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The demand for water, energy, and food resources increased in tandem with the world’s population, industri-
alization, and urbanization. Anthropogenic sources of environmental pollutants degrade the water resources
while population expansion contributes to rising demand for non-renewable energy resources which further
enhances the greenhouse gas emissions. Also, maintaining the food security/-safety is another challenge which
needs to be addressed for securing ‘planetary public health’. The sustainability programs, pragmatic studies, and
strategies from regulatory/scientific institutions attempt to reduce the depletion of these resources and mitigate
environmental challenges however, the individualistic approaches proves to be inadequate. Therefore, the
present review emphasizes the use of Water-Energy-Food (WEF) Nexus as a tool to combat environmental
degradation, address climate action, and achieve the Sustainable Development Goals (SDGs). In this article, we
investigate methodological paradigm and application of WEF Nexus in an inter-related framework through case
studies on water resources, energy efficiency, urban food production, food waste reduction, cross-sectoral per-
spectives, and the circular economy. It has been widely observed that excessive exploitation of these resources
influences the global food supply and demand, water availability, resilience in energy and socio-economic sector.
Also, such perturbations in water, energy, and food sectors were found to be inextricably linked with climate
change. The results further revealed that WEF nexus approach stimulates multilevel and inter-sectoral gover-
nance, thereby aiding to address the complexities and inefficiencies in achieving the SDGs. The prioritization of
WEF Nexus strategy, especially under the event of COVID-19 can be a holistic approach to sustainably utilise
natural resources to help achieve the environmental sustainability.

1. Introduction socio-political, and socio-economy sectors in COVID-19 pandemic

[3-6]. Therefore, concerted efforts to address issues related with envi-

Environmental degradation driven by multiple anthropogenic per-
turbations adversely influenced the multiple environmental matrices
such as water and soil, especially those of agriculture systems [1]. This
necessitated the need to conserve the quantity and quality of water re-
sources along-with maintaining the food security/-safety [1,2]. Further,
the abrupt surge in demand for natural resources (e.g., water, energy,
food, gases, and fossil fuels) are driven by population growth, indus-
trialization, urbanization, modern intensive agriculture, changing life-
styles, cultural and technological change which resulted in the depletion
of non-renewable sources [2]. Also, these factors escalated the energy
demand of non-renewable sources which is tightly linked with green-
house gaseous (GHGs) emissions [1]. The challenges related with envi-
ronmental sustainability and energy resilience are further exacerbated
due to altered interactions amongst various socio-ecological,
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ronmental sustainability, natural resource degradation, and energy se-
curity is need of the hour.

Lack of sufficient water resources at global scale adversely influ-
enced the human well-being and can further be an impediment to
address other existing challenges such as poverty, economic growth,
environmental degradation, desertification, climate change, and food
security [9,10]. In addition to water, achieving energy resilience in
various manufacturing and production sectors is a major challenge to
meet environmental sustainability [7]. Energy resilience is also neces-
sary to balance economic expansion with-in environmental limits and
carrying capacity of ecosystems to maintain nature sustainability [8].
Also, maintaining food security is a global challenge and a serious
concern in many developing countries [9]. The rise in global population
has escalated the demand for food stuffs that stressed the land-use
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assigned to agriculture, water resources, and sufficient energy to create
sustainable food systems [2]. The world energy system can be improved
immensely by accelerating the transition to sustainable and renewable
energy systems, however, so far the progress seems to be inadequate
[10]. Nevertheless, sustained efforts along-with financial incentives are
required in attaining the energy resilience to sufficiently address the
current climatic concerns and carbon neutral future [11]. The Inter-
governmental Panel on Climate Change also advocated the systematic
efforts for attaining energy resilience so that by 2050, renewable energy
sources may be able to provide between 70% and 85% of the world’s
electricity [12]. Despite the high electricity demand, developing coun-
tries are anticipated to play a significant role in the energy transition
since they now possess the majority of the available renewable energy
potential [13].

Past studies attempted to address the challenges linked with the
water, energy, and food sectors [14-17]. However, a holistic approach
integrating the utility of WEF Nexus in environmental management and
climate action was lacking. The individualistic approach in addressing
the WEF related issues left the other interrelated problem unaddressed.
Interestingly, as mitigation measures of one environmental challenge
advances, there may be trade-offs or synergies with issues linked with
another sectors [18,19]. Therefore, it has now increasingly being real-
ised that the challenges linked with water resources, energy resilience,
and food security are interconnected and cannot be managed separately
[20]. Moreover, the existing sectoral approaches to address environ-
mental challenges can also undermine the efforts towards mitigating
climate change and often create imbalances which impede the progress
of sustainable development programs [21]. Since the climate change
impacts are considered to be multi-dimensional, therefore there exists
an urgent need of the cross-sectoral perspective to adequately respond to
this global challenge. Therefore, climate action can be addressed effec-
tively with incorporation of WEF Nexus approaches [22].

A cross-sectoral approach is therefore the need of the hour to address
climate action and sustainable environmental management [23]. Since
water, energy, and food resources are inextricably linked with the
on-going climate change, therefore, the issues linked with these re-
sources can be addressed sufficiently through incorporation of WEF
Nexus framework in proposed mitigation measures [23]. The need of
WEF Nexus is further ascertained at global scale as about 844 million
people do not have access to safe drinking water [24]. Further 1.1 billion
people do not have access to clean energy and incidentally 50% of them
belongs to African continent [25]. In this respect, around 815 million
people also do not have secure access to food in order to fulfil their di-
etary and nutritional requirements [26]. To this end, the WEF nexus
offers the integrated approach to analyse the synergies and trade-offs
amongst the water, energy, and food sectors in order to manage and
maximise the sustainable utilisation of these resources [2].

In recent decade, few studies therefore, investigated the solutions of
environmental problems in WEF Nexus framework [27-30]. Few re-
views have been made on how the nexus approach provides a practical
perspective in relation to environmental sustainability [31]. Other dis-
cussions tried to explore that how the nexus approach can be effectively
implemented for climate change adaptation [32]. However, knowledge
gaps still exist in adequate exploration of cross-sectoral application of
WEF Nexus to achieve human well-being, energy resilience, food secu-
rity, and sustainable environment. Hence, this review attempts to pro-
vide a link between the WEF Nexus and the SDGs as an integrated tool
for climate change mitigation.

The incorporation of WEF Nexus in environmental management can
also facilitate the United Nations (UN) SDGs. The UN has presented 17
SDGs to address climate change along-with other environmental and
socio-economic problems to help achieve sustainable development [33].
The UN resolutions on SDGs and approved objectives are intimately
linked with the sustenance of water, energy, and food resources [34].
Nevertheless, prior to the pandemic, there has been uneven progress
toward achieving thel7 SDGs, which was further hampered after the
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outbreak of COVID-19 [35]. To this end, the water, energy, and food
(WEF) Nexus strategy is also an effective tool for attaining the SDGs by
2030 [33,36].

The studies conducted on WEF Nexus after 2016 did not assess the
effects of COVID-19 on its functional aspects and implementation. The
COVID-19 pandemic has been especially devastating to developing na-
tions especially in terms of adequate availability and distribution of
water and food resources [37]. The pandemic restrictions on mobility
have led to shortages of agricultural output, enforcing farmer livelihood
losses, and resulting in an inadequate food supply [38]. The pandemic
has also caused fluctuations in energy demand and pattern of con-
sumption [39]. Also, the COVID-19 outbreak resulted in an increased
use of water resources, especially in domestic and healthcare sectors
[39]. Furthermore, majority of SDGs especially SDG 2 (Zero Hunger), 6
(Clean water and sanitation) and 7 (Affordable and clean energy) are
projected to suffer setbacks due to the adverse impacts of COVID-19
which further jeopardize efforts towards attaining SDG 13 i.e., climate
action [40,34].

In light of the above knowledge gaps the present article attempts to
provide state of art information on the "WEF Nexus", its functionality,
and its relevance for environmental remediation and climate change
mitigation. Present discussion also attempted to investigate the rele-
vance of managing the multiple nexus sectors to promote synergies and
to monitor and reduce trade-offs by using the interactions amongst
multiple sectors. Additionally, the interactions amongst the various
sectors of the WEF Nexus were also investigated in this review. Further,
the discussion extends to investigate that how interactions amongst
three sectors (i.e., water, energy, and food) can be the strong driving
force behind accelerating the efforts towards environmental manage-
ment and climate action. The potential use of WEF Nexus approach in
the achieving the resilience in energy and economic sectors as well as
augmentation of the progress towards attaining SDGs was further
investigated. The impact of COVID-19 on the multiple sectors of the WEF
Nexus and achievement of the SDGs were also investigated. The linkage
between the WEF sectors and SDGs were also investigated so as to attain
energy resilience, food and water security, to promote environmental
sustainability and circular economy. In brief, this review paper aims to
emphasize the use of Water-Energy-Food (WEF) Nexus as a tool to
address climate action and environmental management which can
effectively accelerate the achievement of SDGs.

2. Methodology

The methodology used in this article consists of a thorough analysis
of academic literature and the proposition of a systematic imple-
mentation of the nexus concept. ‘Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA)' was used in the
identification and selection of articles in the methodology [41]. In this
respect, Fig. 1(a) explicitly elucidates the schematic lay-out of the
PRISMA and different steps elaborating the role of WEF Nexus indicators
in environmental management, energy resilience, and climate action.
Step 1 presents the research platforms used i.e., ScienceDirect and
Google Scholar. In step 2, identification of papers was carried out using
the ‘Water-Energy-Food Nexus’ linked keywords and the articles be-
tween 2015- 2022 were prioritized. Further, step 2 revealed a total of
9950 papers from the research platforms, out of which 7914 papers were
identified from ScienceDirect while 2036 papers were identified from
Google Scholar. In step 3, the collected literature was further identified
and filtered using four filters: (a) Research papers, review papers, book
chapters and conference proceedings (b) Peer reviewed journals with
impact factor (c) The scope of journals that include Climate action,
Sustainable Development Goals, COVID-19, Food security, Energy
resilience (d) Papers that explicitly employ the nexus concept for man-
agement of the WEF sectors and the interaction between them. After the
application of filters, 153 papers were selected for this study. The
selected papers were analysed based on the classification criteria to
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Step 1. Selection of research platforms = ” Step 2. i ion of the papers Step 4. Analysis of papers:
[eywords: Classification of criteria
ScienceDirect | Water-Energy- ScienceDirect, n=7914
N Food Nexus Literature identified 2
Research  1*|igentification -‘ —{ through Database | Google Scholar, Literat PRISMA
Google Scholar(|_Platforms ‘ searching, n= 9950 | | n=2036 Literature survey (PRISMA)
1 Literature screened (n) = 4026

Literature used (n) =153
Literature excluded (n) =3873

Step 3. Selection of the papers

Records after
/ duplicates Research articles, Review articles, Book l
removed, n=4026 chapters and conference proceedings -
Screening e o e —| Analysis
l criteria
Eligibility Peer viewed journals with impact factor
Filters applied to
v select the papers | | Inadequacy of Individualistic
- Selected The scope of journals that include Climate action, Approach
Included 2:'3195":’ Sustainable Development Goals, COVID-19;
Food security; Energy resilience Cross-sectoral
l u Approaches
Literature excluded, Papers that explicitly employ the nexus concept for
n=3873 management of the W-E-F sectors and the
interaction between them Nexus Elements:
B Water, energy & food
Current review with WEF Organization  of information | | Interaction of the
nexus approach, utility and needed for understanding the NEX8 Serton
implications on: Climate action, | WEF Nexus: - -
Environmental management, Concept and implications on L Cllmatggglon and
. S
SDGs, Circular economy and Environmental management and
VEESF seeunity Climate Action
Fig. 1(a). Flowchart of the methodological process and novelty linked with present review.
empirically address (i) Inadequacy of individualistic approach (ii) 2015 to 2023 was conducted further in accordance with specific themes
Cross-sectoral approaches (iii) Nexus elements: Water, energy and food, linked with WEF Nexus. In the year 2015, i.e., about 4 years after the
and (iv) Interactions amongst nexus sectors (v) Climate action and SDGs conceptualisation of the WEF Nexus, an estimate of 112 articles on
(Fig. 1(a)). “Water-Energy-Food Nexus” were identified using Google Scholar plat-
The year-wise categorization of selected articles which ranged from form, out of which 6 belonged to the category of review articles.
500 Y= No. of articles published
X=Years
400
300
200
100 I I
0
2015 2016 2017 2018 2019 2020 2021 2022

M total article M Review paper

Fig. 1(b). No. of articles published on the topic that concerns Water-Energy-Food Nexus. (Source: Google Scholar).
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However, the number of published articles increased along with the
years as shown in Fig. 1 (b). To this end, the year 2022 saw the highest
amount of articles written on the WEF Nexus topic, indicating that this
integrated method and concept received wide recognition and
constantly evolving over time. Although there is a growing body of
literature on the WEF Nexus, there are still limitations in relation to
applicability of nexus models for policy recommendations [42]. It can be
helpful to comprehend how nexus issues have changed over time in
order to build a sustainable framework for integrating WEF resources
[43]. Out of the published WEF Nexus literature from Google Scholar, a
few of them are linked with climate change and action as shown in Fig. 1
(c). In this respect, the year 2020 recorded the highest number of lit-
eratures that link the WEF nexus with climate change.

3. The water-energy-food nexus: concept and inter-related
sectors

The word nexus was initially used in conjunction with natural
resource management during 1980s in an UN initiative in order to
establish a link between energy and food [8]. The term “WEF Nexus”
was formally conceptualized at the Bonn International Conference, 2011
with an aim to give a solution for environmental challenges and pave the
way to sustainable development [44]. The word "nexus" literally means
“to connect” [45]. Since the emergence of the word ‘nexus’ in 2008, it
has been widely debated, explored, and promoted in global scientific
and regulatory Institutions. Water, energy, and food are inextricably
linked, creating a policy nexus [46]. The term describes the interaction
of two or more elements and attempts to assess whether they are
dependant or independent with respect to each other. The WEF Nexus is
the study of the connections amongst the three sectors, as well as the
synergies, and trade-offs that arise from how they are managed, such as
the interaction between water and energy; water and food, and inter-
action between energy and food [47,48]. The WEF Nexus has been
proposed as a vehicle for moving civilization along a path that maxi-
mises the efficient use of natural resources such as water, soil, and en-
ergy [49]. In fact, the nexus emphasises non-linear system analysis and
dynamic feedbacks across all sectors (Fig. 2). The inception of WEF
Nexus was perceived differentially amongst professionals from global
scientific and regulatory institutions [50]. The experts from energy
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sector refers to the energy-water-food (EWF) nexus, hydrologists and
water engineers refer to it as the water energy food (WEF) nexus, while
agriculturalists refer to it as the food-energy-water (FEW) nexus [51].
The conceptual approach to the WEF Nexus is often based on the
perspective of the particular researcher or policy-maker, as evidenced by
this variation in terminology [52]. The disagreement or research-centric
derivation about the exact meaning and use of the nexus suggests that it
is still a developing or gradually evolving concept [53].

The issues facing development are cross-cutting, and most resources
are also transboundary in character [54]. Emerging cross-sectoral
methods like WEF Nexus could be effective in this regard [32]. In nat-
ural resource management, the WEF Nexus is widely defined as a
method that analyses interconnections, synergies, harmonisation, and
trade-offs across water, energy, and food [36]. Further, the WEF Nexus is
a significant instrument in climate change adaptation because of its
integrated response to resource planning and sustainable environmental
management. In this context, it is evident that during the initial years of
the implementation of the nexus, the dominant conceptualizations in the
existing literature were inherently depoliticized and fail to take into
account the historical, social, and political trajectories pertaining to
regulatory frameworks for water, food, and energy [55]. According to
Foran [55], incorporation of social and political context can be done by
recasting the Nexus with an explicit assessment of current water, food,
and energy provisioning services [56].

4. Cross-sectoral approaches of the WEF nexus
4.1. Water sector

Freshwater reserves are sufficient to meet global demand, but un-
even distribution and other factors have resulted water scarcity in some
areas [57]. According to UN estimation, 1.2 billion people live in places
with water scarcity while another 1.6 billion live in areas with economic
scarcity [57]. In terms of water availability, 748 million people lack
access to drinking water [58]. Growing demand, unsustainable with-
drawal rates, degradation of source water quality, and changing climate
patterns are all likely to exacerbate water resource depletion, both in
terms of quantity and quality. Water scarcity has a direct impact on
human consumption while it exerts indirect effects on energy supply,

Y= No. of articles published

X= Years

2019 2020 2021 2022

articles

Fig. 1(c). No. of articles that link WEF Nexus with Climate Change and action. (Source: Google Scholar).



Lalawmpuii and P.K. Rai

Energy Nexus 11 (2023) 100230

J- ]

e |[rrigation
Processing

B

WATER Water quality
e Energy e Irrigation
generation e Fertilizers
e Cooling e Harvesting
e Extraction * Processing
e Transport e Storage
e Pumping \
o Water
Treatment
g dicli Bioenergy Production
¢ Water
distribution

Fig. 2. Interconnection between the three sectors of the Water-Energy-Food Nexus with detailed non-linear processes that occurs between them. (modified and

drawn after IRENA, 2015).

food production, and the ecosystem [59]. Technical barriers to water
access in industrialised countries include problems with groundwater
extraction and the degradation of surface water sources [60]. In recent
decades, excessive groundwater withdrawal can have a variety of re-
percussions, including increased soil salinity, water stress, and vegeta-
tion changes [61]. Therefore, the Bonn 2011 Nexus Conference
underlined the importance of the water sector in the nexus together with
other sectors [44,62]. Nevertheless, placing the water sector in the
centre of the nexus may jeopardize the initial goal of generating a clear
cross-sectoral view and response alternatives that outperform typical
sectoral approaches [63,64,50]. Water sector operations include water
supply, sanitation and hygiene services (WASH), water resources man-
agement (WRM), irrigation, hydropower, and activities related in water
policy making, administration, and management, as described by the
SDG 6 i.e., ‘clean water and sanitation’ [65]. Future availability and
demand can be bridged with proper site management, which unques-
tionably calls for effective governmental involvement.

In the recent years, WEF Nexus is adversely influenced by the
outbreak of COVID-19. Water has a more significant impact on the
spread and management of the virus than the other sectors of the nexus
[40,39]. The institutional (e.g., World Health Organization) recom-
mendation to routinely wash hands for preventing the transmission of
infectious diseases stressed the water resources [66]. To this end, poor
communities were usually deprived of adequate access to water and
sanitary facilities, which made them more susceptible towards fighting
the pandemic [67]. Moreover, COVID —19 outbreak stressed the world’s
water sector which may be tightly linked to other environmental chal-
lenges such as climate change, rapid population growth, aged and
inadequate infrastructure, and poorly planned urbanisation [68].

4.2. Energy sector

Rise in energy demand is ascribed to multiple factors such as

population expansion and industrial growth [69]. Despite the avail-
ability of renewable energy sources, fossil fuels are predicted to remain
the primary fuel source, accounting for about 80% of total energy sup-
plies in 2023. However, surge in renewable energy demand is observed
in global landscape which is projected to grow in coming decades [70].
If this trend of exploring renewable energy options is sustained, then the
use of coal is anticipated to decline in the majority of regions while oil
demand will still be on the rise [71].

In 2019, total worldwide energy consumption was primarily divided
into four categories [72]. To this end, 22% energy was utilised for
electricity, 63% dissipated as heat generated from combustion of fossil
fuel and hydrocarbon or oil products in engines [72]. Another 11% was
consumed in household for cooking and heating in the form of biofuels,
such as dung and wood and the remaining 3% was consumed as heat by
other sources (Fig. 3) [72]. The energy consumption rate has changed
slightly since 1995, incidentally in the similar time-span when first UN
Climate Change Conference of Parties was held [73]. In recent
perspective, the COVID-19 pandemic had significant influence on en-
ergy demand global CO; emissions, and global economy [74,75].
Therefore, in order to prevent the global warming, the global energy
system must rapidly decarbonize [76]. In this respect, U.N. climate
conferences predicted that the percentage of low carbon power gener-
ation increased only from 13.4% to 20.5% in last 30 years [62]. The
share of low carbon electricity was high in 1995 (36%), however, this
share has declined drastically over the years [76]. The challenges of
multi-objective decision making in the energy industry are trade-offs
between energy security, universal access to cheap energy services,
and environmentally responsible energy production system and usage
[77]. Recent findings indicate that the grim scenario of energy resources
during COVID-19 pandemic has slowed down global progress towards
achieving SDGs by 2030 [78].

A sudden change in lifestyle brought by the pandemic led lockdown
has drastically raised the demand for electricity in residential complexes
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Fig. 3. Final Global Energy Consumption in 2019, data by IEA (2022). [53].

while succinctly decreased its demand in businesses and industrial sec-
tors, which has an impact on the national energy demand profile [79]. In
view of these aspects, the transition of conventional energy sources to
sustainable and renewable energy systems must be accelerated in order
to meet the SDGs [10]. To this end, the use of increased energy efficiency
and renewable energy technology should be encouraged in rural areas
by substituting fossil fuel subsidies [25]. In this respect, emerging na-
tions must implement the fossil fuel subsidy swap in order to address the
challenge of energy scarcity [80].

4.3. Food sector

Increased production of food is necessary to secure future nutritional
demand, but simultaneously it’s also crucial to sustainably utilise the
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existing amount of food produced [81]. It has been predicted that to
sustain the food security of 9.1 billion projected population by 2050,
food production worldwide should increase by over 70% between 2005
and 2007 and 2050 (see Fig. 4) [26]. In context of developing nations
also, production of food needs to be doubled to achieve food security
[82,83]. In addition to food security, upsurge in the production of global
food waste is another challenge faced in recent times. Globally, nearly
one-third (1.3 billion tonnes per year) of the edible portions of food
produced for human consumption are lost or wasted [84]. Food waste
can jeopardize the agricultural economy and food security [85]. Further,
the disposal of food in landfills produces methane, thereby contributes
significantly to GHG emissions [86]. Additionally, GHGs such as CO, is
released from the processes involved in the production, handling, and
transportation of food [86].The effective operation of food sector

1500 2000 2500 3000 3500 4000

W 2050 m2005/2007

Fig. 4. Comparison of per capita food consumption of different countries. Data from FAO, 2017.
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includes sustenance of agricultural production, livelihood protection of
small scale farmers, and providing equal access to land, technology,
sustainable food production systems, and resilient agricultural practices
[82,83]. All of these goals are integral part of SDG 2 i.e., Zero Hunger.
For most developing countries, achieving SDG 2 is critical since it con-
tributes to environmental sustainability and economic prosperity [35].

The global pandemic influenced four components of food security
such as availability, access, utilisation, and stability [79]. The COVID-19
epidemic has served as a wake-up call for food systems, which have been
unsteady for decades [82]. COVID-19 crisis has remarkably altered food
systems in terms of its effects on demand, supply, distribution of food,
and consumer behaviour [7]. With outbreaks that have shut down
multiple facilities globally, COVID-19 has impacted various activities in
fisheries, livestock, agriculture, and their linked supply networks [83].
In post COVID phase, issues related with in-equitability of food sectors
can be addressed by effective governance, emphasising sustainable food
production and consumption, and employment to local agricultural
workers to help achieve food security and SDGs (e.g., SDG 1 and SDG 2)
[84,85]. Understanding sustainable food production systems and con-
sumption patterns may be highly effective in addressing the adverse
environmental and social effects of food wastes [81].

5. Interactions amongst sectors of the nexus
5.1. Water-energy interactions

Water and energy are inextricably interwoven and interdependent,
as water resources accounts for 90% of worldwide power generation [2].
Furthermore, water demand for energy production is projected to rise by
85% over the next two decades and result in higher global water with-
drawals [92,80]. This upsurge in water demand is an outcome of the
global transition to higher-efficiency power plants with more advanced
cooling systems and increased consumption in biofuel production [92,
80].

The amount of water used in the energy sector is variable and
dependant on the energy harvesting technology, the source of input
water used, and the type of fuel used [93]. For instance, thermal power
plant is water intensive industry due to extensive operation of cooling
systems [93]. Similarly, hydropower plants are entirely dependent on
heavy consumption of water resources [94]. Hydropower plants are the
major sources of freshwater depletion in the developed nations such as
United States which utilise 41% of surface water [87]. It has been pre-
dicted that in the year 2035, worldwide energy demand is expected to
rise by 35%, which may increase water requirement by 20% [88].

Biofuel manufacturing and biorefinery industries require more water
resources when compared with fossil fuel-based goods [89]. Encour-
aging the biofuel industry in the transportation sector such as by
providing subsidies has stressed land and water resources which were
assigned for agricultural food production [89]. Extraction of water re-
sources for multiple agricultural and domestic uses is also energy
intensive process [90]. In this respect, desalination of seawater is the
process which utilise more energy than those involved in extraction of
surface and groundwater [91]. Multiple processes linked with water and
wastewater treatment facilities are also energy intensive [88-90].

5.2. Water-food interaction

Agriculture is the major consumer of freshwater, accounting for over
70% of total usage [94]. Production, processing, and distribution of food
crops demand excessive use of water resources. Water from the irrigated
agricultural fields can be percolated and joins groundwater with fertil-
iser and pesticide contaminants [88]. Food processing and
manufacturing industries potentially utilise water resources and simul-
taneously release wastewater effluent into the freshwater environment
[95]. The production of edible crops for human consumption require
excessive quantity of water which may be considered as the direct
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depletion of water resources. On contrary, the rapid increase in the
global generation of the food waste can be considered as indirect
depletion of water resources [96].

5.3. Food-energy interaction

Sustained production of the edible crops is necessary to achieve SDG
2 (Zero hunger), however, raising crops is an energy consuming process
[97]. Hence, farmers are motivated to improve energy efficient devices
with low operating costs to facilitate climate smart agriculture [98].
Agriculture is largely dependent on the energy sector which can be
consumed either directly or indirectly [99]. The manufacturing of
agricultural equipment and agro-chemicals such as fertilizers and pes-
ticides can be considered as indirect utilization of energy in agriculture
[100]. Whereas, the direct consumption of energy in agriculture is
mainly subjected to the tube-well engines assigned to pump surface
water for irrigation [100]. A substantial portion of agricultural pro-
duction such as food processing activities are energy intensive, therefore
wastage of food stuffs can be considered as energy loss [26].

5.4. Water- energy- food interaction

Food, energy, and water systems are interrelated in an intricate
manner [101]. This complex inter-relationship is ascribed to simulta-
neous increase in demand for WEF resources in multiple sectors of
agriculture and industries [101]. These linkages between the water,
energy, and food systems can result in trade-offs but can also provide
synergies depending on the formulated policies [102]. For instance, the
water sector plays a significant role in the generation of electrical energy
through hydropower plants and also in the production/cultivation of
food crops through irrigation [103]. Hydropower plants are an ideal
example of beneficial interactions amongst water, energy, and food
sectors [104]. There exists multiple interactions between hydropower
and other nexus sectors [104]. The hydropower plant impounded res-
ervoirs can be utilised for addressing the food as well as energy security
[104]. In addition to producing energy, the water stored in the reservoirs
of hydropower plants can be used for aquaculture, agricultural irriga-
tion, industrial activities, and domestic purposes [105]. However,
trade-offs are often observed between hydropower generation and food
production in certain cases where large scale crop cultivation are
dependent on irrigated water system [64,106]. Similarly, the energy
sector is widely utilised in the purification and supply of water [47].

Energy is further used in the machinery for harvesting crops, fertil-
isers industry, and as fuel (e.g. liquid petroleum gas) in the preparation
of food [47]. Likewise, the energy crops from food sector has the po-
tential to contribute to the generation of bio-fuel [107]. Perhaps, the
most prominent interaction between food, energy, and water may be the
production of first-generation biofuels [103,108]. Bio-ethanol and
bio-gas can be synthesized from energy crops through fermentation and
anaerobic-digestion [107,109). The majority of first-generation biofuels
are produced from crops like maize and cereals that could be used as
food resources [104]. For the large- scale cultivation of these crops,
water and energy systems are involved intensively [109,110]. Further,
the potential rise in demand of renewable energy like biofuels can
indirectly elevate the prices of the key crops and thereby causing a
trade-off between energy and food sectors [111,19]. This phenomena
fosters competition between the food and energy sectors in view of
raising edible crops for energy production [112]. The renewable energy
produced from the water (e.g. hydropower energy) and food sector (e.g.,
bioenergy) contributes to climate action and SDGs as they help in
minimizing the GHG emissions [113]. Furthermore, these renewable
energy options can be employed to reduce the trade-offs amongst the
sectors of the nexus [114].
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6. Linking WEF nexus with climate change

The WEF Nexus is applicable to address multiple environmental
challenges like climate change [115,116]. Natural resource depletion,
economic expansion, urbanisation and industrialisation are inextricably
linked with the climate change [44]. These interrelated framework of
environmental challenges with climate change emphasized the need of
WEF Nexus to attain environmental sustainability [117]. The need for
the WEF nexus is further evidenced by the failures of sector-driven
management approaches in addressing climate change [118]. There-
fore, Al-Saidi and Elagib, (2017) predicted that climate change can be a
crucial driving force for the WEF Nexus implementation [118].

In order to mitigate and adapt to climate change, it is anticipated that
by 2030, the food production should rise by 50% and energy resources
by 30% while there is an urgent need to conserve additional 30% fresh
water resources (Fig. 5) [119]. Extreme weather events linked to climate
change, such as droughts and floods have emerged as the most pressing
challenges to sustain emerging economies. Climate change induced
temperatures rise and shift in rainfall patterns will have profound
impact with limited financial incentives for adaptation and resilience
[120]. The World Economic Forum during 2011 released a significant
report, alerting world leaders to the importance of examining the in-
terrelationships between key global challenges [121]. Rising global
temperatures significantly impacted the global water, food, and eco-
systems. Rising sea levels and flooding will be most severe in the
mega-deltas, which are critical for food production [119]. Global GHG
emissions should be decreased by at least 50-60% by 2050 compared to
current levels and WEF Nexus can play a crucial role in achieving this
target [119]. WEF Nexus is in fact considered to be a socio-ecological
systems approach to address climate change [54]. Extreme weather di-
sasters (e.g., droughts and floods) is rather more frequent in present
scenario which can influence agrarian based economies [40].

Renewable energy options such as biofuel is tightly linked to WEF
Nexus and climate change, as their production requires natural re-
sources to minimise GHG emissions [122]. In this context, Nzuma [123]
has proposed several climate change adaptation strategies for the
climate change hotspot or vulnerable regions, including (i) Promoting
climate smart agriculture (ii) Developing Early Warning Systems (EWS)
(iii) Integrated water resource management (iv) Promotion of
low-carbon renewable energies and (v) Increasing monitoring and
modelling capacities across each of the WEF sectors [123]. Also, in WEF
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Nexus perspective, improved transboundary natural resource manage-
ment can facilitate climate proofing to accelerate the efforts towards
climate action. Henceforth, implementing the WEF Nexus into envi-
ronmental management policies can augment energy resilience and
nature sustainability to facilitate climate action [123].

7. WEF nexus in environmental management and sustainable
development

The WEF Nexus strategy uses pragmatic approach to facilitate
logical, efficient, and balanced management of environment, natural
resources, and socioeconomic systems [124]. The WEF Nexus method
takes a holistic and multi-sectoral approach for promoting sustainable
development and addressing the problems imposed by global environ-
mental change [125,126,44]. As a result, effective Nexus management is
required to accomplish the United Nations’ SDGs [127,128]. Water,
energy and food security are crucial factors of WEF Nexus and envi-
ronmental management which can be addressed in totality through
global institutional collaboration and financial incentives [129].
Anthropogenic disturbances and modern intensive agriculture signifi-
cantly stressed WEF resources which impeded the progress towards
achieving the SDGs and environmental management [130]. The
COVID-19 pandemic has further impeded the progress of the SDGs,
which need focused attention in the future studies [131]. Therefore,
during COVID-19, building the institutional capacity and raising
awareness about the constraints linked with WEF Nexus is required
[132].

Past studies attempted to validate the nexus utility for integrated
environmental management and sustainable development [134]. Addi-
tionally, Griggs proposed a more coherent environmental and social
framework with measurable aims in relation to the SDGs [133]. Com-
ponents of WEF Nexus inextricably relate to a distinct SDG, with po-
tential to reduce environmental footprint [83,134]. In addition to SDGs,
the WEF nexus also provides a broader framework for accelerating
Circular Economy that includes improved design (redesign) and mate-
rials management (Fig. 6) [68,134,31]. The integration of WEF Nexus in
environmental management policies can therefore significantly
contribute to UN-SDGs, circular economy, and climate action which are
intimately linked with the sustainable development [51,135] (Fig. 7).

The nexus approach’s novelty is that it begins to address issues like
land tenure, market access, and equity issues that previous approaches

FOOD

Increased demand
50% by 2030(FAQ)

WATER

Increased demand
30% by 2030(IFPRI)

Fig. 5. Illustration of Beddington’s Perfect Storm Scenario [46].



Lalawmpuii and P.K. Rai

POLLUTION

Energy Nexus 11 (2023) 100230
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Fig. 6. Linking the WEF Nexus with the Circular Economy and SDGs (a modification of Wang et al., 2021 Credit (symbols): United Nations.

have overlooked, despite their interlinkage with environmental man-
agement [136]. The WEF Nexus concept can be implemented across
many industries to achieve environmental sustainability. For example,
farm efficiency can be increased by implementing sustainable tech-
niques such as collecting rainwater, creating photovoltaic electricity,
producing biogas, and bio-fertilizers [137]. These methods will reduce
the pressure on non- renewable energy sources and provide reasonable
solutions to achieve WEF security [137]. Probabilistic analysis and
stochastic models are required to promote accurate nexus data in order
to aid in risk management decision-making [138]. By taking into ac-
count stochastic components, this strategy may be able to decrease
global risks and promote greater system integration [139]. WEF Nexus
can help managers or policy makers to decide on the ’inside-out
perspective’ that include numerous examples of interrelated-issues [44].
Good governance can also be a vital factor in strengthening WEF nexus
to help achieve sustainable development and environmental manage-
ment [139]. Increasing financial incentives in technology innovation
can also be helpful in accelerating the WEF prospects for attaining en-
ergy resilience and SDGs [45]. Promoting the collection, analysis,
sharing, and discussion of multi-sectoral data on the WEF Nexus will
help refine knowledge and offers empirical data to support environ-
mental management [132]. Thus, cross-sectoral WEF interactions can
sustainably manage the environment with explicit trade-offs and syn-
ergies [140,141].

8. Effects of COVID-19 on the WEF nexus

The COVID- 19 pandemic has significantly impacted the WEF Nexus
and disrupted the supply-demand of associated resource sectors [35].
The impact of the COVID- 19 pandemic can be classified into direct and
indirect impacts [142]. The direct impacts on WEF Nexus are the con-
sequences of the virus spread or contamination into food and water
matrices while the indirect impacts are the socioeconomic and

environmental repercussions brought on by lockdown restrictions
[142]. After the onset of the pandemic, upsurge in water consumption
was observed due to hygiene requirements such as washing of hands,
disposal and sanitation of COVID-19 treatment materials, and disinfec-
tion of containment zones [39]. In general, it was observed that water
consumption has increased in the medical and household sectors when
compared with the water demands before the occurrence of pandemic
[143]. This increased use in water resources was due to lockdown
induced stay at home and recreational activities like gardening [138].
On contrary to increased domestic uses, the demand of water in the
industrial sectors was significantly lower during the pandemic than the
pre-pandemic phase which was attributed to suspension of industrial
activities [143]. Similarly, the energy sector also faced significant
challenges as a consequence of COVID-19 [144]. Fluctuating energy
demands were observed as immediate impacts of the COVID-19 [145,
143]. Before the pandemic, the industrial sectors were primarily
responsible for the increased demand of electricity. However, energy
demand was significantly decreased due to the pandemic driven in-
dustrial shutdown [146,147]. The global energy demand bounced back
to the pre-pandemic phase after the relaxation of COVID-19 lockdown
restrictions to revitalise the economic and industrial activities [146].
The COVID-19 pandemic brought several challenges to the energy
sector, especially paradigm shift in their use pattern and associated
environmental impacts [144]. Furthermore, the COVID-19 has
adversely influenced the renewable energy sector due to the suspension
of subsidies of financial incentives [147]. Pandemic effects were also
noted in agricultural sector due to unequal access and distribution of
food, especially to the marginal population [148]. According to reports,
COVID-19 left rural residents in severe socioeconomic stress because
they had limited access to indigenous food sources [37,40]. However,
the global food consumption was higher during the pandemic as
compared to the food consumption during pre-pandemic phase [149].
The pandemic restrictions on mobility adversely influenced the
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employment, farmers’ income, and rural livelihood [38]. Additionally,
disruptions in agricultural exports affected the global food trade [150].
Food shortages and food waste across the supply chain were triggered by
the COVID-19 pandemic, which further disrupted the food systems
[151]. Furthermore, the COVID-19 pandemic has impeded the progress
towards the achievement of the 17 SDGs [147]. The WEF nexus is
inextricably linked with the SDGs and out of the 17 SDGs, 3 goals namely
SDG 2 (Food), SDG 6 (Water), and SDG 7 (Energy) are widely influenced
by the nexus [152]. In addition to SDGs, the pandemic has adversely
influenced energy resilience, water resources, food security, and human
health [3].

9. Conclusion

The WEF Nexus approach serves as a significant tool to manage the
multiple sectors of natural resources and analyses the synergies and
trade-offs amongst them. The nexus framework provides integrated
water, energy, and food resource management approach to achieve
major SDGs linked with human well-being. In addition to SDGs, the
incorporation of cross sectoral WEF Nexus approach can augment the
circular economy. The climate change adaptation can also be increased
through monitoring and modelling capacities linked with multiple sec-
tors of WEF Nexus. Facilitating renewable energies, sustainable water
resource utilization, and circular economy can also augment the efforts

10

towards climate action. The recent COVID-19 pandemic has a great deal
of impact on the energy resilience, water resources, and food security.
Thus, the deleterious impact of COVID-19 on the water, energy, and food
sectors imposed constraints to achieve the SDGs. Nevertheless, an
effective integration of WEF nexus in policy framework for environ-
mental management and climate action can therefore help achieve the
multiple SDGs for sustainable global development.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgments

Authors are grateful to the DST-Nexus Project WTI vide no. DST/
TMD/EWO/ WTI/2K19/EWFH/2019 (C) for financial assistance.



Lalawmpuii and P.K. Rai

References

[1]

[2

—

[3]

[4]

[5

o)

[6

o)

[7

—

[81
[91

[10]

[11]

[12]

[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

L. Bizikova, D. Roy, D. Swanson, H.D. Venema, M. McCandless, The Water-
Energy-Food Security Nexus: Towards a Practical Planning and Decision-Support
Framework For Landscape Investment and Risk Management, International
Institute for Sustainable Development, Winnipeg, 2013, pp. 16-20.

FAO, The Water-Energy-Food Nexus: A New Approach in Support of Food
Security and sustainable agriculture, Food and Agriculture Organization (FAO) of
the United Nation, 2014.

P.K. Rai, C. Sonne, H. Song, K.H. Kim, Plastic wastes in the time of COVID-19:
their environmental hazards and implications for sustainable energy resilience
and circular bio-economies, Sci. Total Environ. 858 (2) (2022) 159880.

A. Endo, 1. Tsurita, K. Burnett, P.M. Orencio, A review of the current state of
research on the water, energy, and food nexus, J. Hydrol. Reg. Stud. 11 (2017)
20-30.

Meadows, D.H., Meadows, D.H., Randers, J., & Behrens III, W.W. (1972). The
Limits to Growth: A Report to the Club of Rome (1972)., 91, 2 (https://www.cl
ubofrome.org/publication/the-limits-to-growth/) (Accessed 15th December
2022).

S. Khan, M.A. Hanjra, J. Mu, Water management and crop production for food
security in China: a review, Agric. Water Manage. 96 (3) (2009) 349-360.
Paola, T. (2020). Interim Issues Paper on the-Impact of COVID-19 on Food
Security and Nutrition (FSN).

J.D. Sachs, The age of sustainable development. The Age of Sustainable
Development, Columbia University Press, 2015.

G. Van den Broeck, M. Maertens, Horticultural exports and food security in
developing countries, Glob. Food Sec. 10 (2016) 11-20.

M.M.V. Cantarero, Of renewable energy, energy democracy, and sustainable
development: a roadmap to accelerate the energy transition in developing
countries, Energy Res. Soc. Sci. 70 (2020), 101716.

C. Kennedy, J. Corfee-Morlot, Past performance and future needs for low carbon
climate resilient infrastructure-An investment perspective, Energy Policy 59
(2013) 773-783.

IPCC, Summary for Policymakers” in Global warming of 1.5 °C. An IPCC Special
Report on the impacts of global warming of 1.5 °C above pre-industrial levels and
related global GHG emission pathways, in the context of strengthening the global
response to the threat of climate change, sustainable development, and efforts to
eradicate poverty, in: Sustainable Development, and Efforts to Eradicate Poverty,
32, World Meteorological Organization, Geneva, Switzerland, 2018.

H. Lund, P.A. @stergaard, D. Connolly, B.V. Mathiesen, Smart energy and smart
energy systems, Energy 137 (2017) 556-565.

M. Harvey, S. Pilgrim, The new competition for land: food, energy, and climate
change, Food Policy 36 (2011) S40-S51.

V.H. Dale, R.A. Efroymson, K.L. Kline, The land use—climate change-energy
nexus, Landsc. Ecol. 26 (2011) 755-773.

J. Dai, S. Wu, G. Han, J. Weinberg, X. Xie, X. Wu, Q Yang, Water-energy nexus: a
review of methods and tools for macro-assessment, Appl. Energy 210 (2018)
393-408.

S. Ahmad, H. Jia, Z. Chen, Q. Li, C. Xu, Water-energy nexus and energy efficiency:
a systematic analysis of urban water systems, Renew. Sustain. Energy Rev. 134
(2020), 110381.

ICSU, Guide to SDG Interactions: from Science to implementation, International
Council for Science, Paris, 2017. DJ Griggs, M. Nilsson, A. Stevance, D.
McCollum.

A. Afshar, E. Soleimanian, H. Akbari Variani, M. Vahabzadeh, A Molajou, The
conceptual framework to determine interrelations and interactions for holistic
Water, Energy, and Food Nexus, Environ. Dev. Sustain. 24 (2022) 10119-10140.
G.H. Brundtland, Report of the World Commission On Environment and
Development:" Our Common Future, UN, 1987.

S. Mortada, M. Abou Najm, A. Yassine, M. El Fadel, I. Alamiddine, Towards
sustainable water-food nexus: an optimization approach, J. Clean Prod. 178
(2018) 408-418.

M.F. Chersich, C.Y. Wright, Climate change adaptation in South Africa: a case
study on the role of the health sector, Glob. Health 15 (1) (2019) 1-16.

S. Mpandeli, D. Naidoo, T. Mabhaudhi, C. Nhemachena, L. Nhamo, S. Liphadzi ...
&, A.T. Modi, Climate change adaptation through the water-energy-food nexus in
southern Africa, Int. J. Environ. Res. Public Health 15 (10) (2018) 2306.

World Health Organization. (2017). Drinking Water Factsheets.

IEA. (2017). Energy access outlook 2017. From poverty to prosperity. Retrieved
from https://www.iea.org/publications/freepublications/publication/WEO20
17SpecialReport_EnergyAccessOutlook.pdf.

E. FAO, Several Issues, Food and Agriculture Organization of the United Nations,
Rome, 2017.

N. Weitz, C. Strambo, E. Kemp-Benedict, M. Nilsson, Closing the governance gaps
in the water-energy-food nexus: insights from integrative governance, Glob.
Environ. Chang. 45 (2017) 165-173.

A. Gianoli, R. Bhatnagar, Managing the water-energy Nexus within a climate
change context—lessons from the experience of Cuenca, Ecuador, Sustainability
11 (21) (2019) 5918.

M.A.D. Larsen, M. Drews, Water use in electricity generation for water-energy
nexus analyses: the European case, Sci. Total Environ. 651 (2019) 2044-2058.
C.J.F. Torres, C.H.P. de Lima, B.S. de Almeida Goodwin, T.R. de Aguiar Junior, A.
S. Fontes, D.V. Ribeiro ... &, Y.D.P. Medeiros, A literature review to propose a
systematic procedure to develop “nexus thinking” considering the
water—energy—food nexus, Sustainability 11 (24) (2019) 7205.

11

[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]

[57]

[58]

[59]

[60]

[61]

Energy Nexus 11 (2023) 100230

X.C. Wang, P. Jiang, L. Yang, Y. Van Fan, J.J. Klemes, Y. Wang, Extended water-
energy nexus contribution to environmentally-related sustainable development
goals, Renew. Sustain. Energy Rev. 150 (2021), 111485.

G. Rasul, Managing the food, water, and energy nexus for achieving the
Sustainable Development Goals in South Asia, Environ. Dev. 18 (2016) 14-25.
R.M. Stephan, R.H. Mohtar, B. Daher, A. Embid Irujo, A. Hillers, J.C. Ganter ... &,
W. Sarni, Water-energy—food nexus: a platform for implementing the sustainable
development goals, Water Int. 43 (3) (2018) 472-479.

U.G. Assembly, Shared responsibility, Global solidarity: Responding to the Socio-
Economic Impacts of Covid-19, United Nations Publications, New York, 2020.
E.B. Barbier, J.C. Burgess, Sustainability and development after COVID-19, World
Dev. 135 (2020), 105082.

D. Naidoo, L. Nhamo, S. Mpandeli, N. Sobratee, A. Senzanje, S. Liphadzi,

T. Mabhaudhi, Operationalising the water-energy-food nexus through the theory
of change, Renew. Sustain. Energy Rev. 149 (2021), 111416.

1. Ruiz-Salmoén, A. Fernandez-Rios, C. Campos, J. Laso, M. Margallo, R. Aldaco,
The fishing and seafood sector in the time of COVID-19: considerations for local
and global opportunities and responses, Curr. Opin. Environ. Sci. Health 23
(2021), 100286.

M.T. Niles, F. Bertmann, E.H. Belarmino, T. Wentworth, E. Biehl, R. Neff, The
early food insecurity impacts of COVID-19, Nutrients 12 (7) (2020) 2096.

S. Bellie, COVID-19 and water, Stoch. Environ. Res. Risk Assess. 35 (3) (2021)
531-534.

P.K. Rai, C. Sonne, H. Song, K.H. Kim, The effects of COVID-19 transmission on
environmental sustainability and human health: paving the way to ensure its
sustainable management, Sci. Total Environ. 838 (2022) 156039.

M.J. Page, J.E. McKenzie, P.M. Bossuyt, I. Boutron, T.C. Hoffmann, C.D. Mulrow,
D. Moher, The PRISMA 2020 statement: an updated guideline for reporting
systematic reviews, Int. J. Surg. 88 (2021), 105906.

D. Olawuyi, Sustainable development and the water-energy-food nexus: legal
challenges and emerging solutions, Environ. Sci. Policy 103 (2020) 1-9.

J.P. Newell, B. Goldstein, A. Foster, A 40-year review of food-energy—water nexus
literature and its application to the urban scale, Environ. Res. Lett. 14 (7) (2019),
073003.

Hoff, H. (2011). Understanding the nexus. https://www.sei.org/publications/
understanding-the-nexus/ (Accessed 15th December 2022).

J.B.S.0. de Andrade Guerra, LI. Berchin, J. Garcia, S. da Silva Neiva, A.V. Jonck,
R.A. Faraco ... &, J.M.P. Ribeiro, A literature-based study on the
water-energy—food nexus for sustainable development, Stoch. Environ. Res. Risk
Assess. 35 (1) (2021) 95-116.

K. Vogt, T. Patel-Weynand, M. Shelton, D.J. Vogt, J. Gordon, C. Mukumoto ... &,
P.A. Roads, Sustainability Unpacked: Food, Energy and Water For Resilient
Environments and Societies, Routledge, 2012.

G.B. Simpson, G.P. Jewitt, The development of the water-energy-food nexus as a
framework for achieving resource security: a review, Front. Environ. Sci. 8
(2019), https://doi.org/10.3389/fenvs.2019.00008.

P.K. Rai, Heavy metals and arsenic phytoremediation potential of invasive alien
wetland plants Phragmites karka and Arundo donax: water-Energy-Food (WEF)
Nexus linked sustainability implications, Bioresour. Technol. Rep. 15 (2021),
100741.

V. Markantonis, A. Reynaud, A. Karabulut, R. El Hajj, D. Altinbilek, I.M. Awad,
G. Bidoglio, Can the implementation of the water-energy-food nexus support
economic growth in the Mediterranean region? The current status and the way
forward, Front. Environ. Sci. 7 (2019) 84.

D. Benson, A.K. Gain, J.J. Rouillard, Water governance in a comparative
perspective: from IWRM to a’nexus’ approach? Water Altern. 8 (1) (2015)
756-773.

J. Liu, V. Hull, H.C.J. Godfray, D. Tilman, P. Gleick, H. Hoff, S. Li, Nexus
approaches to global sustainable development, Nat. Sustain. 1 (9) (2018)
466-476.

M. Bazilian, H. Rogner, M. Howells, S. Hermann, D. Arent, D. Gielen, K.

K Yumkella, Considering the energy, water and food nexus: towards an integrated
modelling approach, Energy Policy 39 (12) (2011) 7896-7906.

J. Allouche, C. Middleton, D. Gyawali, Technical veil, hidden politics:
interrogating the power linkages behind the nexus, Water Altern. 8 (1) (2015)
610-626.

T. Mabhaudhi, S. Mpandeli, A. Madhlopa, A.T. Modi, G. Backeberg, L. Nhamo,
Southern Africa’s water-energy nexus: towards regional integration and
development, Water (Basel) 8 (6) (2016) 235.

T. Foran, Node and regime: interdisciplinary analysis of water-energy-food nexus
in the Mekong region, Water Altern. 8 (1) (2015).

A. Molajou, P. Pouladi, A. Afshar, Incorporating social system into water-food-
energy nexus, Water Resour. Manage. 35 (2021) 4561-4580.

B.P. Walsh, S.N. Murray, D.T.J O’Sullivan, The water energy nexus, an ISO50001
water case study and the need for a water value system, Water Resour. Ind. 10
(2015) 15-28.

World Health Organization, & UniCeF, Progress on sanitation and drinking-water:
2010 update, in: Progress on Sanitation and Drinking-Water: 2010 Update, 2010,
60-60.

C. Cassardo, J.A.A. Jones, Managing water in a changing world, Water (Basel) 3
(2) (2011) 618-628.

M. Palaniappan, P.H. Gleick, L. Allen, M.J. Cohen, J. Christian-Smith, C. Smith,
Water quality. The World’s Water, Island Press, Washington, DC, 2012,

pp. 45-72.

L.F. Konikow, E. Kendy, Groundwater depletion: a global problem, Hydrogeol. J.
13 (2005) 317-320.


http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0001
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0001
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0001
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0001
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0002
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0002
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0002
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0003
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0003
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0003
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0004
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0004
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0004
https://www.clubofrome.org/publication/the-limits-to-growth/
https://www.clubofrome.org/publication/the-limits-to-growth/
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0006
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0006
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0008
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0008
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0009
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0009
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0010
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0010
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0010
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0011
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0011
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0011
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0012
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0012
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0012
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0012
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0012
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0012
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0013
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0013
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0014
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0014
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0015
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0015
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0016
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0016
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0016
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0017
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0017
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0017
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0018
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0018
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0018
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0019
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0019
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0019
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0020
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0020
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0021
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0021
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0021
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0022
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0022
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0023
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0023
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0023
https://www.iea.org/publications/freepublications/publication/WEO2017SpecialReport_EnergyAccessOutlook.pdf
https://www.iea.org/publications/freepublications/publication/WEO2017SpecialReport_EnergyAccessOutlook.pdf
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0026
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0026
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0027
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0027
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0027
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0028
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0028
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0028
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0029
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0029
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0030
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0030
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0030
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0030
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0031
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0031
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0031
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0032
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0032
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0033
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0033
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0033
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0034
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0034
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0035
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0035
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0036
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0036
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0036
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0037
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0037
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0037
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0037
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0038
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0038
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0039
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0039
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0040
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0040
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0040
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0041
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0041
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0041
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0042
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0042
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0043
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0043
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0043
https://www.sei.org/publications/understanding-the-nexus/
https://www.sei.org/publications/understanding-the-nexus/
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0045
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0045
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0045
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0045
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0046
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0046
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0046
https://doi.org/10.3389/fenvs.2019.00008
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0048
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0048
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0048
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0048
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0049
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0049
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0049
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0049
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0050
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0050
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0050
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0051
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0051
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0051
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0052
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0052
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0052
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0053
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0053
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0053
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0054
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0054
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0054
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0055
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0055
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0056
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0056
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0057
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0057
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0057
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0058
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0058
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0058
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0059
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0059
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0060
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0060
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0060
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0061
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0061

Lalawmpuii and P.K. Rai

[62]
[63]

[64]

[65]

[66]

[67]
[68]
[69]
[70]
[71]
[72]

[73]
[74]

[75]

[76]
[77]

[78]
[79]

[80]
[81]

[82]

[83]
[84]
[85]
[86]

[87]

[88]
[89]

[90]

[91]

[92]

[93]

[94]
[95]
[96]
[97]

[98]

[99]

AX. Gain, C. Giupponi, D. Benson, The water—energy—food (WEF) security nexus:
the policy perspective of Bangladesh, Water Int. 40 (5-6) (2015) 895-910.

K. Damerau, A.G. Patt, O.P. Van Vliet, Water saving potentials and possible trade-
offs for future food and energy supply, Glob. Environ. Chang. 39 (2016) 15-25.
E. Soleimanian, A. Afshar, A. Molajou, A review on water simulation models for
the WEF Nexus: development perspective, Environ. Sci. Pollut. Res. Int. 29 (53)
(2022) 79769-79785.

Winpenny, J., Trémolet, S., Cardone, R., Kolker, J., & Mountsford, L. (2016). Aid
flows to the water sector.

World Health Organization, Water, Sanitation, Hygiene, and Waste Management
For SARS-CoV-2, the Virus That Causes COVID-19: Interim guidance, 29 July
2020, World Health Organization, 2020 (No. WHO/2019-nCoV/IPC_WASH/
2020.4).

J.P. Enqvist, G. Ziervogel, Water governance and justice in Cape Town: an
overview, WIREs Water 6 (4) (2019) e1354.

F. Mukhtarov, E. Papyrakis, M. Rieger, Covid-19 and International Development,
1, Springer Cham, 2022, pp. 157-173.

B. Dudley, BP Energy Outlook, 9, Report-BP Energy Economics, London, UK,
2018.

R. Newell, D. Raimi, S. Villanueva, B. Prest, Global energy outlook 2021:
pathways from Paris, Resour. Fut. 8 (2021).

P.A. Salam, S. Shrestha, V.P. Pandey, A.K Anal, Water-Energy-Food Nexus:
Principles and Practices (Vol. 229), John Wiley & Sons, 2017.

World Final Energy. (2022, May 30). World Energy Data. https://www.worldenerg
ydata.org/world-final-energy/.

Wikipedia contributors. (2022, June 2). United Nations Climate Change Conference.
IEA (2022), Global Energy Review: CO2 Emissions in 2021, IEA, Paris http
s://www.iea.org/reports/global-energy-review-co2-emissions-in-2021-2.

T. Ahmad, D. Zhang, A critical review of comparative global historical energy
consumption and future demand: the story told so far, Energy Rep. 6 (2020)
1973-1991.

World Electricity Generation. (2022). World Energy Data.

L. Nottingham, D. Neher, G. Pasquale, A. Buser, J. Beaven, S. Winkler, World
Energy Trilemma: Changing Dynamics-Using Distributed Energy Resources to
Meet the Trilemma Challenge, World Energy Council, United Kingdom, 2017.
World Bank. (2019). Tracking SDG 7: the energy progress report.

R.M. Elavarasan, G.M. Shafiullah, K. Raju, V. Mudgal, M.T. Arif, T. Jamal,

U. Subramaniam, COVID-19: impact analysis and recommendations for power
sector operation, Appl. Energy 279 (2020), 115739.

World-Energy-Outlook, International Energy Agency, 2012.

A. Misselhorn, P. Aggarwal, P. Ericksen, P. Gregory, L. Horn-Phathanothai,

J. Ingram, K. Wiebe, A vision for attaining food security, Curr. Opin. Environ.
Sustain. 4 (1) (2012) 7-17.

X.P. Chen, Z.L. Cui, P.M. Vitousek, K.G. Cassman, P.A. Matson, J.S. Bai, F.

S. Zhang, Integrated soil-crop system management for food security, Proc. Natl.
Acad. Sci. 108 (16) (2011) 6399-6404.

C. Gouel, H. Guimbard, Nutrition transition and the structure of global food
demand, Am. J. Agric. Econ. 101 (2) (2019) 383-403.

R. Ishangulyyev, S. Kim, S.H. Lee, Understanding food loss and waste—Why are
we losing and wasting food? Foods 8 (8) (2019) 297.

I.A. Jereme, C. Siwar, R.A. Begum, B. Abdul, Food waste and food security: the
case of Malaysia, Int. J. Adv. Appl. Sci. 4 (2017) 6-13.

J.A. Moult, S.R. Allan, C.N. Hewitt, M. Berners-Lee, Greenhouse gas emissions of
food waste disposal options for UK retailers, Food Policy 77 (2018) 50-58.

J. Rogers, K. Averyt, S. Clemmer, M. Davis, F. Flores-Lopez, P. Frumhoff, D. Yates,
Water-Smart Power: Strengthening the US Electricity System in a Warming
World, Union of Concerned Scientists, 2013.

R.E.S. IRENA, Renewable Energy Target Setting, International renewable energy
agency, Abu Dhabi, UAE, 2015.

L.L. Delina, Clean energy financing at Asian development bank, Energy Sustain.
Dev. 15 (2) (2011) 195-199.

ILRI, Options For the Livestock Sector in Developing and Emerging Economies to
2030 and beyond.” Meat: the Future Series, World Economic Forum, Geneva,
Switzerland, 2019.

T. Wiedmann, M. Lenzen, L.T. KeyBer, J.K. Steinberger, Scientists’ warning on
affluence, Nat. Commun. 11 (2020) 3107.

M. Bekchanov, J.P. Lamers, The effect of energy constraints on water allocation
decisions: the elaboration and application of a system-wide economic-water-
energy model (SEWEM), Water (Basel) 8 (6) (2016) 253.

Water in the West (2013) Water and energy nexus: a literature review. htt
p://waterinthewest.stanford.edu/sites/default/files/WaterEnergy_Lit_Review.pd
f.

Lundgqvist, J., De Fraiture, C., & Molden, D. (2008). Saving water: from field to
fork: curbing losses and wastage in the food chain.

J. Liu, G. Mao, A.Y. Hoekstra, H. Wang, J. Wang, C. Zheng, J Yan, Managing the
energy-water-food nexus for sustainable development, Appl. Energy 210 (2018)
377-381.

FAO. (2011). Global Food Losses and Food Waste. Extent, Causes and Prevention.
J. Woods, A. Williams, J.K. Hughes, M. Black, R. Murphy, Energy and the food
system, Philosop. Trans. R. Soc. B 365 (1554) (2010) 2991-3006.

V. Motola, M. Banja, N. Scarlat, H. Medarac, L. Castellazzi, N. Labanca,

D. Pennington, Energy Use in the EU Food Sector: State of Play and Opportunities
For Improvement, Publications Office, 2015. F. Monforti-Ferrario, & I. P. Pascua
(Eds.).

G. Erdal, K. Esengiin, H. Erdal, O. Giindiiz, Energy use and economic analysis of
sugar beet production in Tokat province of Turkey, Energy 32 (1) (2007) 35-41.

12

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]
[109]

[110]

[111]

[112]

[113]

[114]

[115]
[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

Energy Nexus 11 (2023) 100230

A. Molajou, A. Afshar, M. Khosravi, E. Soleimanian, M. Vahabzadeh, H.A. Variani,
A new paradigm of water, food, and energy nexus, Environ. Sci. Pollut. Res. Int.,
Press (2021), https://doi.org/10.1007/s11356-021-13034-1.

J. Liu, H. Mooney, V. Hull, S.J. Davis, J. Gaskell, T. Hertel, S. Li, Systems
integration for global sustainability, Science 347 (6225) (2015), 1258832.

L. Wu, A. Elshorbagy, S. Pande, L. Zhuo, Trade-offs and synergies in the water-
energy-food nexus: the case of Saskatchewan, Canada, Resour. Conserv. Recycl.
164 (2021), 105192.

Vahabzadeh, M., Afshar, A., & Molajou, A. (2022). Framing a novel holistic
energy subsystem structure for water-energy-food nexus: a review of existing
literature.

X. Zhang, H.Y. Li, Z.D. Deng, C. Ringler, Y. Gao, M.I. Hejazi, L.R. Leung, Impacts
of climate change, policy and water-energy-food nexus on hydropower
development, Renew. Energy 116 (2018) 827-834.

B. van der Zwaan, A. Boccalon, F. Dalla Longa, Prospects for hydropower in
Ethiopia: an energy-water nexus analysis, Energy Strategy Rev. 19 (2018) 19-30.
R. Payet-Burin, M. Kromann, S. Pereira-Cardenal, K.M. Strzepek, P. Bauer-
Gottwein, WHAT-IF: an open-source decision support tool for water infrastructure
investment planning within the water—energy-food—climate nexus, Hydrol. Earth
Syst. Sci. 23 (10) (2019), 4129-4.

P. Kalac, The required characteristics of ensiled crops used as a feedstock for
biogas production: a review, Nogyo. Seibutsu. Shigen. Kenkyusho Kenkyu
Hokoku 28 (2) (2011) 85-96.

P. D’Odorico, K.F. Davis, L. Rosa, J.A. Carr, D. Chiarelli, J. Dell’Angelo, M.C Rulli,
The global food-energy-water nexus, Rev. Geophys. 56 (3) (2018) 456-531.
D.J. Garcia, F. You, The water-energy-food nexus and process systems
engineering: a new focus, Comput. Chem. Eng. 91 (2016) 49-67.

J.F. Mercure, M.A. Paim, P. Bocquillon, S. Lindner, P. Salas, P. Martinelli ... &, J.
E. Vinuales, System complexity and policy integration challenges: the Brazilian
energy-water-food nexus, Renew. Sustain. Energy Rev. 105 (2019) 230-243.

M. Antar, D. Lyu, M. Nazari, A. Shah, X. Zhou, D.L. Smith, Biomass for a
sustainable bioeconomy: an overview of world biomass production and
utilization, Renew. Sustain. Energy Rev. 139 (2021), 110691.

N.S. Mat Aron, K.S. Khoo, K.W. Chew, P.L. Show, W.H. Chen, T.H.P. Nguyen,
Sustainability of the four generations of biofuels-a review, Int. J. Energy Res. 44
(12) (2020) 9266-9282.

T.S. Kishore, E.R. Patro, V.S.K.V. Harish, A.T. Haghighi, A comprehensive study
on the recent progress and trends in development of small hydropower projects,
Energies 14 (10) (2021) 2882.

M. Vahabzadeh, A. Afshar, A. Molajou, Energy simulation modeling for water-
energy-food nexus system: a systematic review, Environ. Sci. Pollut. Res. Int. 30
(3) (2023) 5487-5501.

Q. Liu, Interlinking climate change with water-energy-food nexus and related
ecosystem processes in California case studies, Ecol. Process 5 (1) (2016) 14.

M. Al-Saidi, N.A. Elagib, Towards understanding the integrative approach of the
water, energy and food nexus, Sci. Total Environ. 574 (2017) 1131-1139.

R. Bleischwitz, C.M. Johnson, M.G. Dozler, Re-Assessing resource dependency and
criticality. Linking future food and water stress with global resource supply
vulnerabilities for foresight analysis, Eur. J. Fut. Res. 2 (1) (2014) 1-12.

M. Muller, The’nexus’ as a step back towards a more coherent water resource
management paradigm, Water Altern. 8 (1) (2015) 675-694.

Frs, C.M.G., Beddington, J. & House, K. (2013) Food, energy, water and the
climate: a perfect storm of global events? Chief Scientific Adviser to HM
Government.

I. Niang, O.C. Ruppel, M.A. Abdrabo, C. Essel, C. Lennard, J. Padgham, K.K.

E Descheemaeker, Africa, Climate Change 2014: Impacts, Adapt. Vulnerability.
Part B (2014). Contribution of Working Group II to the Fifth Assessment.

D. Waughray, Water Security, the Water-Food-Energy-Climate Nexus: The World
Economic Forum Water Initiative, Island Press, Washington, DC, 2011.

M.V.L. Chhandama, P.K. Rai, Lalawmpuii, Coupling bioremediation and
biorefinery prospects of microalgae for circular economy, Bioresour. Technol.
Rep. 22 (2023) 101479.

J.M. Nzuma, M. Waithaka, R.M. Mulwa, M. Kyotalimye, G. Nelson, Strategies for
adapting to climate change in rural sub-Saharan Africa: a review of data sources,
poverty reduction strategy programs (PRSPs) and National Adaptation Plans for
Agriculture (NAPAs) in ASARECA Member Countries, in: IFPRI Discussion Papers
1013, 2010.

A. Flammini, M. Puri, L. Pluschke, O. Dubois, Walking the Nexus talk: Assessing
the Water-Energy-Food Nexus in the Context of the Sustainable Energy For All
Initiative, Fao, 2014.

Y. Chang, G. Li, Y. Yao, L. Zhang, C. Yu, Quantifying the water-energy-food nexus:
current status and trends, Energies 9 (2) (2016) 65.

F. Miralles-Wilhelm, Development and application of integrative modeling tools
in support of food-energy-water nexus planning—A research agenda, J. Environ.
Stud. Sci. 6 (2016) 3-10.

E.M. Biggs, E. Bruce, B. Boruff, J.M.A. Duncan, J. Horsley, N. Pauli, K. McNeill, et
al., Sustainable development and the water-energy—food nexus: a perspective on
livelihoods, Environ. Sci. Policy 54 (2015) 389-397.

C. Giupponi, A.K. Gain, Integrated spatial assessment of the water, energy and
food dimensions of the sustainable development goals, Reg. Environ. Change 17
(2017) 1881-1893.

Mohtar, R.H. (2016). The importance of the water-energy-food nexus in the
implementation of the Sustainable Development Goals (SDGs).

W.S. De Amorim, I.B. Valduga, J.M.P. Ribeiro, V.G. Williamson, G.E. Krauser, M.
K. Magtoto, J.B.S.0. de Andrade, The nexus between water, energy, and food in


http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0062
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0062
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0063
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0063
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0064
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0064
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0064
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0066
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0066
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0066
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0066
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0067
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0067
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0068
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0068
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0069
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0069
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0070
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0070
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0071
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0071
https://www.worldenergydata.org/world-final-energy/
https://www.worldenergydata.org/world-final-energy/
https://www.iea.org/reports/global-energy-review-co2-emissions-in-2021-2
https://www.iea.org/reports/global-energy-review-co2-emissions-in-2021-2
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0075
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0075
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0075
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0077
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0077
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0077
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0079
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0079
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0079
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0080
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0081
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0081
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0081
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0082
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0082
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0082
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0083
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0083
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0084
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0084
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0085
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0085
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0086
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0086
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0087
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0087
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0087
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0088
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0088
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0089
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0089
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0090
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0090
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0090
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0091
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0091
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0092
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0092
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0092
http://waterinthewest.stanford.edu/sites/default/files/WaterEnergy_Lit_Review.pdf
http://waterinthewest.stanford.edu/sites/default/files/WaterEnergy_Lit_Review.pdf
http://waterinthewest.stanford.edu/sites/default/files/WaterEnergy_Lit_Review.pdf
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0095
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0095
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0095
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0097
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0097
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0098
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0098
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0098
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0098
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0099
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0099
https://doi.org/10.1007/s11356-021-13034-1
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0101
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0101
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0102
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0102
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0102
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0104
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0104
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0104
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0105
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0105
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0106
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0106
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0106
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0106
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0107
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0107
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0107
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0108
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0108
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0109
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0109
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0110
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0110
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0110
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0111
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0111
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0111
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0112
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0112
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0112
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0113
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0113
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0113
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0114
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0114
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0114
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0115
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0115
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0116
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0116
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0117
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0117
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0117
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0118
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0118
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0120
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0120
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0120
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0121
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0121
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0122
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0122
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0122
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0123
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0123
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0123
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0123
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0123
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0124
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0124
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0124
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0125
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0125
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0126
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0126
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0126
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0127
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0127
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0127
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0128
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0128
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0128
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0130
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0130

Lalawmpuii and P.K. Rai

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

the context of the global risks: an analysis of the interactions between food, water,
and energy security, Environ. Impact Assess. Rev. 72 (2018) 1-11.

Y. Cheng, H. Liu, S. Wang, X. Cui, Q. Li, Global action on SDGs: policy review and
outlook in a post-pandemic era, Sustainability 13 (11) (2021) 6461.

E. Martinez-Hernandez, M. Leach, A. Yang, Understanding water-energy-food and
ecosystem interactions using the nexus simulation tool NexSym, Appl. Energy 206
(2017) 1009-1021.

D. Griggs, M. Stafford-Smith, O. Gaffney, J. Rockstrom, M.C. Ohman,

P. Shyamsundar, I. Noble, Sustainable development goals for people and planet,
Nature 495 (7441) (2013) 305-307.

A.N. Menegaki, A.K. Tiwari, A global food-energy-water nexus with
heterogeneity, non-stationarity and cross-sectional dependence, Doc. Prep.,
Journ. Etude Prog. Recents Methodes Anal. Qual., Quant. Struct. Polyphenols
Assem. Gen. Groupe - Groupe Polyphenols 52 (6) (2018) 2723-2755.

M.S. Hoosain, B.S. Paul, W. Doorsamy, S. Ramakrishna, The influence of circular
economy and 4IR technologies on the climate-water—energy—food nexus and the
SDGs, Water (Basel) 15 (4) (2023) 787.

P. Blaikie, The Political Economy of Soil Erosion in Developing Countries,
Routledge, 2016.

R.D.C.S. Neto, L.I. Berchin, M. Magtoto, S. Berchin, W.G. Xavier, J.B.S.0. de
Andrade, An integrative approach for the water-energy-food nexus in beef cattle
production: a simulation of the proposed model to Brazil, J. Clean. Prod. 204
(2018) 1108-1123.

E. Karan, S. Asadi, R. Mohtar, M. Baawain, Towards the optimization of
sustainable food-energy-water systems: a stochastic approach, J. Clean. Prod. 171
(2018) 662-674.

J.J. Bogardi, D. Dudgeon, Lawford, A. R.Meyn, C. Pahl-Wostl &, C Vorosmarty,
Water security for a planet under pressure: interconnected challenges of a
changing world call for sustainable solutions, Curr. Opin. Environ. Sustain. 4 (1)
(2012) 35-43.

AM. Urbinatti, L.L. Benites-Lazaro, C.M.D. Carvalho, L.L. Giatti, The conceptual
basis of water-energy-food nexus governance: systematic literature review using
network and discourse analysis, J. Integr. Environ. Sci. 17 (2) (2020) 21-43.

13

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

Energy Nexus 11 (2023) 100230

M. Kurian, The water-energy-food nexus: trade-offs, thresholds and
transdisciplinary approaches to sustainable development, Environ. Sci. Policy 68
(2017) 97-106.

C. Yin, P. Pereira, T. Hua, Y. Liu, J. Zhu, W. Zhao, Recover the food-energy-water
nexus from COVID-19 under Sustainable Development Goals acceleration actions,
Sci. Total Environ. 817 (2022), 153013.

M. Al-Saidi, H. Hussein, The water-energy-food nexus and COVID-19: towards a
systematization of impacts and responses, Sci. Total Environ. 779 (2021),
146529.

P. Jiang, Y. Van Fan, J.J. Klemes, Impacts of COVID-19 on energy demand and
consumption: challenges, lessons and emerging opportunities, Appl. Energy 285
(2021), 116441.

A. Bahmanyar, A. Estebsari, D. Ernst, The impact of different COVID-19
containment measures on electricity consumption in Europe, Energy Res. Soc. Sci.
68 (2020), 101683.

IEA, Covid-19 Impact on Electricity, IEA, Paris, 2021. https://www.iea.org
/reports/covid-19-impact-on-electricity.

Y.C. Tsao, V.V. Thanh, J.C. Lu, H.H. Wei, A risk-sharing-based resilient renewable
energy supply network model under the COVID-19 pandemic, Sustain. Prod.
Consum. 25 (2021) 484-498.

A.P. Dobson, S.L. Pimm, L. Hannah, L. Kaufman, J.A. Ahumada, A.W. Ando, M.
M. Vale, Ecology and economics for pandemic prevention, Science 369 (6502)
(2020) 379-381.

T. Eftimov, G. Popovski, M. Petkovi¢, B.K. Seljak, D. Kocev, COVID-19 pandemic
changes the food consumption patterns, Trends Food Sci. Technol. 104 (2020)
268-272.

X. Yu, C. Liu, H. Wang, J.H. Feil, The impact of COVID-19 on food prices in China:
evidence of four major food products from Beijing, Shandong and Hubei
Provinces, China Agric. Econ. Rev. 12 (3) (2020) 445-458.

C.W. Babbitt, G.A. Babbitt, J.M. Oehman, Behavioral impacts on residential food
provisioning, use, and waste during the COVID-19 pandemic, Sustain. Prod.
Consum. 28 (2021) 315-325.

A.E. Toannou, C.S. Laspidou, Cross-mapping important interactions between
water-energy-food nexus indices and the SDGs, Sustainability 15 (10) (2023)
8045.


http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0130
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0130
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0131
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0131
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0132
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0132
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0132
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0133
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0133
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0133
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0134
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0134
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0134
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0134
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0135
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0135
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0135
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0136
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0136
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0137
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0137
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0137
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0137
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0138
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0138
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0138
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0139
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0139
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0139
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0139
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0140
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0140
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0140
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0141
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0141
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0141
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0142
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0142
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0142
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0143
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0143
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0143
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0144
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0144
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0144
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0145
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0145
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0145
https://www.iea.org/reports/covid-19-impact-on-electricity
https://www.iea.org/reports/covid-19-impact-on-electricity
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0147
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0147
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0147
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0148
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0148
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0148
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0149
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0149
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0149
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0150
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0150
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0150
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0151
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0151
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0151
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0152
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0152
http://refhub.elsevier.com/S2772-4271(23)00060-8/sbref0152

	Role of water-energy-food nexus in environmental management and climate action
	1 Introduction
	2 Methodology
	3 The water-energy-food nexus: concept and inter-related sectors
	4 Cross-sectoral approaches of the WEF nexus
	4.1 Water sector
	4.2 Energy sector
	4.3 Food sector

	5 Interactions amongst sectors of the nexus
	5.1 Water-energy interactions
	5.2 Water-food interaction
	5.3 Food-energy interaction
	5.4 Water- energy- food interaction

	6 Linking WEF nexus with climate change
	7 WEF nexus in environmental management and sustainable development
	8 Effects of COVID-19 on the WEF nexus
	9 Conclusion
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


