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Civil Engineering Department, University of Thessaly, Volos, Greece

Climate change impacts the water—-energy—food security; given the complexities of
interlinkages in the nexus system, these effects may become exacerbated when
feedback loops magnify detrimental effects and create vicious cycles. Resilience is
understood as the system’s adaptive ability to maintain its functionality even when the
systemis being affected by a disturbance or shock; in WEF nexus systems, climate change
impacts are considered disturbances/shocks and may affect the system in different ways,
depending on its resilience. Future global challenges will severely affect all vital resources
and threaten environmental resilience. In this article, we present a resilience analysis
framework for a water—energy—food nexus system under climate change, and we identify
how such systems can become more resilient with the implementation of policies. We
showcase results in the national case study of Greece. Parametric sensitivity analysis for
socioecological systems is performed to identify which parameter the model is the most
sensitive to. The case study is based on the structure of a system dynamics model that
maps sector-specific data from major national and international databases while causal
loop diagrams and stock-and-flow diagrams are presented. Through engineering and
ecological resilience metrics, we quantify system resilience and identify which policy
renders the system more resilient in terms of how much perturbation it can absorb
and how fast it bounces back to its original state, if at all. Two policies are tested, and the
framework is implemented to identify which policy is the most beneficial for the system in
terms of resilience.

Keywords: system resilience, engineering resilience, ecological resilience, sensitivity analysis, climate change,
system dynamics modeling, causal loop diagrams, water-energy-food-climate nexus

INTRODUCTION

Economic growth during the last century has positively affected many people, thus providing them
with the main essentials resources for living—water, energy, and food (WEF) (UNDP, 2016). These
accomplishments have adverse effects on environmental assets. Worldwide, aquatic and terrestrial
ecosystems have been irreparably affected, natural deposits have been exhausted, some species are
facing high risk of extinction, and susceptibility to disturbances has increased (Turner et al., 2003;
Vorosmarty et al., 2020; Puma, 2019). Considering the current global situation, GHG emissions are
projected to increase by 50%, primarily due to a 70% growth in energy-related CO, emissions
(Kitamori et al., 2012). To prevent that, many countries have adopted Nationally Appropriate
Mitigation Actions (NAMAS) to set limits to this increase, aiming at stabilizing global temperature
increase by 2°C in the future (UNFCCC, 2011). However, if no major interventions are carried out,
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the global temperature is expected to rise by 3.5°C by 2035 (IEA,
2010), indicating the need for imperative and drastic
implementation of solutions to address the problem in a
timely manner. Water security will ensure both the reduction
of energy needs for the agri-food sector and generation of
renewable energy supply aiming at stabilizing the GHG
emissions.

Both environmental burden and lack of the combined WEF
security are expected to deteriorate in the next decades, driven by
overpopulation, increasingly resource-intensive lifestyles, and
susceptibility to disturbances under climate change (Hoekstra
and Wiedmann, 2014; Steffen et al., 2018). A WEF nexus
approach seems to be able to set limits to this ongoing
problem since such an approach can enhance WEF security,
leading to fewer CO, emissions by increasing resource efficiency
and integrating management and governance across sectors and
scales (Hoff, 2011). Applying the nexus approach to
policymaking is based on the idea that WEF systems should
be addressed collectively and holistically in order to achieve WEF
security (WEF, 2011; Bleischwitz et al, 2018). To achieve
sustainable development at a national and ultimately the
global level, other aspects such as poverty, hunger, wellbeing,
equality, and environment are of equal importance. To this
extent, these aspects which constitute part of the 17
sustainable development goals (SDGs) are fully interconnected
with the WEF nexus under climate change (SDG2-food, SDG6-
water, SDG7-energy, and SDG13-climate) since the cross-sectoral
management is vital to achieving the SDGs (Flammini et al,
2014). Integrating climate change adaptation strategies into the
WEEF nexus can obtain efficient resource cooperation, resulting in
better environmental resilience (Mpandeli et al., 2018). As the
nexus approach becomes more and more popular, a lot of
research has been published on the WEF nexus concept
(Laspidou et al., 2020; Albrecht et al., 2018; Finley and Seiber,
2014; Stephan et al, 2018; Ioannou and Laspidou, 2018),
extended Nexus approaches, such as the water-energy-food
ecosystem (Malagé et al., 2021), and including land use and
climate in the nexus concept (Janssen et al., 2020; Laspidou et al.,
2019), with some articles focusing on the combined WEF security
and system resilience (Sukhwani et al., 2019; Mguni and van Vliet,
2020). One of the greatest challenges worldwide is to provide
essential human needs and resources to all in an environmentally
compatible, economically resilient, and socially inclusive manner
that is capable to contend with disturbances and catastrophes
(Sachs et al., 2019).

At the same time, the resilience analysis approach was
discussed in scientific debates, evolved from the field of
ecology, and is firmly linked with sustainability science and
global change research (Folke et al., 2010; Scheffer et al., 2012;
Anderies, 2015). In a world characterized by uncertainty and
complexity, unexpected disturbances and disasters may affect
systems in unpredictable ways, reducing system performance
(Nystrom et al., 2019). Hence, the resilience analysis approach
accentuates the need to design, develop, and manage systems for
resilience with the aim to withstand and absorb unavoidable
disturbances; either short-term disturbances, such as a pandemic,
or long-term disturbances, such as climate change (World Bank,
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2013; Hall et al., 2014; Grafton et al., 2019). Resilience literature at
its early stage often uses the metaphor of a stability landscape,
where resilience measures the persistence of a system and its
ability to absorb change and disturbance (Holling, 1973). The
resilience analysis approach is progressively urged to tackle some
of the great disputes of the current century: providing WEF
security to all while maintaining natural resource availability at
sustainable levels; this is a great challenge, considering the
extensive environmental stress caused by exploitation and
climate change.

Both nexus and resilience approaches are applicable to science
and to policy- and decision-making, but it is still indefinite to
what degree they are expected to accomplish what they stand for
to make a significant contribution to WEF security goals. In
resilience modeling, there is a great deal of diversity in the
literature on disturbance conceptualization, methodology, and
tools for implementing different approaches. (Grafton et al., 2016;
Allen et al,, 2019). Similarly, for the nexus, while aiming at
identifying the WEF system interlinkages under climate
change conditions, there are limited advanced analytical
frameworks proposed in the literature for integrated WEF
policy development (Laspidou et al, 2020; Papadopoulou
et al,, 2020; Scott et al,, 2011; Leck et al., 2015; Albrecht et al,
2018). Therefore, the convergence of objectives and concepts in
both contexts led researchers to consolidate the two approaches
(Guillaume et al., 2015; De Grenade et al., 2016; Stringer et al.,
2018).

System dynamics modeling (Forrester, 1961; Coyle, 1997;
Ford, 1999; Kelly et al, 2013) is used with the intention of
simulating and analyzing complex systems, thus offering
policymakers a valuable tool to comprehend the potential
impacts of policy implementation (Bakhshianlamouki et al.,
2020). A system dynamics model (SDM) attempts to simulate
the real-world system’s behavior based on the principal concepts
of flows, feedback loops, and time delays. Thus, when aiming at
modeling any system, it is critical to develop the model based on
the behavior of the system in real-world circumstances and
apprehend the interaction of the parameters affecting the
system’s behavior in accordance with the real system (van
Emmerik et al, 2014; Chen et al., 2016). In this study, the
system dynamics modeling approach is adopted to model the
WEF nexus interlinkages under climate change due to its
adjustability and its ability to focus on the long-term
characteristics (Robinson, 1998), and thus propose policies to
improve the overall behavior of the system with the aim to
enhance its resilience.

In this article, we identify and quantify the WEF nexus
interlinkages of a system under climate change and develop an
SDM that is conceptualized to be used as a framework for nexus
system resilience analysis. We focus on the nexus approach at the
national level combined with system resilience analysis and
parametric sensitivity analysis (SA). We present a study of the
systemic reaction to disturbance and quantify different measures
of resilience of socio-ecological systems (SESs) (Walker et al.,
2006) to climate change for different scenarios/policies for the
national case study of Greece. Our goal is to set up a
comprehensive resilience analysis framework of the WEF
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nexus system under climate change through system dynamics
modeling and causal loop analysis in order to assess and quantify
causality and systemic resilience under environmental stress and
shock, simulating extreme events under climate change. This
analysis enhances the science-policy interface and translates the
complexity of a WEF nexus system in terms that are easy to
understand, thus communicating the effects of climate change
and leading to informed policy-making. SA is also conducted on a
system and sector level to identify variables that the system is
most sensitive to. The energy and agricultural policies are
modeled, and their effects on system resilience are investigated.

MATERIALS AND METHODS

The SDM was implemented in STELLA Architect (www.
iseesystems.com/). We used the SIM4ANEXUS project dataset
(Mellios and Laspidou, 2020) that was developed for 2010 and
ran simulations for 100 years (2010-2110) with a yearly time step.
We focused on water for the case study of Greece (modeled as
available freshwater) since water has been identified as the most
vulnerable nexus sector and the one most prominently affected by
the other sectors for Greece (Laspidou et al., 2019). In relation to
energy, the water-energy interlinkage is monitored through
cooling water (CW) since electricity is produced in thermal
power plants in the country, requiring large amounts of
freshwater. Hydropower is not considered in this study. The
water—food interlinkage is presented through the quantities of
water for irrigation and available food produced locally, while
GHG emissions are produced from fossil-fuel power plants,

human activities (transportation, households, services, etc.),
and agricultural activity (Figure 1).

According to the Greek Statistical Authority (ELSTAT),
Greece has a population of 10.4 million people (2020), which
has been experiencing an ongoing decline since 2010 (Hellenic
Statistical Authority, 2020). It is a popular touristic destination
amassing over 30 million tourists per year, as was the case in 2019
(SETE, 2019). On the one hand, tourism is a significant factor for
the Greek economy, and on the other hand, a demanding
resource consumer, affecting resource availability and
competing with antagonistic resource uses in the country.
Furthermore, the agricultural sector in Greece has always been
areference point for economic and social life, thus contributing to
4% of the GDP, twice as much as in other European countries
(Hellenic Statistical Authority, 2018), consuming close to 80% of
all national freshwater resources and contributing to 7.84 million
tons of GHG emissions (Our World in Data).

System Dynamics Model

System dynamics modeling has broadly been used as a simulator
of complex real systems, helping researchers and policymakers to
frame and understand the complexities of and interlinkages
within the system, while at the same time, it provides
information on how the system might evolve over time
(Bakhshianlamouki et al., 2020). To conceptualize a complex
dynamic system prior to simulation analysis, causal loop
diagrams (CLDs) are used to identify the key variables in a
system and indicate the causal relationship between them
using links (Randers 1980). CLDs can perfectly describe the
flow of the dynamic behavior of complex dynamic systems. A
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CLD consists of variables connected with links showing their
interdependence and corresponding signs on each link that mark
the nature of the paired connection—increase or decrease of the
dependent variable; the number of increases or decreases defines
the nature of the system behavior as a whole—making loops
either reinforcing (multiplying the change in one direction) or
balancing (breaking the chain, counterbalancing explosive system
behavior, and resulting in reduced outcomes) (Lannon, 2012).
Balancing or stabilizing feedback loops (Chapin et al., 2009) act
by altering variables in the reverse direction to their existing one,
neutralizing the effects of the condition on the system (Morecroft,
2015). Balancing the feedback loop is crucial because it can
contribute to system recovery after a perturbation disappears.
Reinforcing or amplifying feedback loops intensify the effects of
the perturbations that contribute to destabilizing the system. The
policies aiming at enhancing resilience might be used in “vicious”
amplifying feedback loops by counterbalancing them to diminish
or delay their effects on the outcome function of the system and
mitigate the impact of perturbations. Whether loops are
reinforcing or balancing, it depends on the number of negative
relationships in a feedback loop: an even number of negative
relationships indicates that the loop is positive (reinforcing),
while an odd number indicates a negative (balancing) loop.
Ideally, in each SDM, the existence of both, reinforcing and
balancing loops, ensures the overall balance of the system.

As the next step, to quantify the variables in the loop, the
stock-and-flow diagram (SFD) is used since SFDs can perfectly
capture the stock and flow behavior of a system. Stocks are
variables that represent accumulations (Richardson, 2011), and
the flow is changing by decisions based on the condition of the
system and can be simulated to generate the dynamic behavior of
the system. Crucial stocks can enhance system resilience due to
the by-default delay created between the disturbance and its
effect. Thus, the system outcome function is less affected by
the disturbance and saves time for easier recovery. The SFD
represents integral finite difference equations involving the
variables of the feedback loop structure of the system and
simulates the dynamic behavior of the system (Manetsch and
Park 1982; Bala et al., 2017).

The SDM (Figure 1) starts by simulating the GHG emissions
as a stock, so GHGs in the atmosphere are the sum of what is
emitted (GHG emitted) minus what is sequestrated (carbon
sequestration). The GHG emitted is the sum of GHGs
produced due to power generation (PG), GHGs due to
agricultural activity, and other GHGs (i.e., urban/household)
coming mainly from the population and tourists using the per
capita GHG emissions (industrial GHG emissions are excluded
from this calculation as they are deemed minor—see Laspidou
etal., 2020). Carbon sequestration, on the other hand, depends on
land use, land-use change, and forestry (LULUCF) uptake and
CO,; uptake by the oceans. As the GHG emissions change over
time, the effect of GHGs on climate change varies accordingly,
while the effect of climate change on total renewable water
resources (TRWRs) is affected inversely; thus, an increase in
GHG emissions leads to a decrease in the TRWR, reflecting the
fact that climate change will bring about water scarcity in the long
run. The TRWR is the inflow that feeds the available freshwater

WEF Nexus Resilience Analysis Framework

stock, while its outflows are: flow to the sea, (CW) consumption,
the irrigation water consumption (WC), and other WC
(household/urban WC). The sum of all these outflows (except
from flow to the sea) is the total WC.

We use the Water Exploitation Index plus (WEI+) as a
measurement of water stress in the country (Casadei et al,
2020). Values greater than 20% indicate water scarcity, while
values greater than 40% indicate situations of severe water
scarcity (i.e, the use of freshwater resources is clearly
unsustainable) (EUROSTAT). WEI+ is affected by both actual
TRWR and total WC. The former inversely affects the WEI+ (a
delay signal has been used herein, indicating that changes in
TRWR will become visible in the WEI+ in the long run), while the
latter directly affects the WEI+. When the WEI + increases, it
means that we have increasing deficits in freshwater availability,
which leads to a drop in aquifer levels and an increase in pumping
energy (PE) as we have to go deeper and deeper to find water. In
turn, the electricity demand (ED) associated with pumping
increases, followed by increased electricity generation to meet
demands, which leads to both increased GHG emissions (when
fossil fuels are used) and increased demands in CW, and thus in
total WC, and a further increase in WEI+, creating a reinforcing
loop (R3).

An increased WEI+, which is a result of either increased water
consumption, decreased TRWR, or both, will in the long run
result in farmers switching to alternative crops that do not require
irrigation. This is a natural adaptation to climate change practice
that farmers will follow. As a result, irrigated land and associated
irrigation water demand will decrease and nonirrigated land
should increase; this is not expected to be an immediate
response to water scarcity; thus, a delay is taken into account
in the SDM. Naturally, both irrigated and nonirrigated land affect
food production (FP) and GHG emissions due to agricultural
activity. Finally, all human consumption is represented and
regulated by the population/tourist parameter directly affecting
the following quantities in the model: urban-industrial ED, food
consumption, other (urban) water consumption, and other
(urban) GHG emissions. The CLDs formed in this SDM are
presented in the Results section.

Sensitivity Analysis

With the purpose of developing confidence and validity in the
model and its results, unit consistency and SA were implemented
in the developed SDM; this analysis aims to prove that this model
is sufficiently accurate for its intended use (Robinson, 2004). To
check the unit consistency of our model, each model variable in
the SDM was separately selected and either confirmed or
amended to ensure that it is correct and in consistent units. In
this combined nexus-resilience analysis, we used the SA to
identify the most important parameters affecting the basic
variables of the system by quantifying the importance of each
parameter.

We start by performing sensitivity runs based on Monte Carlo
simulations implemented in the SDM for all model parameters.
The initial values of the parameters were altered by +£10% to
observe the corresponding changes on the variables of the greatest
interest in our model. We present the analysis for three important
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quantities, namely, available freshwater, ED, and GHG emissions.
Our interest is to show how these quantities change when all
parameters vary by £10% with a Monte Carlo analysis. For some
parameters, we observed almost no change, while for some others,
we had significant variability. We show the results for a selected
set of seven parameters that our quantities show variable
sensitivity to. These are: TRWR (m® of water), population/
tourists (number), GHG emission factor for PG (kg of CO,/
GWh produced), per capita GHG emissions (kg of CO,/capita
due to human activity—mainly transportation), ED per capita
(GWh electricity consumed/capita), irrigated land (m? of land),
and actual losses in the agricultural irrigation system (m”> water).
All data come from the SIM4NEXUS dataset (Mellios and
Laspidou, 2020) and are expressed on a yearly basis.

To quantify sensitivity, we used Eq. 1, where S(p) is the
estimated sensitivity value of a parameter, x is the selected
variable, p is the selected parameter, and Ax and Ap denote
the change in the variable and parameter, respectively (Jorgensen
and Bendoricchio, 2001). The larger the S(p) value of a given
parameter, the more important that parameter is.

S(p) = (1)

“iglle

System Resilience Analysis

In the context of implementing SRA, we investigated how our
system responds to a disturbance (o). In our case study, we
chose disturbance (o) to be the reduction of the TRWR (i.e., a
drought) as a consequence of climate change. Our outcome

function F(x) (i.e., available freshwater) indicates how the
system responds to that disturbance. The purpose of this
analysis is to investigate whether a system—after being
affected by a disturbance (0)—can recover or not and
under which circumstances. More specifically, two things
can happen to a system that has undergone shock or a
very strong disturbance: it can either absorb the shock and
result in maintaining its original behavior (no change) or it
can change to a new state. When a system shifts to a new state,
it can then either bounce back to its original state (a
mechanical equivalent would be that the system “bends”)
or be forced to a completely new permanent state and never
bounce back to its original state (corresponding to the system
“braking” according to our mechanical analogy) (Herrera de
Leon and Kopainsky, 2019). When assessing system
resilience, it is important to identify “when the disturbance
forces the system to change its behavior”, or in other words,
“how big a disturbance needs to be”, “under which
circumstances and after how long the system bounces back
or breaks”, and/or “how fast the system can recover”, if at all.
To address the aforementioned questions, we follow the
Herrera (2017) methodology and quantify system resilience
by measuring five resilience metrics. To do this, we consider
the available freshwater as the outcome function F(x) and
quantify the system behavior after being affected by
disturbance (o), which is an extreme drought, expressed as
a steep reduction in the TRWR.

Engineering resilience and ecological resilience are both
considered here. Engineering resilience is defined as the rate
(how fast) at which a system resumes to its original state after a
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TABLE 1 | Whole model’s parameter importance in descending order.

Model parameter Sensitivity parameter value

TRWR 0.440
Population/tourists 0.438
Baseline irrigated land 0.297
Electricity demand per capita 0.254
Per capita GHG emissions 0.200
GHG factor 0.184
Actual losses 0.047

perturbation (Pimm 1984), whereas ecological resilience is defined as
the amount of disturbance a system can withstand and not change
into a new condition (Carpenter and Gunderson, 2001). As also
described by Herrera (2017), for this analysis, we assess engineering
resilience by using hardness, recover rapidity, and robustness
measures, whereas to assess ecological resilience, we use elasticity
and index of resilience measures. To define the aforementioned
measures, we consider the following characteristics:§: magnitude of
disturbance, t.: time when the disturbance starts, t;: time when the
disturbance stops, and ¢ : time when the system fully bounces back.

Hardness (op) is the system’s ability to withstand a disturbance
(o) without presenting a change in the performance of the
outcome function F (x). To measure hardness, we increase § to
find the smallest value of o that produces a different outcome
function F (x), while keeping t; and ¢, constant.

og =0y x (t1—t.). (2)

Recover rapidity (R) is the average rate at which a system bounces
back to its original situation after a disturbance (o) (Pimm, 1984;
Martin et al., 2011; Herrera 2017). To measure R, we continue
increasing J, keeping t,4 and t. steady, and estimate the F (¢4,) for
the current (original) situation and F (t4,) after the disturbance (0):

(R) _ (F(tdl) _F(tdz)).

= 3)

Robustness (p) is the system’s ability to resist big disturbances
(o) without significant loss of performance (Attoh-Okine et al.,
2009; Herrera 2017) and is given by Eq. 4:

o

®) = ) - Flia)) @

Elasticity (o) is the system’s ability to absorb a disturbance
(o) without changing to a different permanent state (Holling,
1996; Herrera 2017). Elasticity is calculated as the smallest
disturbance o that moves F(x) to a different state. The
bigger o a system has, the more undisturbed it is

og =0 x (tg—t,). (5)

Index of Resilience (I,.) is the probability of the system to
keep its current situation steady (Holling, 1996; Holling and
Gunderson, 2002; Martin et al., 2011). High values of I, indicate
low probability of the system changing to a different state.

Ires = P(USG'E)- (6)

WEF Nexus Resilience Analysis Framework

RESULTS AND DISCUSSION

Causal Loop Diagrams

For this analysis, the conceptualization of the nexus system is
presented through the construction of a CLD. The CLD
(Figure 2) revealed seven interesting feedback loops—four
reinforcing (R1, R2, R3, and R4) and three balancing ones
(B1, B2, and B3). Rl is a climate-water—energy nexus
reinforcing loop starting from the climate sector (Figure 3A).
When the GHG produced due to PG is dealing with an increase,
then the GHG emitted inflow is also increased, which in turn
affects the GHG emissions the same way. An increase in GHG
emissions causes a delayed increase on the effect of GHGs on
climate change, while the effect of climate change on the TRWR is
affected inversely, causing a decrease on the TRWR. When the
TRWRs are reduced, WEI+—affected by TRWR—faces an
increase which intensifies PE, ED, and EG, leading to a further
increase in GHG produced due to PG. The R2 loop (Figure 3B)
indicates the interconnection of total WC, WEI+, PE, ED, EG,
and CW, where all are followed by successive increase, thus
creating a water—energy nexus reinforcing loop. R3 in Figure 3C,
is also a water-energy nexus reinforcing loop following the
structure of R2, but in this loop, an increase in PE is caused
by an increase in total WC due to the emerging need to extract
more water to cover water demands (WEI+ is not part of this
loop). In the R4 loop (Figure 3D), the GHG emissions affect the
TRWR and WEI+ in the way described previously for R1. An
increase in WEI + leads to a drop in water supply forcing the
farmers to adapt to the new challenge by switching to
nonirrigated crops, thus leading to an increase in nonirrigated
land and FP. In turn, an increase in FP leads to a GHG emission
increase through GHG due to agricultural activity, thus creating a
reinforcing climate-water-food nexus loop.

In the Bl loop (Figure 3E), an increase in GHG emissions
causes a decrease in the TRWR through the effect of climate
change on TRWR; thus, both water availability and WC are also
decreased, meaning the energy sector is also facing a decrease
contributing to less GHG emissions (through GHG due to PG).
Balancing loop B1 contributes to the limitation of climate change
effects on the water and energy sector, creating a
climate-water—energy nexus loop. In the B2 loop (Figure 3F),
an increase in total water consumption means that water scarcity
is deteriorating, so the WEI + values increase. When the country
faces water scarcity, farmers will adapt to this situation by limiting
the cultivation of irrigating crops; thus, the irrigated land, the
associated irrigation WD, and irrigation WC will decrease. This
behavior sets limits to reckless water use and creates a competitive
water use balancing loop. In the B3 loop (Figure 3G), similar to
B2, an increase in WEI + causes a decrease in irrigated land, FP,
and GHG emissions through the GHG emitted due to agricultural
activity, thus creating a climate-water—food nexus balancing
loop. The system comes to a relative balance due to the
existence of both kinds of loops-reinforcing and balancing.

Following the model’s conceptualization, we then proceeded
to the system’s SFD as depicted in Figure 1 to quantify the nexus
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TABLE 2 | Parameter quantified importance/sensitivity for available water, electricity demand, and GHG emissions in a descending order.

Parameters quantified importance/
sensitivity for available water

Parameters quantified importance/
sensitivity for electricity demand

Parameters quantified importance/
sensitivity for GHG emissions

TRWR 0.645 ED per capita 0.563 Population/tourists 0.704
Population/tourists 0.313 Population/tourists 0.531 GHG factor 0.509
GHG factor 0.196 Irrigated land 0.199 Per capita GHG emissions 0.423
Per capita GHG emissions 0.181 TRWR 0.175 ED per capita 0.276
Irrigated land 0.163 Per capita GHG emissions 0.090 Irrigated land 0.106
ED per capita 0.119 GHG factor 0.053 TRWR 0.085
Actual losses 0.048 Actual losses 0.034 Actual losses 0.015

interlinkages, find the most sensitive system parameters, and
quantify system resilience for the three scenarios.

Sensitivity Analysis Results

Table 1 reveals the most important parameters that affect the
whole system in a descending order based on parameter S(p) (Eq.
1). The TRWR and the number of people (population/tourists)
seem to be the two parameters that our model is the most
sensitive to, while the parameter actual losses in the irrigation
network is the one that affects the model the least.

To quantify how much these seven model parameters affect
the three basic quantities in the model, namely, available water,
ED, and GHG emitted, we present a sector-specific SA, in which
S(p) is calculated for each quantity, making it possible to compare
and contrast the sensitivity of the important quantities to these
parameters (Table 2). We observe that actual losses are at the
bottom of the list, and the number of people (population/tourists)
is close to the top of the list for all three quantities.

Next, a percentile analysis is performed. The most sensitive
parameters are expected to bring about large variability in the
quantities, while small variability indicates that the quantities
do not change much, so they are insensitive to the parameters
in question. Tornado diagrams are used to visually depict these
results, showing the value of the quantity for the limiting
values of the 5th and the 95th percentile of the parameter
(Howard, 1988; Eschenbach, 1992). To show not only the
limiting values but also the values of the quantities for the
whole range of values that the parameter takes in the Monte
Carlo analysis, we use sensitivity spread diagrams that were
produced using the “ggplot2” plotting package in RStudio
software. These results are shown in Figure 4. The climate
sector is mostly affected by the population/tourists, GHG
factor, and per capita GHG parameters (Figures 4A,B). The
most important parameters of the water sector are TRWR and
population/tourists (Figures 4C,D), while the energy sector is
proved to be sensitive when ED per capita and population/
tourists change (Figures 4E,F). Actual losses seem to affect
these three sectors (and the whole system) the least.

The spread diagrams indicate the values of the quantities for
the whole range of values that the parameter takes in the Monte
Carlo analysis for: b) GHG emitted in kg CO,, d) available water
in m3, and f) electricity demand in GWh.

To validate the results of the model, we used the WEI + values. We
simulated the WEI + values starting from year 1 (corresponding to
actual year 2010), and we compared the two values—simulated and

real—for the year 7 (corresponding to actual year 2017). We chose
the year 2017 since this is the last value published by EUROSTAT.
The actual WEI + value for the year 2017 is 39.37% (European
Environmental Agency (EEA), 2020), while the simulated value is
38.7%, thus validating model results.

Resilience Analysis and Policy Evaluation
To assess SRA for our case study, we study the system behavior
and quantify its ability to withstand shock under climate change;
in this case, an extreme drought scenario is imposed on the
system, and its ability to withstand it is investigated. The
ecological and engineering measures of resilience (system
resilience analysis) were applied to the developed SDM for the
baseline scenario (with no interventions) and also for two
suggested policies aiming to enhance WEF security; the
implementation of renewable energy systems (RESs) (policy I)
and increased stakeholder awareness and education, followed by
increased funding to implement advanced irrigation systems with
minimal losses in agriculture (policy II).

In Figure 5, we show the SFD that includes the
implementation of policy I. The outer loop shown with black
arrows is reinforcing loop R1, while the balancing loop Bl
combines black and blue arrows and goes through the
available water stock and through total WC and pumping
energy. For policy I, we add the parameter fraction of RES in
total energy generation mix (shown in the box in Figure 5), and
this way, we reduce the GHG emissions due to power generation
by 30% as compared to the baseline scenario.

For policy II, we add extra variables in the SDM, and a new
loop is formed (reinforcing loop R5). Here, awareness and
education is designed to lead to stakeholders demanding and
obtaining more funding for the implementation of efficient
irrigation technologies that will lead to increased irrigation
efficiency and reduced actual losses in agriculture (Figure 6).
We expect both policies to lead to more resilient water
systems overall through a WEF analysis; our goal is to
compare the two policies in terms of systemic resilience
using the metrics presented in the system resilience
analysis. Therefore, we simulate and measure the resilience
function F(x) (which represents the quantity of choice,
depending on our scenario) for the baseline scenario (with
no policies yet implemented); in our case, F(x) is available
water. As the next step, the two proposed policies are applied
separately to the system, and then the respective responses to
the system are measured. “Before” and “after” results can then
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be compared to identify which scenario enhances the system
resilience aiming at WEF security under climate change.
We follow a methodology in order to define system hardness
(on) and elasticity (op). To find system hardness, we keep
increasing the magnitude of the system disturbance (TRWR
reduction) over a period of 10 years, specifically from 2014 to
2024, and we observe how F (x)—available water—changes. The
highest disturbance/change in the TRWR that produces the least
noticeable change in F(x) is its hardness (op), the engineering
threshold (shown in Table 3). We observe that when all scenarios
are compared, the baseline is the least resilient system, having the
lowest hardness, while policy I has the highest. With the
implementation of policies, the system can withstand bigger
changes (higher hardness) in the TRWR, such as extreme
droughts caused by climate change, before available water is
affected. Variable R shows how quickly the system will recover
from the disturbance, and it is the highest for policy I, while in
terms of robustness, the two policies appear similarly robust and
more robust than the baseline. Ecological resilience is assessed

next with the calculation of system elasticity (og) and Index of
Resilience (Iy.s) for the same 10-year period (2014-2024). We
now reduce the TRWR even more until the outcome
F (x)—available water—changes significantly and to a new
state, and we observe whether F(x) bounces back or not. In a
mechanical analog, we speak about the system “bending” and
“not breaking”, that is, eventually recovering to its original state
after some time. Again, policy I seems to perform the best,
showing higher system elasticity and a significantly higher
Index of Resilience overall. The system shows a higher overall
resilience under policy 1.

In Figure 7, we show graphically the function F(x) for the
three scenarios (baseline and policy I and II) along with the
initial values (blue), hardness oy (orange), and elasticity og
(green). The initial values are improved for the two policies,
with policy I being slightly better (curve slightly higher than
the other blue curves). For hardness and elasticity, we need to
compare the difference with the initial values. For hardness,
we observe that the biggest difference is found between initial
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values and policy I, indicating that the system is the “hardest”
with policy I. Policy II shows hardness that is improved from
the baseline. For elasticity, again, policy I is the most “elastic”
with the difference being significantly larger when comparing

with policy II and baseline. This means that the system is
more resilient, and even when there is a large perturbation, it
is capable of “absorbing” it and bouncing back to its original
state. When examining the baseline scenario, we observe that
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TABLE 3 | Results of engineering and ecological resilience measures for the three scenarios; the baseline scenario, policy |I—RES, and policy ll—irrigation funding.

Engineering resilience

Ecological resilience

Scenarios Hardness (on) R

Baseline 2,54.10°m?3 0,80 - 10°md/year
Policy | 5,08-10°md 2,38-10°m3/year
Policy I 4,06-10°m?3 1,34 - 10°m®/year

p Elasticity (og) Index of Resilience (lres)
0.107 5,08-10°m?3 33,4%
0.108 15,24 .10°m?3 46,6%
0.108 10,16-10°m?3 40%

3,7E+12

3,66412

356412

3,4E+12

336412

3,26+12

3,16412
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FIGURE 7 | Simulated behavior for the available freshwater constituted of initial values of the TRWR (with no disturbance) and system thresholds of hardness and

2060 2070 2080 2090 2100

the system is capable of absorbing a small disturbance
(indicated by hardness curve matching the initial value at
100 years), but it is not able to bounce back to its original state
when a larger perturbation occurs. This is indicated when we
observe that the green solid line (elasticity for baseline
scenario) never meets the blue solid line (initial value,
baseline scenario), but even 100 years later, it remains
lower than the original curve. Thus, without the
implementation of any policies, the system suffers a
significant blow and never bounces back.

CONCLUSION

New approaches on natural resource policymaking need to be
applied with the intention to provide essential human needs
and resources to all in an environmentally compatible,
economically resilient, and socially inclusive manner that
is capable of contending with perturbations. SES
adaptation to climate change requires a more functional
approach of resilience use in policymaking. System

dynamic modeling prevails over other simulation
techniques by supporting the analysis of system structure
and focusing on feedback loop relationships. This study
combines WEF nexus analysis under climate change with
SA and SRA that are said to have the potential to deliver on
these grand development challenges. The proposed
methodology describes how to simulate the WEF nexus
system under climate change for the national case study of
Greece using system dynamic modeling, identify the most
important (sensitive) system parameters, and quantify five
essential metrics of resilient behavior (for three scenarios),
thus providing the policymakers with a quantitative basis to
enhance the resilience of SESs. Engineering ( oy, R, and p )
and ecological ( op and I, ) resilience measures are
quantified, and the respective thresholds are also
identified. In this study, two proposed policies are
compared to decide which one enhances the system
resilience best. Evaluating the results, we conclude that the
Greek simulated system can withstand an extreme drought
event affected for a 10-year period under the allowing
circumstances of engineering and ecological thresholds
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found for the two policies (policy I and policy II); the baseline
scenario has little tolerance to such disturbance (reduction on
TRWR) and easily breaks when it overcomes the ecological
threshold without being able to recover. Policy I proposing
the implementation of RES seems to be the most promising
scenario as its resilience measures have the highest values, so
the system can even recover from the shock for a more severe
drought, while policy II is also a good scenario since it
contributes to system recovery when affected by drought
although having lower resilience measures values by
enhancing water security through irrigation funding
techniques.
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