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A B S T R A C T   

This study finds interesting outcomes regarding the interlinkage between the food, energy, and water sectors. 
The UN's Food and Agriculture Organization data from January 1961 till January 2023 are employed for six 
variables, namely Total Renewable Water resources per capita (TRW), Total Internal Renewable Water resources 
per capita (TIRW), Total Water Withdrawal per capita (TWW), Global Food Consumption per capita (GFC), 
Global Crop Production (GCP), and Global Electricity Consumption (GEC). Employing Quantile Vector Auto- 
Regression (QVAR) methodology, we observe asymmetry in connectedness across quantiles. Positive shocks 
produce stronger impacts in the variables than negative ones. Crop production mostly acts as a receiver of shocks. 
Renewable water is a consistent net emitter in all circumstances, while water withdrawal is crucial during 
negative shocks regime as well as in neutral time.   

1. Introduction 

The Water-Energy-Food or WEF nexus is all about appreciating and 
understanding these closely related sectors. Vying for attention to the 
interlinked nature of global ecosystems, the Food and Agriculture Or
ganization of the United Nations (FAO) investigates how the WEF nexus 
can bolster sustainable agriculture and food security across the globe.1 

Its report entitled “The Water-Energy-Food Nexus” accentuates the 
importance of the nexus approach to understand the complexity of the 
interdependence of the food, energy, and water sectors (FAO, 2014). The 
conceptual framework of the WEF nexus emphasizes the four critical 
connections between the three systems. The first connection is the water 
for food, as agriculture accounts for 70% of the total global freshwater 
withdrawals making it the largest user for water (FAO, 2014). The 

second connection is the water for energy, as water is required for the 
extraction, mining, processing, refining and residue disposal of fossil 
fuels as well as for generating electricity (Spang et al., 2014; Chai et al., 
2018). The third is the energy for water interface connection, as energy 
is required for the purpose of moving, distributing, and treating water 
(Bazilian et al., 2011; Nair et al., 2014). Lastly, the fourth connection is 
energy for food interface, as energy is required to produce, transport, 
and distribute food (Klemes et al., 2008; Morawicki and Hager, 2014; 
Umar et al., 2021; Bossman et al., 2023). The WEF interlinkage on a 
global scale was accentuated during the food crisis, which accompanied 
the 2007–08 Global Financial Crisis (Ringler et al., 2016). During those 
times a high correlation was observed between food and oil price indices 
(Rosegrant et al., 2008) as well as the increased energy intensity of 
agriculture and food supply chain (Ringler et al., 2013). We can also 
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observe a discernible overlap between the 2 billion people globally 
without access to safe drinking water,2 the 2.3 billion people in the 
world who are moderately or severely food insecure,3 and the 775 
million without an access to electricity.4 This indicates a complex and 
strong interlinkage within the WEF system. The theme of the WEF nexus 
first came to prominence in the Bonn-2011 conference on the Food- 
Energy-Water nexus as a solution for a green economy.5 As defined by 
Albrecht et al. (2018), the WEF nexus is a systems-based perspective that 
focuses on the interdependence and the interactions between the food, 
energy and water system. 

As a response to the production and consumption trade-offs among 
the resources, the WEF nexus has become a pertinent approach that can 
support the transition towards a green economy while ensuring resource 
use efficiency and policy coherence (Hoff, 2011). The nexus approach is 
supposed to help a) in the removal of conflict related to the alternative 
uses of common resources, b) the countries in the optimum utilization of 
resources, and c) in the assessment of the inter-sectoral impact. As the 
report of the United Nations Economic Commission for Europe (UNECE) 
on the Methodology for assessing the water-food-energy-ecosystems 
nexus states, the WEF nexus can be useful in safeguarding the human 
rights to water and food (UNECE, 2018). Moreover, as the risk of un
availability of food, energy, and water looms large around the world, the 
WEF nexus approach is useful for designing solutions against the risk of 
non-supply (Leese and Meisch, 2015). It is also expected that the tri
lemma between the three sectors may get intensified because of the 
burgeoning global population, income growth, and climate change. The 
WEF perspective can help in initiating mutually beneficial actions 
among the three sectors, targeting to meet the growing global needs in 
the future. 

In the scholarly literature and policy frameworks, the WEF nexus 
concept has been expanding rapidly. The analytical framework of the 
nexus approach has majorly adopted mixed quantitative and qualitative 
methods to study the interlinkage between the food, energy, and water 
systems. However, most of the nexus studies are skewed toward the 
conceptual domain (Smajgl et al., 2016). As pointed out in a review 
paper by Albrecht et al. (2018), approaches like the integrated models, 
economic tools and environmental management approach have domi
nated most of the nexus related studies. Most quantitative studies range 
from the scenario analysis and input-output analysis to principal 
component analysis and to regression analysis. For instance, the quan
titative studies of Bonsch et al. (2016), Ringler et al. (2016) have 
incorporated the scenario analysis to understand the nexus between the 
food, energy, and water sectors. Some studies such as those of Martin- 
Gorriz et al. (2014) and Li et al. (2016) have adopted an input-output 
analysis. Ozturk (2015) has adopted a principal component analysis 
(PCA) as an analytical framework. A few others (Li et al., 2013; Topi 
et al., 2016) have concentrated on the regression analysis technique to 
establish the investigated interlinkage. 

It was observed that the existing strand of literature on the nexus 
approach presents two prominent knowledge gaps. First, there is a lack 
of a coherent and coordinated policy framework that can acknowledge 
and abate the adverse implications of the WEF nexus and properly 
address the food security concerns (Aeschbach-Hertig and Gleeson, 
2012), global water stress (Chini et al., 2018), burgeoning greenhouse 
gas emission (Reffold et al., 2008) and the environmental unsustain
ability (Cruse et al., 2010). Second, pertaining to the analytical tool, 
there is a dearth of studies, which employ advanced quantitative 

financial modelling techniques, including the quantile Vector Auto- 
Regression (QVAR) analysis, to explore the dynamic spillover effect 
between the water, energy, and food sectors. In a contribution to nar
rowing the research gap, this paper investigates the interconnectedness 
among the food, energy, and water systems. Methodologically, we 
employ the QVAR methodology to study the spillover/connectedness 
among the three WEF sectors as this technique allows us accommodating 
the extreme movements originated by various stress events during 
1961–2023. As the relationship among food, energy and water is dy
namic that is, actions on one usually have impact on one or two others 
sectors with profound economic, environmental and social implications. 

The novelty in our study is three-fold. First, from an economic, 
environmental and ethical perspective the topic of our study is relevant, 
as the complex interlinkage between the sectors along with the policy 
implications needs a great push to effectively support decision-making. 
Second, this study is among the first works to undertake the QVAR 
technique to study the interconnectedness among these three WEF 
variables. Our study unveils some interesting facets on the dynamic 
connectedness among the food, energy, and water sectors. With the help 
of a multivariate framework, we identify significant shock receivers and 
emitters in the system. Third, this study provides a sound understanding 
of the origins and drivers of volatility spillovers among the three sectors. 
It can help the policy makers in adroitly undertaking necessary measures 
to mitigate conflicts of resources use in the future, trying to prevent 
undesirable shocks to the economy and the society. 

This remaining part of the paper is structured in the following 
manner. Section 2 reviews the relevant literature. Section 3 discusses the 
adopted research methodology. Section 4 presents the results of the 
study and provides their discussion. Section 5 concludes. 

2. Literature review 

In the domain of the WEF nexus, a growing body of literature has 
been emerging rapidly, especially around the two following themes. The 
first is the interlinkage among the three WEF sectors, while the second 
addresses the evolution of the nexus approach methodology. In this 
section, we review the aforementioned strands of literature to identify the 
research gaps. 

2.1. Interlinkage between the food, energy, and water 

In exploring any network study, it is important to characterise 
network anatomy as structure always impact functions (Strogatz, 2001). 
Concomitantly, as we explore the Food-Energy-Water network we seek 
to capture the dynamics of the resources and how each of the them are 
interlinked (Perrone and Hornberger, 2014). The humanity is 
approaching the boundaries of resource use especially global freshwater 
use, land use and energy resources (Rockström et al., 2009). Conse
quently, the intertwined connection between the food energy and water 
sectors becomes more complexed and dynamic. The Food-Energy-Water 
network is composed of four important connections such as: a) water for 
energy b) water for food c) Energy for water and d) energy for food. We 
therefore, present an overview of the nexus studies assessing the 
competing demand for food, energy and water in the nexus as well as 
their interlinkage with its implications. 

2.1.1. Water for food 
Agriculture is the most water demanding sector claiming >85% of 

the water (Falkenmark and Rockstrom, 2004). Water is crucial for crop 
production, food security and rural livelihood (D'Odorico et al., 2020). A 
study by Mashnik et al. (2017) evidenced that irrigated water is required 
to achieve the gains from high-yielding fertilizer responsive crop vari
eties as it helps fight pests through products diluted in water, 
improvement in the physical properties of land and the eradication of 
salinity from the soil. In fact, Döll and Siebert (2002) have shown that 
irrigated land has the capacity to produce approximately around 

2 https://www.who.int/news-room/fact-sheets/detail/drinking-water.  
3 https://www.fao.org/newsroom/detail/un-report-global-hunger-SOFI-20 

22-FAO/en.  
4 https://www.iea.org/commentaries/for-the-first-time-in-decades-the- 

number-of-people-without-access-to-electricity-is-set-to-increase-in-2022.  
5 https://www.water-energy-food.org/events/conference-the-water-energy- 

and-food-security-nexus-bonn2011-nexus-conference. 
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40–50% of the global food supply. However, in the context of scarcity of 
resources, the water for food interface has a serious environmental 
implication. A growing body of literature have actually shown that the 
global agricultural production is heavily dependent on unsustainable 
irrigation practices (Gleeson et al., 2012; Konikow, 2011; Mekonnen and 
Hoekstra, 2016). As defined by Rosa et al. (2019), the unsustainable 
irrigation is the water withdrawal more than the availability of renew
able water. Reliance of agriculture on unsustainable irrigation practices 
can have adverse repercussions on the aquatic habitat (Dudgeon et al., 
2006; Poff et al., 1997) as well as can lead to the depletion of both the 
groundwater resources and the fresh water stock (Famiglietti, 2014; 
Rodell et al., 2018). This can further add to the burgeoning global water 
and food security concerns (Aeschbach-Hertig and Gleeson, 2012; 
Turner et al., 2019). Lastly, factors like globalization through trade and 
investment can make the water and food network more dynamic which 
can put more constraints on the resource availability (D'Odorico et al., 
2018). 

2.1.2. Water for energy 
The synergised use of water and energy resources provides a sub

stratum for the advancement of the human society and the overall 
modernisation process (Li et al., 2020). However, water as a resource is 
extensively used in a plethora of energy production processes. A study 
by Spang et al. (2014) categorised four main energy production pro
cesses as fossil fuel extraction and processing, uranium mining, bio-fuel 
cultivation and processing and electricity production, which requires 
intensive use of water. In fact, 10 to 15% of the global freshwater 
withdrawal and the 3% of the global water consumption has been 
attributed towards the energy sector worldwide (Ferroukhi et al., 2015; 
IEA, 2017). Within the energy sector, water utilization is mostly prev
alent in thermal power plant for the generation of electricity (Terrapon- 
Pfaff et al., 2020). In most of the geothermal facilities, fresh water 
supply is used to manage dissolved solids and reduce scaling (Clark 
et al., 2010). Electricity generating technologies depending on their 
configuration use water for various processes (Macknick et al., 2012). A 
study by Turchi et al. (2010) show that in most of the thermal electricity 
technologies such as CSP, biopower, coal, nuclear and gas technologies, 
water is used as working liquid in a thermodynamic process. Moreover, 
hydropower is also considered to be a water-intensive energy carrier 
(Zhou et al., 2019). Many studies have also shown that the future de
mand of water for energy production will witness a prominent surge 
(Mekonnen et al., 2016). Consequently, it will make the power sector 
vulnerable and dependent on the availability of water resources, which 
will further get exacerbated due to climate change and growing popu
lation (Bates et al., 2008; Ganguli et al., 2017; Webster et al., 2013). The 
water for energy interface can lead to global water stress (Chini et al., 
2018; Chu and Majumdar, 2012). This will further adversely affect the 
renewable and the non-renewable energy production (Scherer and 
Pfister, 2016; Chai et al., 2018). 

2.1.3. Energy for water 
The energy for water interface includes the energy consumption for 

water use. The use of energy has been attributed mainly to the supply of 
water for the residential, agricultural and industrial purposes. The use of 
energy is necessary for extracting, treating and transporting water to the 
end users (Bazilian et al., 2011; Nair et al., 2014). Process such as 
extraction of freshwater from surface and groundwater sources through 
desalination as well as treatment of waste water rely on the availability 
of energy resources (IEA, 2017). In fact, around 7 pr cent- 8% of the 
global total generated energy is utilised for drinking water production 
and distribution (Sharif et al., 2019; Yang et al., 2010). Apart from the 
water distribution, energy is also intensively used in the pumping and 
pressurizing irrigation technologies (Daccache et al., 2014; Rodríguez 
Díaz et al., 2011). Around 48% of the energy utilised for crop production 
is mainly for on-farm pumping purposes (Singh et al., 2002). But, the 
energy utilization in the process of supplying, conveying, treating, and 

using water can contribute towards greenhouse emissions (Reffold et al., 
2008). Moreover, it can further add to the grave concern of global 
climate changes (Escriva-Bou et al., 2018; Pathak et al., 2018). 

2.1.4. Energy for food 
Around 30% of the global energy consumption corresponds to the 

agriculture and food sector (FAO, 2017). Approximately, 200 EJ per 
year of the energy consumption has been attributed to the food sector 
(EIA, 2017). Given these evidences, a growing body of literature 
encompass the theme of energy for food, which revolves around the 
energy consumption in the agriculture and food sector (Klemes et al., 
2008; Morawicki and Hager, 2014; Pimentel, 2012; Stanhill, 2012). 
There is a strong linkage between the energy consumption and the crop 
production wherein an increase in the energy inputs significantly leads 
to an increase in the crop production (Singh et al., 2002). A plethora of 
studies have also captured the energy use patterns in the cultivation of 
different crops. These ranged from cereals (Banaeian and Zangeneh, 
2011; Chaudhary et al., 2006; Veiga et al., 2015), to vegetables (Hatirli 
et al., 2006; Ozkan et al., 2004) and to nuts and oilseed (Keshavarz 
Afshar et al., 2013). As per the study by Hatirli et al. (2006), factors like 
farming system, crop seasons and farming conditions are the prominent 
determinants of the energy use patterns in agriculture. The irrigation 
practise in the overall farm operations consume the maximum energy 
(Elsoragaby et al., 2019). Additionally, in the food processing industry, 
the type of energy consumption during food processing can vary from 
thermal to electricity given the product type (Morawicki and Hager, 
2014). But the energy for food interface is also linked to large levels of 
greenhouse gas emissions and depletion of resources (FAO, 2017). This 
is because the crop production activities heavily rely on fossil energy 
and machinery, which can cause environmental issues such as global 
warming and climate change (Cruse et al., 2010). The food industry also 
relies on fossil fuels like natural gas and petroleum for manufacturing 
process, making the energy for food nexus environmentally unsustain
able (EEA, 2015). 

2.2. Water-energy-food nexus assessment 

The existing literature on the WEF nexus have adopted a variety of 
tools and methodology to demystify the nexus as well as understand the 
interconnectedness and the trade-offs. This section discusses diverse 
specific tools, which are frequently used in the WEF nexus studies. These 
nexus modelling tools range from scenario analysis to input-output 
analysis, principal component analysis, and regression and trend anal
ysis. Within the scenario analysis, many studies undertook life cycle 
assessment technique to study the environmental impact of the three 
systems (Bonsch et al., 2016; De Laurentiis et al., 2016; Ringler et al., 
2013). Other techniques in the scenario analysis approach included in
tegrated assessment technique (Daccache et al., 2014). In the input- 
output analysis domain studies such as (Grindle et al. (2015), Li et al. 
(2016b), Martin-Gorriz et al. (2014b), have all assessed the nexus and 
the trade-offs between the food-energy-water sector. Under the quanti
tative analysis, the main techniques adopted were principal component 
analysis (Ozturk, 2015), regression analysis (Li et al., 2013; Topi et al., 
2016) and the trend analysis (Xiang et al., 2017). Moreover, very few 
studies in the nexus approach adopted the financial modelling technique 
such as GARCH to capture the volatility spillover among the three sec
tors (Peri et al., 2017) or a multifactor market model to study the impact 
of agriculture and energy prices on the stock performance of the water 
industry (Vandone et al., 2018). 

The two important strands of literature on the WEF nexus have 
alluded us to some pertinent knowledge gaps (Kholod et al., 2021), 
which give us clues for further scope of research. Firstly, as we disin
tegrate the nexus into interfaces (water for food and energy and energy 
for food and water), we have observed that each of these interactions 
have determinantal environmental implication, raising the concerns of 
sustainability. Therefore, there is a need for coordinated, and consistent 
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policy recommendations and suggestions that can support the inter
linkage between the three sectors (Ogbolumani and Nwulu, 2024). 
Secondly, there is a dearth of studies, which have undertaken quanti
tative financial modelling methodology to understand the Food-Energy- 
Water nexus. Thirdly, to the best of our knowledge no other studies have 
adopted a Quantile Vector Autoregression (QVAR) technique to capture 
the dynamic connectedness between the Food-Energy-Water systems. 
We thus, through our study attempt to fill-in the knowledge gap by 
exploring how the relationship between the three sectors varies across 
different quantiles, to capture the spillover effect under extreme market 
conditions. 

3. Research methodology 

3.1. Empirical framework 

We use the extended Diebold and Yilmaz (2012, 2014) connected
ness /spillover mathematical construct (Diebold and Yilmaz, 2012, 
2014). Commencing from Ando et al. (2022), we use the quantile vector 
autoregression to investigate the spillover/connectedness among food, 
energy and water-based variables across the extreme lower, lower, 
median, upper, and extreme upper quantiles, namely, 0.1, 0.2, 0.3, 0.5, 
0.7, 0.8, and 0.9 (Ando et al., 2022). This way we could accommodate 
the extreme market movements between 1961 and 2023.6 Quantiles 
such as Q0.01,0.05, 0.95 or 0.99 etc. won't produce outcome with lesser 
error if the length of the dataset is relatively smaller (Iacopini and Poon, 
2022). Moreover, it has been proved that 10th & 90th quantiles depict 
extreme large negative and positive shocks (Bouri et al., 2021), whereas 
median quantile is more of a reference point. The degree of asymmetry 
could be clearly observed due to shocks (from the median quantile). 
That's why we're calibrating the median quantile. 

Furthermore, we estimated the quantile vector autoregression, 
QVAR(p) as: 

yt(τ) = μ(τ)+
∑p

j=1
ϕj(τ) yt− j + ut(τ) (1) 

In the eq. (1) t denotes time whereas τ denotes the quantiles. Here, yt 

is a vector of n variables, including food, energy, and water related pa
rameters μ(τ).Further,ϕj(τ) denote coefficient matrices. Again, ut(τ)
shows the error vector. Following specific existing literature, we kept the 
maximum lag length (p) as 4 (Blanchard and Perotti, 2002; Linnemann 
and Winkler, 2016). Then on we used Wold's theorem, and transformed 
the QVAR(p) in eq. (1) to a moving average representation. According to 
this premise, a stationary stochastic process can be decomposed into a 
pair. One being deterministic, and the other being a moving average 
process. Although the maximum lag length is 4, which is intuitively 
correct as AQUASTAT, FAO (FAO, 2014) aggregates quarterly data to 
generate annual data.7 We however found out the optimum lag length as 
1(as per BIC), which is producing the minimum L-step GFEVD following 
(Chatziantoniou et al., 2021). 

Mathematically, it can be expressed as: QVMA(∞): Qτ (Ft− 1) = μ(τ)+
∑∞

i=0Ai(τ)ut− i(τ), with Ai(τ) = Θ1(τ)Ai− 1(τ) + Θ2(τ)Ai− 2(τ) + … for i =
1, 2, .…;A0(τ) = In and Ai(τ) = 0 for i < 0. In is an n × n identity matrix. 
From the robustness perspective, we calibrated L-step ahead generalized 
forecast error variance decomposition (GFEVD) as follows: 

ψg
i,j,τ(L) =

σ− 1
jj
∑L− 1

l=0

(
eT

i Al(τ)Σej
)2

∑L− 1
l=0

(
eT

i Al(τ)ΣAl(τ)T ei
) (2) 

Here Σ represents the variance matrix of the error term vector. 
Further, σjj denotes the standard deviation of the error term of variable j. 
ei is a n × 1 vector that would be 1 for element i and 0 otherwise. Finally, 
we compute the normalized generalized forecast error variance 
decomposition (GFEVD) following existing literature (Koop et al., 1996; 
Pesaran and Shin, 1998). 

ψ ͂ gij,τ(L) =
ψg

ij,τ(L)
∑k

j=1ϕg
ij,τ

(3) 

ψ ͂ gij,τ(L) depicts the percent of forecast error variance in i which can be 
explained by j as and when i is in quantile τ. Next, all the spillover 
indices are calculated to illustrate the complete overall connectedness/ 
spillovers across the variables: 

FROMi,τ(L) =
∑n

j=1,j∕=iψ ͂
g
ij,τ(L)

n
× 100 (4)  

TOi,τ(L) =
∑n

j=1,j∕=iψ ͂
g
ji,τ(L)

n
× 100 (5)  

NETi,τ(L) = TOi,τ(L) − FROMi,τ(L) (6)  

TCIτ(L) =
∑n

i,j=1,j∕=iψ ͂
g
ji,τ(L)

n
× 100 (7) 

It has to be noted that TO indicates the overall impact i has on all 
other j. Whereas, FROM illustrates the impact of shocks all j on i. NET 
illustrates the net spillovers from i to all other j, where a positive 
(negative) value indicates i is a shock transmitter (receiver) inside this 
network. Lastly, the total connectedness index (TCI) captures the overall 
spillover/connectedness among all the variables in the network and 
therefore, it is considered as a valid proxy for market risk contagion. 

In the empirical analysis (we have received the initial codes from 
David Gabauer's GitHub8), we focus on documenting the quantile 
connectedness at the 0.1, 0.2, 0.3, 0.5, 0.7, 0.8, 0.9 quantiles. These 
quantiles depict the connectedness among WEF variables (discussed in 
the data sub-section) across extreme negative, median and extreme 
positive movements. In addition to the static connectedness, we analyze 
the time-varying connectedness by calculating the rolling spillover in
dexes with a rolling window of 40, 50 & 60 observations. In fact, we 
have a total of 63 yearly observations for each of the chosen variables 
from AQUASTAT, FAO. Therefore, choosing an optimum becomes rather 
difficult; further, tiny window increases the volatility and a large win
dow level the same, therefore mid to higher level of windows are rec
ommended (Antonakakis et al., 2020). According another study 
observations over 46 are optimum (Haslbeck et al., 2021) for these of 
VAR calibrations. That is why we chose 40, 50, and 60 observations, 
although our choice suffered from constraints of data availability. If 
AQUASTAT provides daily/monthly data over a large time period, this 
study would have been extremely robust. 

3.2. Data 

We choose six variables, namely, Total Renewable Water resources 
per capita (TRW), Total Internal Renewable Water resources per capita 
(TIRW), Total Water Withdrawal per capita (TWW), Global Food Con
sumption per capita (GFC), Global Crop Production (GCP), and Global 
Electricity Consumption (GEC). The annual frequency time series cover 
the period from January 1961 till January 2023. The data is sourced 

6 This research method accounts for spillover and interlinkages between the 
variables under regular and stressful conditions. Further, this methodology can 
accommodate more than two variables without increasing computational 
complexity. This method allows identifying the direct/indirect linkages across 
all the variables in any complex and intertwined network. Moreover, it illus
trates the cardinal sources of shock transmission across the variables. This 
method has been used to study the extreme spillovers across different markets 
in the last couple of years (see, Chen et al., 2022; Farid et al., 2022; Yousaf 
et al., 2022; Ghosh et al., 2023a, 2023b; Patel et al., 2024).  

7 https://unstats.un.org/unsd/envstats/fdes/manual_bses.cshtml. 

8 https://github.com/GabauerDavid. 
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from AQUASTAT FAO,9 UN FAOSTAT10 and World Bank11 (refer Ap
pendix C). The water variables included in the study are selected based 
on the criteria that it should encompass the dimensions of sustainability 
(Pires et al., 2016). The water variables adopted in the study are the 
indicators for sustainable water resources development which are 
considered to best represent the overall status of a country's water re
sources and usage.12 For representing water resources, total renewable 
water capita (Kheirinejad et al., 2022) as well as total internal renewable 
water resources (FAO) has been extensively adopted. Moreover, for 
representing water usage, the per capita water withdrawal (TWW) in
dicates absolute or per-person value of yearly water withdrawal gives a 
measure of the importance of water in the country's economy. When 
expressed in percentage of water resources, it shows the degree of 
pressure on water resources. All the data points are converted to log 
returns. TRW works as a proxy for total renewable water, TIRW for in
ternal renewable water, TWW for total water withdrawal, GFC for food 
consumption, GCP for crop production, and GEC for electricity con
sumption. In our study, we have used two types of water sector in
dicators: a) water resource indicator and b) water use indicator. The 
relevant sustainable water resource indicators are assessed mainly based 
on its relative availability and human pressure on the resources.13 As 
two additional water indicators, we have selected TIWR and TRW. TIWR 
accounts for the surface and ground water produced internally repre
senting the average annual flow of rivers and groundwater generated 
from endogenous precipitation, after ensuring that there is no double 
counting. The TRW is the total of the country's internal renewable water 
resources and incoming flow from outside the country. This value, un
like internal resources, can change over time if upstream development 
diminishes water supply near the border. Furthermore, for representing 
the water consumption we selected Total water withdrawal per capita 
(TWW) as the absolute or per-person value of yearly water withdrawal 
measures the importance of water in the economy. These variables are 
carefully chosen based on our extensive literature review. The infor
mation regarding the data collection/methodology is provided with the 
help of a Data Summary Table (Appendix C). 

All the variables are non-normal, mean-reverting (stationary) time 
series and exhibit varying degree of fat tails (leptokurtic), see Table 1 
and Fig. 1. The presence of fat tails confirms deviation from the Gaussian 
distribution theory. 

As we analyze the graphs in Fig. 1, some intriguing facets of each 
variable are revealed that are crucial for our current study. We have 
provided a detailed discussion of the volatility in each of the series, 
along with the plausible reasons across the period selected for analysis. 
These events are also linked to Table 4  

a) Global Crop Production: The volatility in global crop production is 
mainly attributable to enhanced agricultural production for indus
trial use, robust demand from emerging economies, and the biofuel 
sector ever since 1960s14. Furthermore, during 2010 a drop in the 
Global Crop Production was also observed as the production of the 
two major cereal crops namely wheat and maize, was severely hit by 
the drought in Russian Federation and excess rainfall conditions in 
the US.15  

b) Global Electricity consumption: The movements in Global Electricity 
consumption witnessed two significant spikes in 1970s and 1990s. 

The 1970s spike is mainly ascribed to the excess demand for elec
tricity generated due to the fuel shortage in the 1970s, rapid popu
lation, and industrial growth. As the energy crisis of 1973 began to 
mount up causing high energy prices, during 1973s and 1974s the 
global electricity consumption dropped drastically.16 Another spike 
in global electricity consumption happened during the 1990s which 
can also be attributable to the 1990s energy crisis resulting from the 
gulf war.  

c) Global Food consumption- Extreme values in GFC are attributable to 
the rise in food consumption, especially grain. Grain consumption in 
the developing countries doubled between 1960 and 1980. This rate 
of growth was nearly twice the rate of population growth and is 
unmatched in history. The development and spread of high-yielding 
wheat and rice varieties (HYVs) during mid 60's dramatically 
increased the yields.17  

d) Water resource variables- For the total renewable water resources 
per capita, we can observe a steep drop during the start of the sample 
i.e., during 1960s. This observation aligns with the findings of a 
study by Kummu et al. (2010) which shows that by 1960s the per 
cent of the global population experiencing chronic water shortage 
drastically increased to 9% from 2% during 1900s.Furthermore, we 
can observe that both the total renewable and total internal renew
able water resources have exhibited high volatility since 2000. The 
high degree of volatility in the water resource variable is inextricably 
linked to the global climate change events, such as episodes of 
droughts, floods, and rising sea levels, happened since 2000.18 A 
United Nations report (2022) highlighted that since 2000, we have 
witnessed of about a 29% increase in the number and duration of 
drought and a whopping 134% increase in the flood related disasters 
globally. The world witnessed some of the worst-hit episodes of 
droughts in many parts, such as the occurrence of Megadrought in 
western US in 2000, some specific incidents of droughts in the 
Mediterranean regions of Spain and Portugal in 2001, 2004 and 
2005. The episodes of drought were witnessed globally even after 
2015, attributable to the episodes of the California Drought,19or the 
multi-year drought witnessed from 2015 to 2019 in South Africa 
(Archer et al., 2022) or the prolonged drought between 2015 and 
2018 witnessed in South Asia because of the El Niño-Southern 
Oscillation (ENSO).20  

e) Total water withdrawal- For total water withdrawal, we can observe 
extreme movements during the start of the sample as due to green 
revolution during 1960s and 70s caused water transfer from distinct 
basins and on seawater desalinization, thus expanding the annual 
renewable supply of water. Moreover, the decade of 1950–60 wit
nessed the most significant increase in water withdrawal of about 
4.2% per year.21 

We have further studied the correlation between the variables. The 
table is presented in Appendix A. A glance at the correlation table in 
Appendix A gives us an insight into some of the essential correlations 
among the variables. For instance, the variables such as total 
renewable water resources per capita and total internal water re
sources per capita have relatively high correlation values (0.8). 
Similarly, Global food consumption and total water withdrawal per 
capita also have high correlation values (0.88). Furthermore, vari
ables such as total water resources per capita, total water withdrawal 

9 https://data.apps.fao.org/aquastat/?lang=en.  
10 https://www.fao.org/faostat/en/#data/QI.  
11 https://databank.worldbank.org/id/b3ab275c?Report_Name=Electricity-p 

roduction.  
12 https://www.fao.org/3/W4745E/w4745e0d.htm.  
13 https://www.fao.org/3/W4745E/w4745e0d.htm.  
14 https://agriculture.ec.europa.eu/system/files/2023-03/agri-market-brief-0 

8_en.pdf.  
15 https://www.fao.org/3/i2050e/i2050e07.pdf. 

16 https://americanhistory.si.edu/powering/past/history3.htm.  
17 https://www.elibrary.imf.org/view/journals/022/0022/004/article-A00 

3-en.xml.  
18 https://www.unwater.org/water-facts/water-and-climate-change.  
19 https://www.weforum.org/agenda/2015/01/why-world-water-crises-a 

re-a-top-global-risk/.  
20 https://www.unescap.org/op-ed/ready-dry-years-building-resilience-dro 

ught-southeast-asia.  
21 https://www.fao.org/aquastat/en/overview/methodology/water-use. 
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per capita, global food consumption, and total renewable water re
sources per capita had low and negative correlation coefficient 
values (− 0.4). 

4. Results and interpretation 

Table 2 presents the outcomes for average connectedness for the 
whole sample per quantile, helping us with analysing the patterns of 
spillover/connectedness and with identifying the emitter/receiver roles 

of the variables. 
As per Table 2, total connectedness/spillover of shocks are lowest 

(48%) for median quantile Q0.5 since it represents a regular environment 
without much shocks. On the other hand, TCI increases going towards 
both the lower and upper extreme quantiles, namely, Q0.1 and Q0.9, 
which are representative, respectively, of extraordinary negative and 
positive events and situations. Both Q0.1 & Q0.9 witness the extremely 
elevated levels of spillover/connectedness, respectively, 73% and 86%. 
These results are perfectly plausible and consistent with studies 

Table 1 
Descriptive statistics.   

TRW TIRW TWW GFC GCP GEC 

Mean − 0.003 0 0.483 0.001 − 0.003 − 0.001 
Variance 0.006 0.005 12.993 0 0.021 0.006 
Skewness 1.039*** 1.36*** 7.47*** 4.23*** 0.770** 0.369 
Kurtosis 4.090*** 5.34*** 53.8*** 25.361*** 22.444*** 11.989*** 
JB 52.621*** 89.78*** 7787.7*** 1785.54*** 1265.214*** 360.725*** 
ERS − 0.198 − 5.27*** 0.69 0.243 − 2.965*** − 2.034** 
Q (10) 29.492*** 43.49*** 0.514 3.156 18.384*** 16.030*** 
Q2(10) 11.492** 14.55*** 0.002 0.515 14.461*** 14.607*** 

Notes: This figure presents the returns of the WEF variables under study, where returns are calculated by log-differencing. 

Fig. 1. TRW, TIRW, TWW, GFC, GCP, and GEC; 1961–2023.  
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Table 2 
Average connectedness per quantiles.   

TRW TIRW TWW GFC GCP GEC FROM 

Panel A: Extreme Lower Q0.1 

TRW 27.27 22.16 14.63 6.66 10.8 18.48 72.73 
TIRW 26.78 26.6 14.58 5.33 9.42 17.28 73.4 
TWW 17.33 12.77 33.87 8.01 11.19 16.83 66.13 
GFC 9.33 6.48 8.45 42.01 15.12 18.61 57.99 
GCP 8.67 7.99 8.06 9.25 57.12 8.91 42.88 
GEC 9.86 5.84 8.98 13.02 11.78 50.51 49.49 
TO 71.97 55.23 54.7 42.26 58.32 80.12 362.6 
Inc.Own 99.25 81.84 88.57 84.27 115.44 130.63 

TCI ¼ 73% NET − 0.75 − 18.16 − 11.43 − 15.73 15.44 30.63 
NPT 3 1 2 0 5 4 
Panel B: Lower Q0.2 

TRW 34.75 27.3 21.5 3.32 6.36 6.77 65.25 
TIRW 30.19 30.32 21.14 3.24 8.29 6.83 69.68 
TWW 23.5 21.2 41.94 2.71 4.82 5.81 58.06 
GFC 8.3 4.45 5.99 53.16 13.25 14.85 46.84 
GCP 12.46 6.45 8.12 6.91 58.31 7.75 41.69 
GEC 12.3 5.32 9.5 7.87 2.35 62.66 37.34 
TO 86.75 64.72 66.24 24.05 35.08 42 318.86 
Inc.Own 121.5 95.04 108.18 77.22 93.39 104.66 

TCI ¼ 63% NET 21.5 − 4.96 8.18 − 22.78 − 6.61 4.66 
NPT 5 2 3 0 2 3 
Panel C: Lower Q0.3 

TRW 37.33 30.22 23.43 2.28 2.22 4.52 62.67 
TIRW 29.91 36.98 23.92 2.53 1.93 4.72 63.02 
TWW 23.18 22.14 46.83 2.61 1.49 3.74 53.17 
GFC 5.87 5.05 5.17 65.14 6.37 12.4 34.86 
GCP 9.42 5.3 8.02 4.57 66.53 6.15 33.47 
GEC 9.08 2.62 6.16 6.49 1.59 74.06 25.94 
TO 77.46 65.35 66.71 18.48 13.59 31.54 273.13 
Inc.Own 114.79 102.33 113.54 83.61 80.13 105.6 

TCI ¼ 55% NET 14.79 2.33 13.54 − 16.39 − 19.87 5.6 
NPT 3 3 5 0 1 3 
Panel D: Median Q0.5 

TRW 47.15 29.99 9.32 7.48 1.38 4.67 52.85 
TIRW 41.91 36.31 11.46 5.87 1.34 3.11 63.69 
TWW 23.93 14.52 52.21 6.08 0.8 2.46 47.79 
GFC 17.34 1.72 3.81 68.58 1.86 6.69 31.42 
GCP 13.87 1.92 1.76 4.63 75.2 2.63 24.8 
GEC 11.91 0.72 1.39 6.05 0.94 78.99 21.01 
TO 108.96 48.87 27.74 30.11 6.33 19.56 241.56 
Inc.Own 156.12 85.18 79.94 98.69 81.53 98.55 

TCI ¼ 48% NET 56.12 − 14.82 − 20.06 − 1.31 − 18.47 − 1.45 
NPT 5 2 1 3 0 4 
Panel E: Upper Q0.7 

TRW 37.36 29.99 22.29 3.91 1.21 5.24 62.64 
TIRW 26.99 40.76 23.45 2.68 0.86 5.27 59.24 
TWW 21.57 22.89 46.18 3.86 1.3 4.2 53.82 
GFC 7.28 7.39 7.75 68.32 6.12 3.13 31.68 
GCP 9.75 5.93 6.99 5.1 60.41 11.82 39.59 
GEC 9.85 4.79 6.28 3.65 4.85 70.59 29.41 
TO 75.45 70.98 66.76 19.2 14.33 29.67 276.39 
Inc.Own 112.81 111.74 112.94 87.52 74.74 100.25 

TCI ¼ 55% NET 12.81 11.74 12.94 − 12.48 − 25.26 0.25 
NPT 3 3 5 1 1 2 
Panel F: Upper Q0.8 

TRW 35.41 23.85 22.88 5.03 6.1 6.73 64.59 
TIRW 27.81 32.27 23.68 4.59 5.74 5.91 67.73 
TWW 22.08 16.79 43.46 6.92 4.91 5.84 56.54 
GFC 12.76 8.02 11.9 51.2 11.31 4.8 48.8 
GCP 15.75 7.85 13.1 6.87 45.62 10.81 54.38 
GEC 14.57 6.1 12.23 5.68 6.42 55.01 44.99 
TO 92.97 62.62 83.78 29.09 34.48 34.09 337.04 
Inc.Own 128.37 94.89 127.24 80.29 80.1 89.1 

TCI ¼ 67% NET 28.37 − 5.11 27.24 − 19.71 − 19.9 − 10.9 
NPT 4 3 5 1 1 1 
Panel G: Extreme Upper Q0.9 

TRW 27.12 26.68 15.44 11.26 6.95 12.56 72.88 
TIRW 26.1 26.03 14.6 12.28 7.34 13.64 73.97 
TWW 18.75 18.86 28.45 13.8 6.48 13.66 71.55 
GFC 17.62 18.07 12.65 30.48 5.82 15.37 69.52 
GCP 14.14 15.41 10.8 15.95 30.85 12.85 69.15 
GEC 15.61 16.44 13.28 19.05 6.31 29.3 70.7 
TO 92.21 95.47 66.78 72.35 32.9 68.07 427.78 

(continued on next page) 
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employing the same methodology in different markets (Ghosh et al., 
2023a). This investigation is consistent and independent of the various 
rolling windows as shown in Table 3. 

At this point we pass to the analysis of emitter/ receiver roles. From 
Table 2 we infer that TRW is a consistent net emitter across all quantiles 
except for the extreme lower 0.1 quantile. It means that TRW under 
normal, positive, and moderately negative conditions remains crucial. 
TIRW represents the combination of long-term river flow and the 
continuously replenished groundwater. It acts mainly as a net receiver at 
normal and negative market conjuncture (except for 0.3 quantile) and 
turns to be a net emitter in the remaining right-hand side quantiles 
(except for 0.8 quantile), with the highest innovation transmission in
tensity observed for the extreme upper quantile (refer Fig. 5). Usually, 
the negative shock comes from global warming over the crucial 1.5 ◦C 
level whereas the positive shock (refer Table 4) comes from Net Zero 
agreement, as hydroelectricity remains the largest renewable electricity 
in terms of both capacity and generation over the years.22 Infrequent 
droughts play the spoilsport though. Furthermore, TWW, representing 
water withdrawal, emits shock waves across moderately negative and 
moderately positive conditions (0.2, 0.3, 0.7, and 0.8 quantiles) but acts 
as a net receiver at both extremes and in the middle (0.1, 0.5, and 0.9 
quantiles). As under the moderate conditions TWW emits shocks, this 
finding reveals the challenges of “water for agriculture” as global food 
production bears the brunt of it. These challenges are attributable to 
many factors such as inadequate policy, under performance of major 
institutions and the financing constraints which can cause a diversion of 
water resources to other uses, thereby stressing the global crop pro
duction under regular market conditions.23 Moreover, factors such as 
increasing water demand, dehydration of freshwater resources due ur
banization and climate change can further aggravate the problem of 
water scarcity for agriculture (Saraiva et al., 2020). 

TWW or water withdrawal behave as a receiver of good shocks (UN's 
COP 28 etc.) or bad shock (Russia-Ukraine military conflict, etc.) and in 
regular business circumstances (τ = 0.5) (refer Table 4). Recently COP 

28 clearly showed that Agriculture is responsible for 70% of freshwater 
water withdrawal.24 This could lead to a policy shock, hence TWW be
comes a receiver of shock. Similarly Russia-Ukraine military conflict 
witnessed stress on water resources as a whole, therefore TWW becomes 
a receiver of shock (Khilchevskyi et al., 2023). In regular times (τ = 0.5) 
contamination, over-pumping and sinking of land makes water with
drawal as a net receiver (Kumar and Yaashikaa, 2019). 

GFC or food consumption is directly linked to nutrition. It acts as a 
net emitter only at the extreme upper quantile, acting as a net receiver 
otherwise. GCP or crop production mostly acts as a net receiver of shocks 
from most other variables, except for the extreme lower quantile (refer 
Fig. 5). This is rather logical. Crop production depends upon these 
variables at positive, normal, and moderately negative market condi
tions, however, during the downside risk events, GCP becomes vitally 
important, and thus influences other parameters. GEC is among the less 
connected variables to others variables, except for the extreme lower 
quantile, when GEC acts as a major net emitter (refer Fig. 5). This is 
rather a unique finding, which makes GEC a plausible candidate for a 
possible hedge in the WEF nexus at the extreme bearish market condi
tions when workable hedging setups are the most needed. Although, it 
appears logical yet to understand it intuitively we need to delve into the 
cause. Electricity is required for cultivation and water management. 
Traditionally electricity is used for irrigation & crop cultivation globally 
(Maddigan et al., 1982). 

According to Table 2 and Fig. 5, the relationship between GFC & GEC 
changes entirely between two extreme quantiles (namely 0.1 and 0.9). 
In the lower end (i.e. τ = 0.1) electricity (GEC) exerts pressure on food 
consumption (GFC) as the requirement of electricity increases owing to 
negative shocks such as war or border conflicts. Food consumption 
(GFC) on the other hand exerts pressure to electricity (GEC) as global 
food consumption always showed a double digit growth recently (Dijk 
et al., 2021), which typically acts as a positive shock (τ = 0.9). The 
thickness of the lines connecting the nodes in Fig. 5, typically depict the 
net shock transmission intensity between the variables. 

The variables TRW and TIRW have high connectedness as TIRW is a 
part of TRW (this is also evident given the 0.8 correlation coefficient 
values reported in Appendix B). However, this does not undermine the 
relevance of the water variables for two reasons. First, total Internal 
water resource per capita is an extremely crucial indicator to represent 
water security/ scarcity. We can employ Total renewable water re
sources variable to represent the status of water resources. For instance, 
if Total water withdrawal is greater than the total internal water flow, 
then this would represent a decline in the water resources and vice versa. 
Second, we would reaffirm the results of our study wherein two vari
ables exhibited distinguishable characteristics across the order of the 
quantiles (refer Table 2). 

Low connectedness between global food consumption and produc
tion is attributable to the burgeoning disconnect between sustainable 
food consumption and production due to the emergence of a highly 
globalised and complexed food system during the last decade (Ng and 

Table 2 (continued )  

TRW TIRW TWW GFC GCP GEC FROM 

Inc.Own 119.33 121.5 95.23 102.83 63.75 97.37 
TCI ¼ 86% NET 19.33 21.5 − 4.77 2.83 − 36.25 − 2.63 

NPT 4 5 1 3 0 2 

Notes: Each cell above shows the number of spillovers within the WEF network. The column ‘FROM’ captures the spillovers from all other variables whereas ‘TO’ 
captures the spillovers to all other variables; ‘Inc. own’ captures the spillovers from each column variable to all variables, including itself & ‘NET’ captures the net 
connectedness with a positive (negative) value indicates a shock transmitter (receiver). NPT counts the times of variable j's pairwise TO values exceeding its pairwise 
FROM values. Results are obtained by means of the QVAR model, based on 50 observations, with lag length of order 1 (BIC) and a 20(L)-step-ahead generalized forecast 
error variance decomposition. 

Table 3 
Time-varying connectedness with 40-, 50-, and 60-observations rolling windows 
per quantile.  

Rolling Window Size 
(observations) 

Total Connectedness Index (TCI) 

Q0.1 Q0.2 Q0.3 Q0.5 Q0.7 Q0.8 Q0.9 

40 79% 67% 58% 49% 57% 69% 88% 
50 73% 63% 55% 48% 55% 67% 86% 
60 71% 61% 52% 46% 53% 66% 83% 

Note: This table illustrates the difference between the TCI at all quantiles under 
consideration, computed based on QVAR with a rolling window of 40, 50, and 
60 observations, to prove the consistency of the connectedness/spillover; TCI is 
largely consistent across these rolling windows, which is the main purpose of 
choosing these windows. Usually, smaller datasets are used in a single window, 
however, we used three rolling windows to be surer of the consistency in results. 

22 https://www.iea.org/reports/hydroelectricity.  
23 https://www.worldbank.org/en/topic/water-in-agriculture. 

24 https://www.mckinsey.com/capabilities/sustainability/our-insights/susta 
inability-blog/cop28-food-and-water. 
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Connor, 2022; Princen, 2002). The consumption decision and produc
tion decisions are made in relative isolation. While the production de
cision is driven by the targets of high yield and production volumes with 
lesser emphasis on nutritional intake, the consumption decisions on the 
other hand are made without considering the environmental impact 
caused by the production activity (Boström et al., 2015). Therefore, the 
low connectedness value between GFC and GCP can be justifiable across 
the quantiles. 

At this point, we proceed with the analysis of the time dynamics of 
Total Connectedness Indices (TCI) per each of the considered quantiles. 
We present the results in Fig. 2. 

As per Fig. 2, total connectedness/spillover of shocks is moderate in 
the middle of the distribution, which is representative of regular envi
ronment without extreme shocks; see TCIs for the 0.2, 0.3, 0.4, 0.5, 0.6, 
0.7, and 0.8 quantiles. However, it surges in both lower and upper 
extreme quantiles, indicating the risk of contagion during extreme sit
uations. Both Q0.1 and Q0.9 witness elevated levels of spillover/ 
connectedness, which corroborates our finding from Table 2 as well as is 

in line with other studies employing the same methodology (Ghosh 
et al., 2023a). The overall trend for the seven non-extreme quantiles is 
an uptrend, visualizing a generalized increase in connectedness along 
the years. This finding could be explained by the growing integration of 
financial markets due to the globalization, in general, and by financi
alization of commodities including food commodities, in particular 
(Tang and Xiong, 2012; Bossman and Agyei, 2022a, 2022b; Bossman 
et al., 2023; Kang et al., 2023). 

To highlight the importance of asymmetric connectedness, we report 
the relative tail dependence (RTD) in Fig. 3 computed by taking differ
ence of the TCI for the Q0.9 and Q0.1. 

RTD is predominantly non-zero over here, proving the asymmetry in 
connectedness across quantiles. Moreover, the positive RTD values 
indicate higher connectedness during positive shocks, whereas negative 
values indicate that, on the contrary, connectedness is stronger during 
negative innovations. A staggering 92% of the RTD values as positives 
prove that positive shocks have more impact over their negative coun
terparts in Food-Energy-Water nexus. For instance, Russia-Ukraine 

Table 4 
Global events that impacted WEF over the past six decades.a   

Food Energy Water 

Common 
Events 
to all 
the WEF 

Years Events Geographies Years Events Geographies Years Events Geographies 

1961–1971, 
1975–1985, 
1990–1999, 2022 

Conflicts & 
Military 
hostilities 

Asia, Africa, 
Middle East, 
Latin 
America, 
USSR 

1961–1971, 
1975–1986, 
1990–1999, 
2022 

Conflicts & 
Military 
hostilities 

Asia, Africa, 
Middle East, 
Latin America, 
USSR 

1961–1971, 
1975–1986, 
1990–1999, 
2022 

Conflicts & 
Military 
hostilities 

Asia, Africa, 
Middle East, 
Latin 
America, 
USSR 

1973–1979, 
1982–1987, 
1990–2002, 
2008–2012, 
2019–2022 

Economic 
shocks 

USA, UK, 
Latin 
America, 
Middle East, 
Asia 

1973–1979, 
1982–1987, 
1990–2002, 
2008–2012, 
2019–2022 

Economic 
shocks, Energy 
Crisis 

USA, UK, Latin 
America, Middle 
East, Asia, 
Mediterranean 

1973–1979, 
1982–1987, 
1990–2002, 
2008–2012, 
2019–2022 

Economic 
shocks 

USA, UK, 
Latin 
America, 
Middle East, 
Asia 

1967–1969, 
1985–1989, 
1994–1996, 
2003–2007, 
2019–2022 

Climate 
shocks 
(Major 
Drought & 
excess 
rainfall) Global 

1967–1969, 
1985–1989, 
1994–1996, 
2003–2007, 
2019–2022 

Climate 
shocks Global 

1967–1969, 
1985–1989, 
1994–1996, 
2000, 
2003–2007, 
2015–2019, 
2022 

Climate 
shocks 
(Major 
Droughts) Global 

Specific 
Events 

1960–1970, 
1974,1980,1996, 
2006, 2008, 2012, 
2021 

Green 
Revolution, 
Fertilizer 
price shock 

North 
America, 
Asia, Russia 

1976, 1980, 
1985, 1991, 
1996, 2007, 
2023 

Advent & 
development 
of lithium 
battery 

UK, USA, 
Canada, 
Australia 

1978,1988, 
1996,2006, 
2012, 2016 

Water 
deficit 
owing to 
droughts 

UK, USA, 
Canada, 
Europe, Asia, 
Australia  

a https://www.discover.ukri.org/a-brief-history-of-climate-change-discoveries/index.html. 

Fig. 2. Total Connectedness Indices (TCI) across quantiles, 1961–2023. 
Notes: This figure presents the plots of the Total connectedness indices (TCI) for all the quantiles, considered for this study. The sample period is from January 1961 
to January 2023, and the frequency is annual. 
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military conflict did not affect the wheat crisis much longer as, amidst 
fresh crop availability and supply pressure, the exports from Romania 
and Poland started to grow and the imports fell, though Poland, 
Hungary, Slovakia retained the restrictions on the wheat imports from 
Ukraine (refer Table 4). Moreover, Romania and Poland increased the 
wheat production in such manner that the wheat exports of EU 
augmented substantially in late 2023.25 

At this point, we proceed by illustrating the consistency of our results 
across different rolling windows, namely 40, 50, and 60. 

Fig. 4 depicts the robustness of the construct (non-liner QVAR model 
with shocks); this shows that everything is in perfect accordance with 
the standard range of regular GFEVD, i.e., between 0.00 and 1.00; 
therefore, our calculation is in agreement with the typical pattern of 
GFEVD curve within the specified range (Lanne and Nyberg, 2016). 
First, this calibration works well for non-linear models. Second, it 
showcases the impact of shocks in various time periods. This data starts 
from 1961, therefore the sharp spike 25 years later indicates 1986. Post 
that the error decomposition got stabilized. Several impactful events 
changed the landscape for FEW in and around 1986. Some important 
events were, the nuclear explosion in Chernobyl, USSR followed by river 
pollution of the Rhine (along with its tributaries) and controlled usage of 
pesticides in developing nations to meet their ever-increasing food de
mand (FAO International Code of Conduct on the Distribution and Use of 
Pesticides was published in early 1986).26 Shocks post 1986 were not 
that virulent it seems (refer Table 4). 

Additionally, we calibrated the dynamic pairwise connectedness 
across all our chosen quantiles (Refer Appendix B). That analysis (Refer 
Appendix B) examines comprehensive bilateral interconnectedness and 
asymmetry of return spillovers between TIRW, TRW, TWW, GFC, GCP 
and GEC for each quantile. The pairwise connectedness analysis helped 
us identify both synergies and trade-offs between the WEF nexuses. 

The Dynamic Pairwise Connectedness charts (refer Appendix B) 
presents the results from 2009 onwards. We have presented the pairwise 
connectedness values for the recent past only, especially after the Global 
Financial Crisis in 2008, specifically to capture the impacts of such a 

Black Swan event (Brinkman et al., 2010; Joo et al., 2020; Leichenko 
et al., 2010). We can observe relatively higher connectedness in quantile 
0.1 in some of the (F-E-W) variables in some specific time period as 
compared to other moderate quantiles (0.2, 0.3, 0.5, 0.7 and 0.8). For 
instance, the variables TRW and TIRW exhibited slight but relatively 
higher connectedness from 2010 onwards (relatively higher values 
during 2010 and 2020). TRW and TIRW exhibited relatively higher 
connectedness with GCP during 2010. These results can be justified as 
2010 witnessed some profound negative economic climate shocks in 
terms of the aftermath of the global financial crisis (as discussed earlier), 
occurrence of amazon rain forest drought (Jimenez et al., 2018), flash 
drought in Russian (Hunt et al., 2021) and the episodes of disastrous 
hurricanes in the US. Lastly, TWW also exhibited relatively higher 
connectedness with GEC during 2020. The year 2020 also witnessed 
some serious climatic setbacks such as episodes of recurrent wildfires, 
tropical storms, and intense drought.27 However, the pairwise 
connectedness was much stronger in the extreme upper quantile (0.9) 
which also represents the prominence of the positive shocks. These 
positive shocks after 2015 are attributable to the COP 21 meet (Paris 
Agreement) in 2015 and a series of positive policy shocks thereafter 
(refer Table 4). This reflects the synergies between the three sectors 
which got strengthened because of the positive shocks after 2015.28 

According to a study by (Pham and Sala, 2022), the connectedness 
during negative shocks acts as an enhancer of trade-offs. Therefore, the 
connectedness in the extreme lower quantile reflects the trade-offs 
within the three sectors. The trade-off in our study is about exploring 
the competing use of water between the food and energy sector (Qin, 
2021). The negative shocks act as enhancers of trade off within the three 
sectors namely Food, Energy & Water. To assess the tradeoffs, we 
examined the pairwise connectedness index between a) water variables 
with crop production and, b) water variables with electricity con
sumption, which showed high connectedness values in some specific 
time period re-affirming the impact of the negative shocks. Our results 
are in sync with a recent work which confirms that connectedness acts as 
a catalyst for tradeoff especially during negative shocks (Pham and Sala, 
2022). 

Fig. 3. Relative Tail Dependence (RTD). 
Note: This figure illustrates the difference between the TCI at the 90th quantile and 10th quantile, computed based on QVAR with a rolling window of 50 
observations. 

25 https://www.spglobal.com/commodityinsights/en/market-insights/latest- 
news/agriculture/092723-eu-wheat-tracker-exports-rise-17-on-week-as-pri 
ces-soften-imports-fall-18.  
26 https://cdn.un.org/unyearbook/yun/chapter_pdf/1986YUN/19 

86_P1_SEC2_CH15.pdf. 

27 https://www.cfr.org/blog/ten-most-significant-world-events-2020.  
28 https://farmingfirst.org/2015/05/2015-global-food-security-index-releas 

ed/. 
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5. Conclusion 

This study uncovers compelling insights into the interconnectedness 
of the water, energy, and food (WEF) sectors, offering valuable impli
cations for researchers, policymakers, and investors. Apart from the 
synergies, the WEF nexus also bring about the trade-offs due to the 
challenges posed by resource constraint. Reliance of agriculture and 
electricity on water resources as highlighted in the literature (Dudgeon 
et al., 2006; Poff et al., 1997; Chini et al., 2018; Chu and Majumdar, 
2012) can lead to global water stress. Lack of an integrated planning of 
water resources can affect equitable distribution of water for different 
uses causing conflicts in the allocation of water (Pittock et al., 2015). A 
coherent policy characterized by coordination between different policy 
making communities can abate the trade-off between the three sectors. 
For instance, joint efforts by the stakeholders to enhance the soil 
nutrient levels, seed quality and irrigation system can help in increasing 
water productivity and food production, thus putting lesser stress on 

water resources. The conflicting use of water for energy production can 
be countered through alternative measures such as the use of solar 
power water pumping for irrigation or promotion of afforestation pol
icies can reduce total water consumption through evapotranspiration 
and to increase fuelwood availability can create synergies between en
ergy and water sector.29 Moreover, a model-based decision support that 
considers multiple plausible futures (Maier et al., 2016) while designing 
the strategies can a go a long way in solving the trade-offs between the 
three sectors. For the resource allocation we recommend an optimiza
tion model-based policy that seek to find the pareto-optimal (best 
possible) allocation of benefits between the food-energy-water sectors. 

To our knowledge no study has employed quantile connectedness 

Fig. 4. Generalized Forecast Error Variance Decomposition (GFEVD) for the WEF variables.  

Fig. 5. Network Plot depicting emitter (receiver) as blue (yellow). 
Note: This figure illustrates a network plot for the connectedness between the WEF variables across quantiles. Blue (yellow) nodes indicate net shock transmitters 
(receivers). The size of the nodes corresponds to the absolute values of the net Total Connectedness Index (TCI). Thickness of the lines indicates the intensity of shock 
(thick lines are more intense compared to thin lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

29 https://cms.deltares.nl/assets/common/downloads/Operationalizing-the 
-WEF-nexus_quantifying-the-trade-offs-and-synergies-between-the-water-ene 
rgy-food.pdf. 

B. Ghosh et al.                                                                                                                                                                                                                                   

0.500 
0.450 
0.400 

"' ti 0.350 
Jj 0.300 

~ 0.250 
µl 0.200 
t, 0.150 

0.100 
0.050 
0.000 

0 5 10 15 

GFEVD 

20 25 

Observations 

30 35 40 

--TRW --TIRW --TWW --GFC --GCP --GEC 

(0.1) (0.2) (0.3) (0.5) 

(0.7) (0.8) (0.9) 

45 50 

https://cms.deltares.nl/assets/common/downloads/Operationalizing-the-WEF-nexus_quantifying-the-trade-offs-and-synergies-between-the-water-energy-food.pdf
https://cms.deltares.nl/assets/common/downloads/Operationalizing-the-WEF-nexus_quantifying-the-trade-offs-and-synergies-between-the-water-energy-food.pdf
https://cms.deltares.nl/assets/common/downloads/Operationalizing-the-WEF-nexus_quantifying-the-trade-offs-and-synergies-between-the-water-energy-food.pdf


Energy Economics 133 (2024) 107521

12

analysis to calibrate the impact at various levels of shocks (both positive 
and negative) in respect to the WEF variables. Therefore, this study 
bridges the literature gap in many ways. First, time-varying asymmetric 
connectedness among the variables across various stages of shocks 
receiving and emitting (connectedness is high at extremes). Second, it is 
evident that the positive shocks have a stronger impact in these variables 
over their negative counterparts. Third, food consumption is more 
relevant during positive shocks (due to nutrition related measures from 
UN). Fourth, crop production mostly remains as a receiver of shocks. 
Fifth, electricity consumption remains crucial across most times, irre
spective of any positive or negative policy decisions. Sixth, renewable 
water available is found to be consistent net emitter in all circumstances. 
Seventh, water withdrawal remains crucial from extreme negative shock 
up to the neutral time, proving its importance. We propose certain policy 
recommendations and guidelines for both policymakers and investors. 
In the first place, our results demonstrate that the magnitude of 
connectedness in the WEF network increases during extreme periods 
(denoted by the extreme quantiles). For instance, a COP series would 
induce positive shock, whereas pandemic or border conflicts would 
induce negative shocks. Further, there is asymmetry and a bias towards 
positive incidents. Therefore, limiting the scope of the study to the 
median quantile would not be fruitful for the investors and policy
makers, since they would be ignoring the asymmetric tail dependence. 
Therefore, we posit that there is a grave need to develop robust and 
efficient natural resource management strategies, which can incorporate 
uncertainty into decision-making processes related to planning infra
structure and managing water and energy resources. Second, stabilisa
tion of the WEF variable prices during extreme times (both positive and 
negative) would certainly assist stabilising the entire connectedness 
across the WEF variables. Third, energy plays a crucial role especially 
when we reduce carbon footprint as a policy, predictability of the same 
remains essential for investors. Fourth, results indicate that crop pro
duction and energy consumption are the least connected to other WEF 
variables across all quantiles under consideration barring 90th quantile. 
Thus, they are going to be rather perfect hedge for all other WEF vari
ables under a wide range of extreme as well as normal conditions. Fifth, 
as the negative shocks can put tremendous pressure on water con
sumption, we recommend techniques such as storing atmospheric water 
and rain water harvesting to bring balance between water supply and 
usage. We also suggest greater capacity building and water accounting 

for institutions as a good water management and governance practice, 
which is in accordance with another latest work around the same theme 
(Tye et al., 2022). We recommend possible extensions of our work. 
Though quantile connectedness model accommodated spillovers across 
the WEF variables under varied stressed and normal conditions, the use 
of annually data may not entirely account for the movements. Future 
research can use data with other frequencies such as daily to test the 
resilience of our findings. Further, different horizons can be chosen as 
well to test the consistency of the results. 

6. Limitations of the study and scope for future research 

Although this study is a novel attempt, yet there are certain limita
tions. First, the data availability from AQUASTAT, FAO is annual in 
nature, therefore, it's relatively shorter. Second, TVP-VAR or DCC- 
GARCH modelling could also be applied. Third, only extreme quan
tiles such as 0.01 & 0.99 could be calibrated and deciphered. 
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Appendix A. Correlation among the variables.   

TRW TIRW TWW GFC GCP GEC 

TRW 1      
TIRW 0.809496 1     
TWW − 0.48841 0.031519 1    
GFC − 0.45753 0.011263 0.887964 1   
GCP 0.004373 − 0.01348 − 0.06227 − 0.02751 1  
GEC 0.060194 − 0.01215 − 0.06137 0.007895 − 0.01735 1  

Appendix B. Dynamic pairwise connectedness 
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Appendix C. Data summary table  

Metric Number of 
countries 

Methodology/Limitations Data Source 

Total renewable water resource per capita and 
total internal renewable water resources 

183 The data is collected through country surveys and modelled through GISa (geographical 
information system) and RS (remote sensing). The computation of water resources is based on 
water resources accounting approach. 
However, due to lack of information at country level and resources at all levels leads to the 
problem of data gaps. 

FAO 
Aquastatb 

Total Water withdrawal 180 AQUASTAT obtains water withdrawal values from national ministries or other governmental 
agencies. Information on water use by resources consists of surface water, ground water and 
non-conventional source of water. But data gaps are still persistent. 

FAO 
Aquastatc 

Global Electricity Consumption 216 World bank provides estimates of global electricity consumption, drawn from international 
sources (world bank and IEA) and have been standardized as much as possible to facilitate 
cross-country comparisons. 

World 
Bankd 

Global Food Production 199 UN FAO provides data on crop yield statistics for 278 products. The source data are collected 
from surveys, administrative data and estimates based on expert observations. 

UN 
FAOSTATe 

Global Food consumption 53 FAO collects data on food intake through quantitative dietary surveys worldwide. UN 
FAOSTATf  

a https://www.fao.org/publications/card/en/c/I9241EN/. 
b https://data.apps.fao.org/aquastat/?lang=en). 
c https://data.apps.fao.org/aquastat/?lang=en). 
d https://databank.worldbank.org/id/b3ab275c?Report_Name=Electricity-production. 
e https://www.fao.org/faostat/en/#data/QCL. 
f https://www.fao.org/gift-individual-food-consumption/data/en. 

Appendix D. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.eneco.2024.107521. 
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