000632.

Putra, M.P.LLF., Pradhan, P., & Kropp, J.P. (2020). A systematic analysis of water-energy-food

security nexus: A South Asian case study. Science of The Total Environment. 728, 138451.
https://doi.org/10.1016/j.scitotenv.2020.138451.
Qin, Y., Curmi, E., Kopec, G.M., Allwood, J.M., & Richards, K.S. (2015). China’s energy-water

nexus— Assessment of the energy sector’s compliance with the “3 Red Lines” industrial

water policy. Energy Policy. 82, 131-143. https://doi.org/10.1016/j.enpol.2015.03.013.

Radovanovi¢, M., Filipovié, S., & Pavlovi¢, D. (2017). Energy security measurement—A
sustainable approach. Renewable and Sustainable Energy Reviews, 68, 1020—1032.
https://doi.org/10.1016/].rser.2016.02.010.

Rahman, M.M., Sultana, N., & Velayutham, E. (2022). Renewable energy, energy intensity and
carbon reduction: Experience of large emerging economies. Renewable Energy. 184, 252—

265. https://doi.org/10.1016/j.renene.2021.11.068.

Raquel, S., Ferenc, S., Emery Jr, C., & Abraham, R. (2007). Application of game theory for a
groundwater conflict in Mexico. Journal of environmental management. 84, 560-571.

https://doi.org/10.1016/j.jenvman.2006.07.011.

98


https://doi.org/10.1038/s41560-017-0032-9
https://doi.org/10.1146/annurev-environ-081710-161014
https://doi.org/10.1016/j.compchemeng.2022.108025
https://doi.org/10.1016/j.enbuild.2011.09.032
https://doi.org/10.1016/j.rser.2012.05.022
https://doi.org/10.2307/1313422
https://doi.org/10.1002/2017EF000632
https://doi.org/10.1016/j.scitotenv.2020.138451
https://doi.org/10.1016/j.enpol.2015.03.013
https://doi.org/10.1016/j.rser.2016.02.010
https://doi.org/10.1016/j.renene.2021.11.068
https://doi.org/10.1016/j.jenvman.2006.07.011

Résénen, T.A., Joffre, O.M., Someth, P., Thanh, C.T., Keskinen, M., & Kummu, M. (2015).
Model-based assessment of water, food, and energy trade-offs in a cascade of multipurpose
reservoirs: Case study of the Sesan Tributary of the Mekong River. Journal of Water
Resources Planning and Management. 141, 05014007.
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000459.

Rasul, G. (2014). Food, water, and energy security in South Asia: A nexus perspective from the
Hindu Kush Himalayan region. Environmental Science & Policy. 39, 35-48.
https://doi.org/10.1016/j.envsci.2014.01.010.

Ravi, S., Macknick, J., Lobell, D., Field, C., Ganesan, K., Jain, R., Elchinger, M., Stoltenberg,

B., & Stoltenberg, B. (2016). Colocation opportunities for large solar infrastructures and
agriculture in drylands. Applied Energy. 165, 383-392.
https://doi.org/10.1016/j.apenergy.2015.12.078.

Raya-Tapia, A. Y., Lopez-Flores, F. J., & Ponce-Ortega, J. M. (2023). Incorporating deep
learning predictions to assess the water-energy-food nexus security. Environmental Science

& Policy, 144, 99-109. https://doi.org/10.1016/j.envsci.2023.03.010.

Renard, D., & Tilman, D. (2019). National food production stabilized by crop diversity. Nature.
571, 257-260. https://doi.org/10.1038/s41586-019-1316-y.
Richey, A.S., Thomas, B.F., Lo, M.H., Famiglietti, J.S., Swenson, S., & Rodell, M. (2015).

Uncertainty in global groundwater storage estimates in a Total Groundwater Stress
framework. Water Resources Research. 51, 5198-5216.
https://doi.org/10.1002/2015WRO017351.

Ringler, C., Bhaduri, A., & Lawford, R. (2013). The nexus across water, energy, land and food

(WELF): Potential for improved resource use efficiency? Current Opinion in
Environmental Sustainability. 5, 617-624. https://doi.org/10.1016/j.cosust.2013.11.002.
Ringler, C., Willenbockel, D., Perez, N., Rosegrant, M., Zhu, T., & Matthews, N. (2016). Global

linkages among energy, food and water: an economic assessment. Journal of
Environmental Studies and Sciences. 6(1), 161-171. https://doi.org/10.1007/s13412-016-
0386-5.

Ronzon, T., & Sanjuan, A. 1. (2020). Friends or foes? a compatibility assessment of
bioeconomy-related sustainable development goals for European policy coherence. Journal

of Cleaner Production. 254, 119832. https://doi.org/10.1016/j.jclepro.2019.119832.

Sachs, 1., & Silk, D. (1990). Food and energy: strategies for sustainable development. United
Nations University Press, Japan.

Saidmamatov, O., Rudenko, 1., Pfister, S., & Koziel, J. (2020). Water—energy—food nexus

99


https://doi.org/10.1061/(ASCE)WR.1943-5452.0000459
https://doi.org/10.1016/j.envsci.2014.01.010
https://doi.org/10.1016/j.apenergy.2015.12.078
https://doi.org/10.1016/j.envsci.2023.03.010
https://doi.org/10.1038/s41586-019-1316-y
https://doi.org/10.1002/2015WR017351
https://doi.org/10.1016/j.cosust.2013.11.002
https://doi.org/10.1007/s13412-016-0386-5
https://doi.org/10.1007/s13412-016-0386-5
https://doi.org/10.1016/j.jclepro.2019.119832

framework for promoting regional integration in Central Asia. Water, 12(7), 1896.

https://doi.org/10.3390/w12071896.

Sandstrom, V., Lehikoinen, E., & Peltonen-Sainio, P. (2018). Replacing imports of crop based
commodities by domestic production in Finland: potential to reduce virtual water imports.

Frontiers in Sustainable Food Systems. 2, 67. https://doi.org/10.3389/fsufs.2018.00067.

Sans, P., & Combris, P. (2015). World meat consumption patterns: An overview of the last fifty
years (1961-2011). Meat Science. 109, 106—111.
https://doi.org/10.1016/j.meatsci.2015.05.012.

Sargan, J.D. (1958). The estimation of economic relationships using instrumental variables.

Econometrica. 26, 393-415. https://doi.org/10.2307/1907619.

Sarkodie, S.A., & Ozturk, 1. (2020). Investigating the environmental Kuznets curve hypothesis
in Kenya: A multivariate analysis. Renewable and Sustainable Energy Reviews. 117,

109481. https://doi.org/10.1016/j.rser.2019.109481.

Sarkodie, S.A., & Strezov, V. (2019). A review on environmental Kuznets curve hypothesis
using bibliometric and meta-analysis. Science of The Total Environment. 649, 128—145.
https://doi.ore/10.1016/j.scitotenv.2018.08.276.

Schmidhuber, J., & Tubiello, F. N. (2007). Global food security under climate change.
Proceedings of the National Academy of Sciences, 104(50), 19703—-19708.
https://doi.org/10.1073/pnas.0701976104.

Shan, G., Surampalli, R.Y., Tyagi, R.D., & Zhang, T.C. (2009). Nanomaterials for

environmental burden reduction, waste treatment, and nonpoint source pollution control: A
review. Frontiers of Environmental Science & Engineering. 3, 249-264.
https://doi.org/10.1007/s11783-009-0029-0.

Shenbin, C., Yunfeng, L., & Thomas, A. (2006). Climatic change on the Tibetan Plateau:
Potential evapotranspiration trends from 1961-2000. Climate Change. 76, 291-319.
https://doi.org/10.1007/s10584-006-9080-z.

Shiklomanov, I.A., & Rodda, J.C. (2003). World Water Resources at the Beginning of the

Twenty-First Century. Cambridge University Press, Cambridge.

Shukla, A.K., Sudhakar, K., & Baredar, P. (2017). Recent advancement in BIPV product
technologies: A review. Energy Build. 140, 188—195.
https://doi.org/10.1016/j.enbuild.2017.02.015.

Shumilova, O., Tockner, K., Sukhodolov, A., Khilchevskyi, V., De Meester, L., Stepanenko, S.,

& Gleick, P. (2023). Impact of the Russia-Ukraine armed conflict on water resources and

water infrastructure. Nature Sustainability. 6, 578—586. https://doi.org/10.1038/s41893-

100


https://doi.org/10.3390/w12071896
https://doi.org/10.3389/fsufs.2018.00067
https://doi.org/10.1016/j.meatsci.2015.05.012
https://doi.org/10.2307/1907619
https://doi.org/10.1016/j.rser.2019.109481
https://doi.org/10.1016/j.scitotenv.2018.08.276
https://doi.org/10.1073/pnas.0701976104
https://doi.org/10.1007/s11783-009-0029-0
https://doi.org/10.1007/s10584-006-9080-z
https://doi.org/10.1016/j.enbuild.2017.02.015
https://doi.org/10.1038/s41893-023-01068-x

023-01068-x.
Siddiqi, A., & Anadon, L.D. (2011). The water—energy nexus in Middle East and North Africa.
Energy Policy. 39, 4529-4540. https://doi.org/10.1016/j.enpol.2011.04.023.

Silalertruksa, T., & Gheewala, S.H. (2018). Land-water-energy nexus of sugarcane production
in Thailand. Journal of Cleaner Production. 182, 521-528.
https://doi.org/10.1016/j.jclepro.2018.02.085.

Simpson, G.B., & Jewitt, G.P.W. (2019). The development of the water-energy-food nexus as a
framework for achieving resource security: A review. Frontiers in Environmental Science.
7, 8. https://doi.org/10.3389/fenvs.2019.00008.

Simpson G.B., Jewitt G.P.W., Becker W., Badenhorst J., Neves A.R., & Rovira P. (2020). The

water-energy-food nexus index. Jones & Wagener <https://www.wefnexusindex.org> doi:
10.31219/0sf.io/tdhw5 (accessed 19 July 2021).

Simpson, G.B., Jewitt, G.P., Becker, W., Badenhorst, J., Masia, S., Neves, A.R., & Pascual, V.
(2022). The water-energy-food nexus index: A tool to support integrated resource planning,
management and security. Frontiers in Water. 4, 825854.

https://doi.ore/10.3389/frwa.2022.825854.

Smith, P. (2013). Delivering food security without increasing pressure on land. Global food
security, 2(1), 18-23. https://doi.org/10.1016/j.gfs.2012.11.008.
Smith, R.G., Gross, K.L., & Robertson, G.P. (2008). Effects of crop diversity on agroecosystem

function: Crop yield response. Ecosystems. 11, 355-366. https://doi.org/10.1007/s10021-
008-9124-5.

Sovacool, B. K., & Brown, M. A. (2010). Competing dimensions of energy security: an
international perspective. Annual Review of Environment and Resources, 35, 77-108.
https://doi.org/10.1146/annurev-environ-042509-143035.

Spang, E.S., Moomaw, W.R., Gallagher, K.S., Kirshen, P.H., & Marks, D.H. (2014). The water

consumption of energy production: An international comparison. Environmental Research

Letters. 9, 105002. https://doi.org/10.1088/1748-9326/9/10/105002.

Spangenberg, J.H., & Lorek, S. (2002). Environmentally sustainable household consumption:
From aggregate environmental pressures to priority fields of action. Ecological Economics.

43, 127-140. https://doi.org/10.1016/S0921-8009(02)00212-4.

Spearman, C. (1904). The proof and measurement of association between two things. The
American Journal of Psychology. 15, 72—101. https://doi.org/10.2307/1412159.
Stein, C., Barron, J., Nigussie, L., Gedif, B., Amsalu, T., & Langan, S. (2014). Advancing the

water-energy-food nexus: social networks and institutional interplay in the Blue Nile.

101


https://doi.org/10.1038/s41893-023-01068-x
https://doi.org/10.1016/j.enpol.2011.04.023
https://doi.org/10.1016/j.jclepro.2018.02.085
https://doi.org/10.3389/fenvs.2019.00008
https://doi.org/10.3389/frwa.2022.825854
https://doi.org/10.1016/j.gfs.2012.11.008
https://doi.org/10.1007/s10021-008-9124-5
https://doi.org/10.1007/s10021-008-9124-5
https://doi.org/10.1146/annurev-environ-042509-143035
https://doi.org/10.1088/1748-9326/9/10/105002
https://doi.org/10.1016/S0921-8009(02)00212-4
https://doi.org/10.2307/1412159

Colombo, Sri Lanka: International Water Management Institute (IWMI). CGIAR Research
Program on WLE. 24p. (WLE R4D Learning Series 2). https://doi.org/10.5337/2014.223.
Stephan, R.M., Mohtar, R.H., Daher, B., Embidlrujo, A., Hillers, A., Ganter, J.C., & Sarni, W.

(2018). Water—energy—food nexus: a platform for implementing the Sustainable
Development Goals. Water International. 43, 472.
https://doi.org/10.1080/02508060.2018.1446581.

Stokes-Draut, J., Taptich, M., Kavvada, O., & Horvath, A. (2017). Evaluating the electricity

intensity of evolving water supply mixes: The case of California’s water network.

Environmental Research Letters. 12, 114005. https://doi.org/10.1088/1748-9326/aa8¢c86.

Swain, R.B., & Ranganathan, S. (2021). Modeling interlinkages between sustainable
development goals using network analysis. World Development. 138, 105136.
https://doi.org/10.1016/j.worlddev.2020.105136.

Taghizadeh-Hesary, F., Rasoulinezhad, E., & Yoshino, N. (2019). Energy and food security:

Linkages through price volatility. Energy Policy, 128, 796-806.
https://doi.ore/10.1016/j.enpol.2018.12.043.
Taguta, C., Senzanje, A., Kiala, Z., Malota, M., & Mabhaudhi, T. (2022). Water-energy-food

nexus tools in theory and practice: a systematic review. Frontiers in Water, 4, 837316.
https://doi.ore/10.3389/frwa.2022.837316.
Terrapon-Pfaff, J., Ortiz, W., Dienst, C., & Grone, M.C. (2018). Energizing the WEF nexus to

enhance sustainable development at local level. Journal of Environmental Management.

223, 409-416. https://doi.org/10.1016/j.jenvman.2018.06.037.

The Jamovi Project (2021). Jamovi (Version 1.6) [Computer Software]. Retrieved from
https://www.jamovi.org

Turney, D., & Fthenakis, V. (2011). Environmental impacts from the installation and operation
of large-scale solar power plants. Renewable and Sustainable Energy Reviews. 15, 3261—
3270. https://doi.org/10.1016/j.rser.2011.04.023.

UN (2022). SDG indicators global database.
https://unstats.un.org/sdgs/UNSDG/IndDatabasePage (accessed 25 May 2023).

UN (2021). SDG indicators global database.
https://unstats.un.org/sdgs/UNSDG/IndDatabasePage. United Nations Statistics Division.

UN (2023). The Sustainable Development Goals Report 2023. New York: United Nations.

UNICEEF (2023). Datasets. Available online at: https://data.unicef.org (accessed October 2,
2023).

Valentine, S.V. (2011). Emerging symbiosis: renewable energy and energy security. Renewable

102


https://doi.org/10.5337/2014.223
https://doi.org/10.1080/02508060.2018.1446581
https://doi.org/10.1088/1748-9326/aa8c86
https://doi.org/10.1016/j.worlddev.2020.105136
https://doi.org/10.1016/j.enpol.2018.12.043
https://doi.org/10.3389/frwa.2022.837316
https://doi.org/10.1016/j.jenvman.2018.06.037
https://doi.org/10.1016/j.rser.2011.04.023
https://unstats.un.org/sdgs/UNSDG/IndDatabasePage

and Sustainable Energy Reviews. 15(9), 4572-4578.
https://doi.org/10.1016/j.rser.2011.07.095.

van Noordwijk, M., & Brussaard, L. (2014). Minimizing the ecological footprint of food:
Closing yield and efficiency gaps simultaneously? Current Opinion in Environmental
Sustainability. 8, 62—70. https://doi.org/10.1016/j.cosust.2014.08.008.

Vandone, D., Peri, M., Baldi, L., & Tanda, A. (2018). The impact of energy and agriculture

prices on the stock performance of the water industry. Water Resources and Economics. 23,

14-27. https://doi.org/10.1016/j.wre.2018.02.002.

Verpoorten, M., Arora, A., Stoop, N., & Swinnen, J. (2013). Self-reported food insecurity in
Africa during the food price crisis. Food Policy. 39, 51-63.
https://doi.org/10.1016/j.foodpol.2012.12.006.

Wackernagel, M., Hanscom, L., Jayasinghe, P., Lin, D., Murthy, A., Neill, E., & Raven, P.

(2021). The importance of resource security for poverty eradication. Nature Sustainability.

4, 731-738. https://doi.org/10.1038/s41893-021-00708-4.

Wackernagel, M., & Rees, W. (1998). Our Ecological Footprint: Reducing Human Impact on
the Earth (Vol. 9). New Society Publishers, Gabriola.

Wald, A. (1943). Tests of statistical hypotheses concerning several parameters when the number
of observations is large. Transactions of the American Mathematical Society. 54, 426—482.
https://community.ams.org/journals/tran/1943-054-03/S0002-9947-1943-0012401 -
3/S0002-9947-1943-0012401-3.pdf.

Wallace, J.S. (2000). Increasing agricultural water use efficiency to meet future food production.
Agriculture, Ecosystems & Environment. 82, 105—119. https://doi.org/10.1016/S0167-
8809(00)00220-6.

Wang, X., Dong, Z., & Susnik, J. (2023). System dynamics modelling to simulate regional
water-energy-food nexus combined with the society-economy-environment system in
Hunan Province, China. Science of The Total Environment, 863, 160993,
https://doi.org/10.1016/j.scitotenv.2022.160993.

Wang, Y., Yuan, Z., & Tang, Y. (2021). Enhancing food security and environmental
sustainability: A critical review of food loss and waste management. Resources,

Environment and Sustainability, 4, 100023. https://doi.org/10.1016/j.resenv.2021.100023.

Wasserman, S., & Faust, K. (1994). Social network analysis: Methods and applications.
Cambridge University Press.
Waughray, D. (2011). Water Security: the Water-food-energy-climate Nexus. The World

Economic Forum Water Initiative. Island Press, Washington.

103


https://doi.org/10.1016/j.rser.2011.07.095
https://doi.org/10.1016/j.cosust.2014.08.008
https://doi.org/10.1016/j.wre.2018.02.002
https://doi.org/10.1016/j.foodpol.2012.12.006
https://doi.org/10.1038/s41893-021-00708-4
https://community.ams.org/journals/tran/1943-054-03/S0002-9947-1943-0012401-3/S0002-9947-1943-0012401-3.pdf
https://community.ams.org/journals/tran/1943-054-03/S0002-9947-1943-0012401-3/S0002-9947-1943-0012401-3.pdf
https://doi.org/10.1016/S0167-8809(00)00220-6
https://doi.org/10.1016/S0167-8809(00)00220-6
https://doi.org/10.1016/j.scitotenv.2022.160993
https://doi.org/10.1016/j.resenv.2021.100023

Weitz, N., Carlsen, H., Nilsson, M., & Skanberg, K. (2018). Towards systemic and contextual
priority setting for implementing the 2030 Agenda. Sustainability Science. 13(2), 531-548.
https://doi.org/10.1007/s11625-017-0470-0.

Weitz, N., Strambo, C., Kemp-Benedict, E., & Nilsson, M. (2017). Closing the governance gaps
in the water-energy-food nexus: Insights from integrative governance. Global
Environmental Change. 45, 165—173. https://doi.org/10.1016/j.gloenvcha.2017.06.006.

Wheater, H. S., & Gober, P. (2015). Water security and the science agenda. Water Resources
Research, 51(7), 5406-5424. https://doi.org/10.1002/2015WR016892.

Wheeler, T., & Von Braun, J. (2013). Climate change impacts on global food security. Science,
341(6145), 508-513. https://doi.org/10.1126/science.1239402.

Wicaksono, A., & Kang, D. (2019). Nationwide simulation of water, energy, and food nexus:
case study in South Korea and Indonesia. Journal of Hydro-environment Research. 22, 70—

87. https://doi.org/10.1016/1.jher.2018.10.003.

Wicaksono, A., Jeong, G., & Kang, D. (2019). Water—energy—food nexus simulation: an
optimization approach for resource security. Water, 11(4), 667.

https://doi.ore/10.3390/w11040667.

Winzer, C. (2012). Conceptualizing energy security. Energy policy, 46, 36—48.
https://doi.ore/10.1016/.enpol.2012.02.067.

Wooldridge, J.M. (2012). Introductory econometrics: A modern approach, sixth ed. South-
Western. Cengage Learning, Ohio.

Woolway, R.I., Kraemer, B.M., Lenters, J.D., Merchant, C.J., O’Reilly, C.M., & Sharma, S.
(2020). Global lake responses to climate change. Nature Reviews Earth & Environment. 1,
388-403. https://doi.org/10.1038/s43017-020-0067-5.

World Bank Group (2005). Energy Security Issues. Washington, DC: World Bank.

World Bank (2021). World Bank open data. https://data.worldbank.org

World Economic Forum (2011). Global Risks (Vol. 2011), sixth ed. World Economic Forum,

Cologne/Geneva.

Wu, L., Elshorbagy, A., & Helgason, W. (2023). Assessment of agricultural adaptations to
climate change from a water-energy-food nexus perspective. Agricultural Water
Management, 284, 108343. https://doi.org/10.1016/j.agwat.2023.108343.

Wu, X., Shao, L., Chen, G., Han, M., Chi, Y., Yang, Q., Alhodaly, M., & Wakeel, M. (2021).

Unveiling land footprint of solar power: A pilot solar tower project in China. Journal of
Environmental Management. 280, 111741. https://doi.org/10.1016/j.jenvman.2020.111741.
Waurtsbaugh, W.A., Miller, C., Null, S.E., DeRose, R.J., Wilcock, P., Hahnenberger, M., Howe,

104


https://doi.org/10.1007/s11625-017-0470-0
https://doi.org/10.1016/j.gloenvcha.2017.06.006
https://doi.org/10.1002/2015WR016892
https://doi.org/10.1126/science.1239402
https://doi.org/10.1016/j.jher.2018.10.003
https://doi.org/10.3390/w11040667
https://doi.org/10.1016/j.enpol.2012.02.067
https://doi.org/10.1038/s43017-020-0067-5
https://doi.org/10.1016/j.agwat.2023.108343
https://doi.org/10.1016/j.jenvman.2020.111741

F., & Moore, J. (2017). Decline of the world’s saline lakes. Nature Geoscience. 10, 816—
821. https://doi.org/10.1038/ngeo3052.

WWAP & UNESCO (2014). The United Nations World Water Development Report; Water and
Energy. Paris,. https://unesdoc.unesco.org/ark:/48223/pf0000225741 (accessed 25 May
2023).

WWF & SABMiller (2014). The water-food-energy nexus: Insights into resilient development.

http://assets.wwf.org.uk/downloads/sab03 01 sab_wwf project nexus_final.pdf (accessed
26 May 2023).
Xu, L.Y., Huang, D.C., He, Z.Q., & Zhu, Y. (2022). An analysis of the relationship between

water-energy-food system and economic growth in China based on ecological footprint
measurement. Water Policy. 24, 345-362. https://doi.org/10.2166/wp.2022.182.
Xu, X., Sharma, P., Shu, S., Lin, T.S., Ciais, P., Tubiello, F.N., Smith, P., Campbell, N., & Jain,

A.K. (2021). Global greenhouse gas emissions from animal-based foods are twice those of
plant-based foods. Nature Food. 2, 724-732. https://doi.org/10.1038/s43016-021-00358-x.
Yang, Y. E., Ringler, C., Brown, C., & Mondal, M. A. H. (2016). Modeling the agricultural

water—energy—food nexus in the Indus River Basin, Pakistan. Journal of Water Resources
Planning and Management, 142(12), 04016062. https://doi.org/10.1061/(ASCE)WR.1943-
5452.0000710.

Yang, Y.C.E., Ringler, C., Brown, C., & Mondal, M.A.H. (2016). Modeling the agricultural

water—energy—food nexus in the Indus River Basin, Pakistan. Journal of Water Resources
Planning and Management. 142, 04016062. https://doi.org/10.1061/(ASCE)WR.1943-
5452.0000710.

Yeh, S.C., Chiou, H.J., Wu, AW, Lee, H.C., & Wu, H.C. (2019). Diverged preferences towards

sustainable development goals? A comparison between academia and the communication
industry. International Journal of Environmental Research and Public Health. 16(22),
4577. https://doi.org/10.3390/ijerph16224577.

Yoo, S.H., Choi, J.Y., Lee, S.H., & Kim, T. (2014). Estimating water footprint of paddy rice in
Korea. Paddy and Water Environment. 12, 43—54. https://doi.org/10.1007/s10333-013-
0358-2.

Zaman, K. (2018). The impact of hydro-biofuel-wind energy consumption on environmental

cost of doing business in a panel of BRICS countries: Evidence from three-stage least
squares estimator. Environmental Science and Pollution Research. 25, 4479—4490.

https://doi.org/10.1007/s11356-017-0797-1.

Zaman, K., Shamsuddin, S., & Ahmad, M. (2017). Energy-water-food nexus under financial

105


https://doi.org/10.1038/ngeo3052
https://unesdoc.unesco.org/ark:/48223/pf0000225741
http://assets.wwf.org.uk/downloads/sab03_01_sab_wwf_project_nexus_final.pdf
https://doi.org/10.2166/wp.2022.182
https://doi.org/10.1038/s43016-021-00358-x
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000710
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000710
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000710
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000710
https://doi.org/10.3390/ijerph16224577
https://doi.org/10.1007/s10333-013-0358-2
https://doi.org/10.1007/s10333-013-0358-2
https://doi.org/10.1007/s11356-017-0797-1

constraint environment: Good, the bad, and the ugly sustainability reforms in sub-Saharan
African countries. Environmental Science and Pollution Research. 24, 13358—13372.
https://doi.org/10.1007/s11356-017-8961-1.

Zeitoun, M. (2011). The global web of national water security. Global Policy, 2(3), 286-296.
https://doi.org/10.1111/1.1758-5899.2011.00097.x.

Zellner, A., & Theil, H. (1992). Three-Stage Least Squares: Simultaneous Estimation of

Simultaneous Equations. in: Raj, B., Koerts, J. (Eds.), Henri Theil’s Contributions to
Economics and Econometrics. Advanced Studies in Theoretical and Applied Econometrics,

Vol. 23. Springer, Dordrecht. https://doi.org/10.1007/978-94-011-2546-8 10.

Zeyringer, M., Price, J., Fais, B., Li, P.H., & Sharp, E. (2018). Designing low-carbon power
systems for Great Britain in 2050 that are robust to the spatiotemporal and inter-annual
variability of weather. Nature Energy. 3, 395-403. https://doi.org/10.1038/s41560-018-
0128-x.

Zhang, C., Chen, X., Li, Y., Ding, W., & Fu, G. (2018). Water-energy-food nexus: Concepts,

questions and methodologies. Journal of Cleaner Production. 195, 625-639.
https://doi.ore/10.1016/j.jclepro.2018.05.194.
Zhang, X., Liu, J., Tang, Y., Zhao, X., Yang, H., Gerbens-Leenes, P.W., & Yan, J. (2017).

China’s coal-fired power plants impose pressure on water resources. Journal of Cleaner

Production. 161, 1171-1179. https://doi.org/10.1016/j.jclepro.2017.04.040.

Zhou, X., & Moinuddion, M. (2017). Sustainable Development Goals Interlinkages and
Network Analysis: A Practical Tool for SDG Integration and Policy Coherence. IGES
Research Report, RR1602. Hayama: Institute for Global Environmental Strategies (IGES).

Zhou, Y.C., Li, H.P.,, Wang, K., & Bi, J. (2016). China’s energy-water nexus: Spillover effects of
energy and water policy. Global Environmental Change. 40, 92—100.
https://doi.org/10.1016/j.gloenvcha.2016.07.003.

Zhu, Z., Liao, H., & Liu, L. (2021). The role of public energy R&D in energy conservation and
transition: Experiences from IEA countries. Renewable and Sustainable Energy Reviews.

143, 110978. https://doi.org/10.1016/j.rser.2021.110978.

106


https://doi.org/10.1007/s11356-017-8961-1
https://doi.org/10.1111/j.1758-5899.2011.00097.x
https://doi.org/10.1007/978-94-011-2546-8_10
https://doi.org/10.1038/s41560-018-0128-x
https://doi.org/10.1038/s41560-018-0128-x
https://doi.org/10.1016/j.jclepro.2018.05.194
https://doi.org/10.1016/j.jclepro.2017.04.040
https://doi.org/10.1016/j.gloenvcha.2016.07.003
https://doi.org/10.1016/j.rser.2021.110978

Appendices

Appendix 1. Descriptive analysis (1)

Mean Standard deviation | Minimum Maximum
w1 97.93 0.71680 97.003 98.98
W2 90.00 5.91608 81.000 99.00
W3 41.13 7.79843 29.930 53.81
W4 -85.21 0.00915 -85.220 -85.20
W5 418.03 8.06601 399.686 428.12
W6 -279.40 6.74854 -295.000 -270.00
W7 -11089.20 1248.29010 -13555.300 -9377.70
W8 2442.79 221.70680 2182.800 2765.90
W9 7615.73 123.88498 7406.200 7779.60
W10 1284.72 206.84099 949.000 1622.60
w11 -1.85¢-9 1.96e+8 -2112696161 -1484648381
W12 -337.85 110.30714 -559.200 -202.90
W13 94.86 2.55525 90.100 98.40
W14 -22824.12 3002.34450 -29163.000 -18665.00
W15 89.71 3.79629 81.400 93.55
W16 89.75 3.84650 81.400 93.90
El 97.13 1.16879 96.570 100.00
E2 1.75 0.85335 0.770 3.18
E3 -6.00 0.28513 -6.590 -5.47
E4 -555.21 61.26132 -632.400 -460.30
E5 32534.53 11341.98160 17593 50078
E6 9.55 1.20763 7.400 11.10
E7 2219.53 2864.82053 10 9208
ES8 964.27 718.66329 47 2465
E9 1901.40 2363.56056 163 7335
E10 127.93 41.09652 69 196
El1 -209190.67 38699.06691 -258286 -142263
E12 -19350.13 5223.04208 -29480 -11795
E13 -104414.27 30898.85897 -155542 -59399
El4 -148362.33 9361.71215 -164762 -130715
E15 -264813.07 29048.67373 -307557 -215772
E16 683.47 88.56948 492 793
F1 -53.70 6.48757 -69.000 -44.70
F2 -173.80 9.07689 -185.200 -162.00
F3 2.19 0.31270 1.750 2.96
F4 -21.16 0.39785 -22.100 -20.60
F5 95.84 3.45354 90.050 102.00
F6 4.99e+6 418013.60992 4397532 5669209
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F7 1.52e+6 86119.57523 1374000 1653000
F8 25.65 2.50624 21.800 29.60
F9 319.40 45.19572 270.900 430.70
F10 -3.27¢-7 3.88e+6 -38272378 -27038517
F11 -88.49 14.45860 -108.718 -67.77
F12 -2.72 0.52536 -3.800 -2.10
F13 4.65 0.21321 4.330 4.93
Fl14 2990.81 538.60043 2117.999 3866.98
F15 2981.07 71.13917 2844 3112
F16 3.67 0.29921 3.400 4.20
Appendix 2. Descriptive analysis (2)
Mean Standard deviation | Minimum Maximum
wC 9.95 0.066 9.85 10.1
FP 9.83 0.0449 9.76 9.9
ED 10.7 0.0942 10.6 10.8
EF 0.98 2.2 —3.88 4.15
BL 6.54 0.124 6.2 6.68
AP 1.54 0.0461 1.47 1.6
AP2 7.13 0.164 6.86 7.39
TG 8.22 0.11 7.98 8.32
LCP 3.37 0.0989 3.19 3.54
CI 4.65 0.0437 4.58 4.72
PEB 6.71 0.147 6.3 6.88
HFB 4.08 0.287 3.71 4.75
PP 0.547 0.0757 0.445 0.703
AS 10.1 0.0662 9.96 10.2
GWA 7.51 0.114 7.3 7.66
AWC 9.3 0.111 9.15 9.51
IwWC 7.8 0.0875 7.69 7.93
LRA 6.04 0.0206 5.99 6.07
RP 8.82 0.0439 8.74 8.89
CE 0.346 2.55 —5.26 4.55
EG 1.15 0.498 —0.223 1.92
CD 5.75 1.12 3.55 7.8
CPIF 0.586 0.67 —-0.96 1.54
CPIE 4.59 0.114 4.4 4.76
PG —0.76 0.342 —-1.55 —0.263
EEB 5 0.281 4.15 5.32
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