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Abstract: A nexus approach can support the transition to sustainability by addressing trade-offs
and pursuing synergies to improve water, energy, and food security. In this paper, a participatory
system dynamics model was developed to identify and assess the key interlinkages between water,
food, and energy in Andalusia (Spain). A panel of relevant stakeholders contributed to all stages
of the model’s development. Further, by calibrating the model to CAPRI-Water projections until
2050, the evolution of the system under a plausible climate scenario, as well as effects of water prices
changes, was evaluated. The results revealed a close link between water cost, irrigation water use,
energy consumption, and the economic development of agriculture in the region. Large variability
was observed in the effects of water pricing policies across crops. This paper concludes that a
participatory system dynamics model can help in understanding the nexus synergies and can support
the design of more coherent sustainability strategies in the region.

Keywords: water–energy–food nexus; nexus assessment framework; systems approach; system
dynamics model; participatory approach; nexus-coherent policies; Andalusia

1. Introduction

Water–energy–food (WEF) dynamics shape a complex system with multi-directional interrelations;
therefore, integrated approaches are needed to identify the synergies and trade-offs between the various
components and manage the nexus [1–3]. In a broad sense, the term WEF nexus also includes other
sectors, such as ecosystems, land, climate, or emissions. There is increasing evidence that applying a
nexus approach is essential to analyse WEF interlinkages and to identify coherent policies that can
promote the transition to sustainability [4–7].

Likewise, systemic approaches can also help in understanding these interrelations, because they
facilitate the analysis of the whole system and integrated sub-systems simultaneously. The literature
applying this methodology to analyse the nexus often addresses qualitative analysis through conceptual
interlinkages (Muiznuece et al. [8]; Cai et al. [9]). For a better nexus understanding, some studies also
engage stakeholders and experts (Foran [10]; Johnson et al. [11]). Other studies apply complexity-based
approaches, such as modelling, to obtain quantitative results (Howells et al. [12]; Daher and Mohtar [13]).
However, a participatory modelling approach that combines both qualitative and quantitative
methods may be the key to a comprehensive understanding of the complexity of the nexus and
to tackling uncertainties. For instance, De Strasser et al. [14] presented a quantitative participatory
methodology to assess the WEF nexus in transboundary river basins, encompassing questionnaires,
workshops, demographic data analysis, and cross-sectoral and cross-boundary dialogues. Similarly,
Smajgl et al. [15] assessed the WEF nexus in a river basin, suggesting a combination of methods,
including the Delphi technique, the participatory modelling process, the qualitative relationship
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between variables, and stochastic approaches, while Yung et al. [16] combined participatory quantitative
modelling and future-based thinking in a policy-making context for a case study in Cambodia.

System dynamics modelling (SDM) is a systemic approach that facilitates the integrated analysis
of sectors, structures, processes, and interrelations among different system variables [17–19]. As a
result, the application of SDM to analyse the nexus is increasing [20–23]. Additionally, according to
its iterative development process [24], SDM is well-suited to integrating quantitative and qualitative
information through participatory modelling. Participatory SDMs have been developed to identify
potential cross-sectoral synergies and trade-offs due to policy interventions [25–29].

The novelty of this research is that we developed a participatory SDM in a future scenario analysis
framework in which the baseline scenario is aligned with the climate scenarios developed by the
Intergovernmental Panel on Climate Change (IPCC) and WEF projections at the regional level. In this
sense, by reproducing the trend scenario, the SDM makes it possible to contribute to the design of
sustainability strategies to achieve the Sustainable Development Goals (SDGs) [30].

The objective of this study is twofold: (1) to quantify the interlinkages between water, food,
energy, land, and climate; and (2) to analyse how agricultural and environmental policies can be
better coordinated to deal with major pressures on land, water, and energy in future scenarios by
2050. This approach was applied in the Andalusia region (Spain) in the framework of the SIM4NEXUS
project [31], which aims at developing complex tools to inform the design of nexus-compliant policies
from the regional to the global level.

To identify nexus-coherent policies, we developed a SDM of the WEF nexus in close collaboration
with a panel of stakeholders who contributed to the design of the SDM at each stage of development.
First, stakeholders contributed to identifying the main WEF nexus interlinkages and challenges in
Andalusia. These interlinkages were represented in a conceptual model, discussed, and validated
by the stakeholders. From the conceptual model, a graphic and quantitative SDM was developed.
The SDM was calibrated with data and projections to 2050 from European and regional sources,
generating a baseline scenario. Furthermore, simulations with the bio-economic Common Agricultural
Policy Regionalised Impact (CAPRI)-Water model were used to better represent food–water linkages.
Finally, the SDM enabled us to simulate policy changes. The policy selected for analysis is a water
pricing policy. By comparing the simulations results against the baseline, SDM can be used as a
decision support tool to design nexus-coherent policies to guide sustainability strategies.

The rest of the paper is organized as follows: Section 2 presents the region chosen for the
case study—Andalusia—with an emphasis on the WEF nexus challenges. Section 3 explains the
methodological approach for participatory system dynamics modelling and describes the baseline
and simulation scenarios. Section 4 presents the model results focusing on the effects of water pricing
scenarios on some key indicators. Section 5 discusses the methodology and the model results. Finally,
in the last section, the relevant points are outlined, and conclusions are drawn.

2. Andalusia (Spain) WEF Nexus Case Study Region

Andalusia is an autonomous Mediterranean region in southern Spain, where agriculture plays an
important role. In 2017, the primary sector (agriculture, forestry, and fishing) contributed €7958.6 million,
representing 5.5% of the region’s gross value added (GVA) at basic prices. It also employs 263 thousand
people, comprising 8.6% of the working population [32]. According to Massot [33], in the 2013 holdings
survey on structures, the utilised agricultural area (UAA) covers 4.3 million hectares, of which about
one million hectares are irrigated. The UAA is shared among 244,566 farms, with an average of 18.12 ha
per holding. The most common form of land tenure is ownership, with 87% of holding, versus other
forms of tenure such as leasing or farm sharing. The main crops are olives; vegetables, such as tomatoes;
fruits, such as citrus; cereals, such as wheat; and oilseeds, such as sunflowers, among others. Andalusia is
the global market leader for olive oil and the main exporting region of fruits and vegetables in Europe [32].

For the energy sector, in 2017, the final energy consumption in Andalusia was 12.99 million tonnes
of oil equivalent, of which the primary sector consumed 8%. Regarding the use of renewable energy,
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around 20% of the total primary energy consumption (primary energy consumption measures the total
energy demand of a region) comes from renewable sources, with biomass and solar thermal energy
being the most relevant. Additionally, the degree of energy self-sufficiency in the region is 18.4% [34].
To face the problem of energy sustainability, in 2015, the Andalusian Energy Agency developed an
energy strategic plan for 2020 with the following objectives: to reduce the consumption trend of primary
energy by 25%, to make renewable energy contribute 25% of the gross final energy consumption,
and to self-consume 5% of the electrical energy generated via renewable sources (for example, on-farm
solar energy) [35].

According to the 2018 Andalusian environmental report [36], the region has an irregular and
dry climate, characterized by short periods of rain followed by long periods of droughts, which have
caused erosion and desertification to worsen. “Andalusia is the autonomous region most affected
by soil erosion by water in the Spanish Mediterranean region. Water erosion is the main cause of
soil degradation in Andalusia. In Andalusia, soil erosion rates are high due to climatic conditions,
soil characteristics, and the nature of tillage systems employed, mainly, in many olive groves” [37].
To face this problem, the environmental agency conducts continuous monitoring and control of erosive
phenomena [36]. Furthermore, regional authorities have also been developing water management
measures. Despite the measures and monitoring mentioned before, “all the Andalusian river basins
are subject to high levels of quantitative and qualitative water stress” [38].

Because the area’s food production depends heavily on irrigation, access to water is a determining
factor for increasing the productivity of the Andalusian agricultural sector [36]. Agricultural water
consumption accounts for more than 80% of the total water consumption in the region, which, together
with the semi-arid Mediterranean climate, results in a fragile water balance (Peña-Gallardo et al. [39]).
In addition, the irrigated agricultural sector is increasingly subjected to external pressures that
compromise its resilience. For example, because the irrigated agricultural sector consumes a high
volume of water, it is in constant competition with other sectors, such as industry and society at
large, that demand water for other uses. Likewise, groups of environmentalists also exert pressure
denouncing the environmental flow reduction resulting in water quality being compromised [40].
From a political point of view, the European water framework directive (WFD) [41,42], with measures
such as cost recovery through water pricing, directly impacts food production costs [43]. Finally,
pressures on water and land resources will likely be aggravated by climate change in the future ([36–38];
Blanco et al. [44]; CEDEX [45]), which will also affect food production. Some of the present strategic
measures in agriculture and water management focus on the reduction of irrigation water use by
deficit irrigation strategies, monitoring of irrigation management in the plot by means of individual
meters [46], and risk management through agricultural insurance [47].

The use of irrigation water has an associated cost that is mainly regulated by the river basin
authorities and irrigation water user associations. The river basin authorities apply abstraction charges
designed to finance operational and maintenance costs, as well as the amortization of investments.
Irrigation water user associations provide and distribute water to their associated farmers, usually at a
fixed volumetric price. The Guadalquivir river basin is the main basin of the Andalusia region. In 2012,
for this river basin, up-stream water service tariffs are priced around €0.034/m3, and downstream water
service tariffs are around €0.064/m3. On the other hand, for individual farmers to extract groundwater,
an administrative license is required, and the water use operating costs supported by irrigators are
around €0.15/m3 [43].

To preserve the high agricultural potential of the region, public policies that encourage efficiency
in the use of water, such as improvements in the water distribution system and modernisation of the
irrigation systems, have been implemented over the last decades [48,49]. As a result, according to the
Spanish Ministry of Agriculture [50], by 2017, more than 84% of the total irrigated land was irrigated
with sprinklers and drip irrigation systems. The above efforts of modernisation have improved the
efficiency and flexibility in the use of water, as well as the profitability of the Andalusian agricultural
sector [40]. However, the advantage gained by saving water will prove short-lived as the irrigated area
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will be expanded to grow high-value crops such as fruits and vegetables, which require substantial
irrigation [51,52].

Figure 1 shows the water use by type of irrigation technology in Andalusia. An increase in
water savings can be seen between 2002 and 2005 due to the change from surface to drip irrigation.
This saving was reversed from 2012 onwards, as water use for drip irrigation increased.
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Figure 1. Water use by type of irrigation technology in Andalusia. Source: INE [53].

Progress towards modern irrigation systems has also led to intensive energy consumption.
In Andalusia, irrigation water use decreased by 25%, while agricultural energy consumption increased
by 29% between 1997 and 2008 (Corominas et al. [54]). In addition to the increase in energy consumption,
energy price tariffs have also increased. Both factors combined have potentiated the increase in
irrigation costs, putting the economic sustainability of irrigated agriculture at risk (Camacho et al. [49]).
Borrego-Marín and Berbel [55] analysed the socioeconomic impact of the modernization of irrigation in
western Andalusia, taking nine irrigation water user associations as a population sample. The authors
determined that changes in irrigation technology increased the average irrigation costs by 128%,
with the energy cost experiencing the highest percentage increase, with an increase of 379% (Table 1).

Table 1. Irrigation costs before and after a change of irrigation technology.

Item
Before After Increase

(€/ha) (%) (€/ha) (%) (%)

1. Water service tariffs 68.75 46% 86.33 25% 26%

2. General costs (staff, rentals, maintenance, etc.) 55.19 37% 134.55 40% 144%

3. Energy Cost 24.71 17% 118.48 35% 379%

4. Total Cost 148.65 100% 339.36 100% 128%

Source: Borrego-Marín and Berbel [55].

Currently, Andalusia has developed a sustainable strategy to achieve the SDG for 2030 (Junta de
Andalucía [56]). In this context, nexus-coherent policies are needed to address nexus challenges to
promote sustainable water and energy management and sustain food production, as well as economic
development, in the region.
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3. Methodology to Assess the WEF Nexus in Andalusia

A key aspect of this research is its combination of qualitative and quantitative methods. To that end,
a participatory system dynamics methodology was developed. This methodology consists of integrating
stakeholder participation throughout the development of an SDM. The actors involved come from the
water, energy, and food sectors in Andalusia and included 14 representatives drawn from the regional
government (departments of agriculture, energy, environment and water), water agencies, professional
associations (farmers’ organizations, association of irrigation communities), academic institutions
(Andalusian universities and research centres), non-governmental organizations (environmental
organizations) and independent experts. In this sense, the stakeholders involved are responsible for
formulating policies and making decisions on regional strategies and regulations on the different sectors
of the nexus. Stakeholder participation was carried out through interviews, workshops, seminars,
and constant communication. Furthermore, as an important factor from a quantitative point of view,
the model was populated with a large number of statistical data alongside projections from other
models, as well as projections from regional, national, and global scale studies.

3.1. Methodological Approach

The methodological process was divided into six steps grouped into four phases: divergent
thinking, convergent thinking, SDM building, and SDM analysis and validation. The first two phases
provided the identification of the nexus interlinkage stage, and the last two constituted the nexus
analysis stage. Figure 2 shows an overview of the steps in the process, as well as the workshops aligned
within the methodological process. Due to the dynamic and interactive nature of the methodology,
the process has multiple feedback loops. Constant dialogue with the stakeholders led to redefinitions
of the nexus interlinkages and challenges on several occasions.
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In the first step, individual semi-structured interviews were conducted to obtain the stakeholders’
preliminary overview of the main nexus challenges. This step was part of the divergent thinking
phase, since stakeholders gave their perspectives on the nexus. Later, the first stakeholder workshop
took place, initiating the convergent thinking phase. The aim of this workshop was to obtain an
integrated view of the nexus interlinkages, challenges, and problem definitions (second step). In this
step, eleven individual “nexus maps” were outlined and later compiled into a group map.

From the individual and group nexus maps, a nexus conceptual model (Figure 3) was developed
(third step). In this model, the stakeholders’ and research team’s opinions were integrated. In this
step, the water–agriculture link was also identified as one of the most crucial components of the nexus
in Andalusia. In addition, the validation of interlinkages was based on a fuzzy cognitive mapping
methodology carried out by Martínez et al. [57].
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In the second stakeholder workshop, the conceptual model was presented and validated.
In addition, as part of the fourth step in the process, stakeholders provided valuable information
regarding the databases and previous studies from the different sectors in the region. In addition,
the characteristics of the base scenario were discussed, and possible policy scenarios were identified
(e.g., water pricing, a decrease in agricultural subsidies, and energy pricing). Within these, the water
pricing policy was identified as one of the most relevant, so it was the one selected for this study.

Based on the conceptual model and datasets, an SDM baseline was developed (fifth step) through
a dynamic process that integrated the previous two steps. The inter-links of the conceptual model were
then redefined, and diverse databases were consulted several times to develop a model that better
represented reality. Later, in the third workshop, the SDM baseline results for the Andalusian case
study were discussed and validated by the stakeholders.

Once the SDM baseline results were validated, the water pricing policy scenario was modelled in
the SDM application step (sixth step). As in the fifth step, the application of the SDM led to review of
the previous steps through several feedback loops. Simulating the scenarios in the model involved
identifying new interrelationships related to the context of the scenario (second step), and, in the same
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way, entailed consulting new data sources (fourth step) and redesigning some segments of the model
(fifth step). Once the scenario was designed, the consistency of the results was evaluated within the
sixth step.

After checking the consistency of the scenario results, a visual analysis tool was used to evaluate
the synergy and trade-offs between the components of the nexus through a set of indicators. One of
the most widely used visualization tools to analyse various nexus indicators simultaneously is radar
charts (Flammini et al. [58]; Mabhaudhi et al. [59]; Momblanch et al. [60]). In these charts, the variation
of each of the indicators can be analysed by comparing the scenarios against the baseline for each
year. To measure the variations of the different indicators, the indicators were homogenized on a
scale between −10 and +10, where zero is considered as the baseline. Linear plots were also used to
complement the analysis. These analysis tools allowed us evaluate the policy scenario and identify if it
was a nexus-compliant policy.

Finally, in the fourth workshop (replaced by a webinar), the SDM results from water pricing
scenarios and policy recommendations were presented to the stakeholders. Their opinions and
feedback were then considered and recorded for the development of future studies.

3.2. System Dynamics Model of the WEF Nexus

SDM is a methodology that facilitates analysing and understanding complex systems through
schematic models and consist of the mathematical expression of relationships between different types
of elements, such as stocks, flows, converters, connectors, and decision process priorities [18,19,24].
The SDM is largely feedback-driven; the value of a stock during one time-step influences the values of
the stocks, flows, and converters at the next time-step. The SDM model was developed in Stella (Stella
is a visual programming language for system dynamics modelling, distributed by Isee Systems [61])
and integrated the three sectoral models of the nexus: water, energy, and food/land. It enabled
joint analysis of all three sectors and could simulate different future scenarios. Since this research
explored short-term, medium-term and long-term sustainability, the simulation period was set from
2010 to 2050. With 2010 as the base year, simulations were made for time horizons of 2020, 2030, 2040,
and 2050. In addition, the software uses an annual time-step that allows one to view the results for
intermediate years.

The water sector (Figure 4) shows the relations between the availability of water and water
consumption in Andalusia. To this end, five water stocks (surface water, groundwater, desalination
water, water supply, and wastewater) and their corresponding flows were modelled. The relevant
inflows of the whole system are runoff, groundwater recharge, and desalinated water. The relevant
outflows are irrigation water, environmental flow, water consumption for hydropower generation,
industrial and domestic water consumption, and wastewater discharge. To link the agricultural
sector with the water sector, the available water for irrigation was estimated according to the decision
processes priorities. The demand of water for industrial and domestic use and the demand for
hydropower generation have higher priority than the demand for irrigation. The available water for
irrigation (IW) in a period t is calculated according to Equation (1):

IWt =
∑

s

(
WSs,(t−∆t) + (WIs − EOs −DDs − IDs) × ∆t

)
+ (WW + DW) × ∆t (1)

where s is the water source (i.e., groundwater or surface water). The available water for irrigation (IW)

in a period t depends on the amount of water in the water stocks (WS) in the period of time t− ∆t on
the balance of water inflows (WI) and outflow, such as domestic demand (DD) industrial demand
(ID), and environmental outflow (EO). In addition, it depends on the wastewater recovery available
for irrigation (WW) and the desalinisation water available for irrigation (DW).
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In the energy sector (Figure 5), an energy balance was struck. The energy available for final
consumption derived from the energy sources was compared with the energy consumed by different
economic sectors. The energy balance was then calculated according to Equation (2).∑

e
(GICt,e − TIt,e − ESt,e −DLt,e − FNt,e) �

∑
e
(It,e + Rt,e + Tt,e + St,e + At,e); ∀t (2)

where t is time, and e is the energy source (i.e., solids, oil, gas, renewables, electricity, and heat).
From the left side of the equation, GIC is the gross inland consumption, TI is the energy transformation
input, ES is the energy sector consumption, DL is the distribution losses, and FN is the final non-energy
consumption. From the right side, I is industrial consumption, R is residential consumption, T is
transport consumption, S is service consumption, and A is agricultural and fishing consumption.

Within energy consumption, the model showed in greater detail the energy consumption by the
agricultural sector, especially the consumption for irrigation. Energy consumption corresponding to
the energy used for desalination and wastewater treatment was also shown.
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The food/land sector is the core of the model and was divided into food and land sub-sectors.
The food sub-sector (Figure 6) is focused on the productive and economic aspects of the agricultural
sector, such as the yields, costs, revenues, and incomes per activity and per hectare. In addition, it is
the most strongly interrelated with the rest of the sectors (e.g., agricultural energy consumption with
the energy model and the use of water for irrigation with the water model). The activities modelled
included 33 crops and 14 livestock activities. Each of these activities had its own sub-model to better
represent the particular conditions of production. Despite simulating livestock, this research focused
more on crop activities. In this sense, for crops that require irrigation, differentiation in the amount of
irrigation water required was made. Therefore, there were certain crops with two variants, i.e., irrigated
and rainfed. Data projections for prices, premiums, yields, and cultivated hectares were taken from
other models (as explained in Section 3.3, in food/land data sources), but were calculated in the SDM
through linear interpolations. Variables such as gross irrigation, fertilizer requirements, secondary
revenues, and specific costs were calculated in the model with constants as the functions from the
yields for each crop. To calculate the economic effects of the sector in the region, the average income
from crops was calculated according to Equation (3).

It =
∑
c,v

((Pt,c ×Yt,c,v + SRt,c,v + PRt,c,v −Ct,c,v) ×Ht,c,v)/UAAt; ∀t (3)

where c is the crop, v is a variant (i.e., irrigated or rainfed), and t is time. For all crops, the yield (Y) is
multiplied by the crop price (P); then, the secondary revenues (SR) and premiums are added, and the
total costs are subtracted to calculate the income per crop. Finally, the weighted averages are calculated
based on the number of hectares cultivated (i.e., for each crop H and for the utilised agricultural area
UAA) to calculate the average income from crops (I).
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In the land subsector, a balance of surfaces was carried out. This balance consisted of calculating
the surface for each sector and verifying that it did not exceed the available surface according to the
land use projections from the region. For example, if the hectares planted with a crop increase, the sum
of the hectares for the rest of the crops must decrease by the same amount so that the total UAA does
not exceed the permissible limit. In that sense, all the sums must be consistent; the cultivated hectares
per crop and the set-aside and fallow land were added to calculate the UAA. Finally, the total land use
was calculated by adding the UAA, built-up areas, forests and natural areas, and water surface.

3.3. Data and Projections

The model development was initially based on a nexus conceptual model, validated by the
stakeholders in the study carried out by Martínez et al. [57], which was also based on assumptions
aligned with other models and studies, as explained in Section 3.4. For the model population, data until
2018 were collected primarily from local statistical sources, stakeholders, and the literature. Data to
2050 were gathered from projections made for national and regional plans, EU outlooks, and the
CAPRI-Water model.

CAPRI is a partial equilibrium economic model developed to evaluate the agricultural sector
and analyse the ex-ante impacts of agricultural, environmental, and trade policies in the European
Union [62]. CAPRI-Water is a CAPRI version that differentiates between irrigated and rainfed
agricultural activities. This version enables the exploration of the likely impacts of climate change
and water availability on agriculture at the regional level in Europe, as well as the effects of the
implementation of policy measures such as water pricing (Blanco et al. [63]). CAPRI-Water was
applied to Andalusia in a previous study by Martínez and Blanco [64], which allowed the authors
to test and improve the CAPRI data for this region. In the present work, since the water–agriculture
interlinkage is one of the most crucial components of the nexus in Andalusia, a number of simulations
with CAPRI-Water were undertaken to feed the SDM.

The full details of the data sources by sector are shown below:

• Water

• Statistical data and projections from the hydrological management plans, provided by
Andalusian authorities.

• Statistical data from the Andalusia Irrigation inventory, provided by Andalusian authorities
(Junta de Andalucía [65]; INE [53]).
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• Projections from the CEDEX national study on water availability and the impacts of climate
change on water resources (CEDEX [45]).

• Energy

• Statistical data on energy production and consumption from the Andalusian Energy
Agency [66].

• Projections on energy production and consumption from the EU Energy outlook (Capros et al. [67]).

• Food/Land

• Statistical data on agricultural production and land use from Eurostat [68].
• Projections on agricultural markets and land use from the EU agricultural outlook (European

Commission [69]).
• Statistical data and projections on agricultural production, irrigation water use, and land use,

from the CAPRI-Water model.

3.4. Scenario Definition

The reference scenario, or the baseline, was aligned with the foreseeable evolution of agricultural
and industrial markets by 2050 under a status quo situation (European Commission [69]). In policy
terms, this represents the continuation of the agricultural policies of CAP 2014–2020 (European
Commission [70]) and environmental and water policies. In environmental terms, this is aligned with
the IPCC climate scenarios and represents a combination of the shared socio-economic pathway SSP2
(O’Neill et al. [71]) and the representative concentration pathway RCP6.0 (Van Vuuren et al. [72]).

The simulation scenario was built on one of the major drivers identified by stakeholders,
i.e., the price of irrigation water (€/m3). Cost recovery through water pricing is considered by the
European Union WFD to be a substantial policy measure for economic efficiency, transparency, fairness,
and sustainability in the use of water resources (Expósito [43]). Therefore, the scenarios were based on
an increase in the price of water per cubic meter over the baseline from 2020 onwards. Two scenarios
were modelled; the first scenario envisaged an increase of €0.01/m3 (WP01), and the other predicated
an increase of €0.02/m3 (WP02).

4. Results

An analysis of the SDM results was made to assess the impact of water pricing policies on some
relevant regional level nexus indicators. On the one hand, irrigation water use (cubic hectometres,
hm3), energy consumption in irrigation (thousand tonnes of oil equivalent, ktoe), and irrigated area
(thousand hectares, 1000 ha) were used to measure the impacts over the utilisation of resources.
The average income from crops (euros per hectare, €/ha) and irrigation water productivity (euro per
cubic meters, €/m3) were evaluated to measure the per hectare economic profit from agriculture in the
region and the productivity of water in economic terms. In addition, the global warming potential
(GWP) (thousand tons of carbon dioxide equivalents, ktCO2e) was measured as an environmental
sustainability indicator. Finally, the cultivated area (thousands of hectares, thousands ha) for the main
crops was analysed to measure the specific impacts on different crops.

Looking at the baseline (BASE) in Figure 7, the average income from crops showed a slight
long-term decrease. There was a more pronounced decline between 2020 and 2030, which was mainly
due to the decrease in income from vegetable crops, which are highly dependent on water resources.
The highest value, €1050/ha, was observed in 2020, and the lowest, €975/ha, was observed in 2050.
Irrigation water use and energy consumption for irrigation showed similar slightly negative trends.
Irrigation water use was around 3850 hm3, and energy consumption for irrigation was around 24.5 ktoe.
However, a steady increase in the irrigated area was observed, from 915 thousand ha in 2010 to
1140 thousand ha in 2050. Irrigation water productivity remained steady throughout the analysed
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period at around €0.81/m3. Finally, the crops’ GWP showed a strong decrease, notably between 2020
and 2030. It decreased from 1100 ktCO2e to 830 ktCO2e and then remained constant until 2050.Water 2020, 12, x FOR PEER REVIEW 12 of 19 
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For the main crops produced in Andalusia, continuing with the analysis of the baseline, olives for
oil occupied the largest area, with 1675 thousand ha in 2010. This area is expected to continue to increase
to 2108 thousand ha in 2050. Of this, approximately 67.7% will be occupied by the rainfed variety
of olives for oil. The second most produced crop was durum wheat, which covered 327 thousand
ha in 2010. However, it is expected to decrease to 57% of the 2010 area by 2050. Another important
crop, sunflower, covered 287 thousand ha in 2010. Among the irrigated crops, citrus fruits have
high economic relevance and were an irrigated crop cultivated on around 50 thousand ha in 2010.
Citrus is expected to increase to cover 78 thousand ha by 2050. However, stakeholders mentioned that
the current demand for citrus is constant and may decrease in the coming years. Rice grown in the
region requires substantial irrigation and causes substantial methane emissions. In 2010, rice occupied
about 40.4 thousand ha. However, the results show that this crop might almost disappear by 2030,
which explains the decrease in GWP during this period. Vegetables are also an important contributor
to regional income; among them, tomato crop covering 19 thousand ha in 2010 may occupy a slightly
greater area, 21 thousand ha, in 2050. Fodder activities are mainly rainfed and do not have much
economic relevance but cover a considerable area. In 2010, they occupied about 1197 thousand ha and
are expected to decrease to cover 1111 thousand ha by 2050.

Radar charts allowed the simultaneous analysis of synergies and the trade-offs between different
indicators among the scenarios. Figure 8 shows the radar charts of the model results for years 2030 and
2050. The analysis consisted of evaluating the standardized variation of the indicators with respect
to the baseline. Looking at the temporal aspect, greater long-term (2050) variations compared to
medium-term (2030) variations could be seen. For the synergy analysis, for the average income from
crops, a water price increase in both the WP01 and WP02 scenarios causes a decrease of 0.7% and
2.2%, respectively, over the baseline by 2050. Irrigation water use decreased by 13.9% and 26.7%,
energy consumption in irrigation decreased by 14.3% and 26.9%, and the irrigated area decreased
by 14.4% and 28.2% in the WP1 and WP2 scenarios, respectively, by 2050. Decreases in crop GWP
were also observed; WP1 decreased by 7.3%, and WP02 decreased by 12.5% over the baseline by 2050.
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In addition to the radar chart results, irrigation water productivity increased by 11.7% for WP1 and
23.9% for WP2 over the baseline by 2050.Water 2020, 12, x FOR PEER REVIEW 13 of 19 

 

 
Figure 8. Synergies and trade-off analysis between nexus indicators. Source: own elaboration. 

The crops also will be affected by the water price changes, especially crops that depend heavily 
on irrigation. In this case, only the WP02 scenario was analysed to observe the most outstanding 
effects. Under this scenario (WP02), the olives for oil area will change from irrigated to rainfed. The 
irrigated variant will decrease to 70%, and the rainfed variant will increase by 20.3% from the baseline 
by 2050. For durum wheat, a mainly rainfed crop, the area under the crop will increase by 1.2% from 
the baseline by 2050. Similarly, the area of rainfed sunflower will increase by 0.8% from the baseline 
by 2050. In the case of irrigated citrus fruit, the surface will decrease by 14.7% from the baseline by 
2050. The trends for rice were identical in comparison with the baseline, and rice was predicted to 
almost disappear by 2050. However, the disappearance of this crop occurred early in the water price 
scenario. Finally, another important irrigated crop is tomato. Despite its high water-demand, the area 
under irrigated tomato was not sensitive to water price, as it did not show any significant variation 
in either water price scenario. This is due to its high level of income per hectare, which is up to 39 
times greater than the average income from crops by 2050. 

5. Discussion 

To comprehensively understand the complexity of the WEF nexus [4] and identify coherent 
policies, we developed a participatory SDM approach to analyse the nexus in Andalusia (Spain). The 
SDM approach allows one to analyse the synergies and trade-offs of the nexus (Bakhshianlamouki et 
al. [26]). However, collaborative stakeholder participation is crucial to developing a meaningful 
model (Sušnik et al. [25]). In this sense, our methodology is well suited for this analysis, as it integrates 
stakeholder participation in all phases of the SDM development process. Quantifying trade-offs and 
synergies within the nexus is also a key part of the methodology. In our research, we modelled short- 
(2020), medium- (2030 and 2040), and long-term (by 2050) projections for the baseline and scenarios. 
The data used to populate the model are based and aligned on previous studies and models [45,53,63–
72]. The baseline scenario is aligned with the foreseeable evolution of agricultural and industrial 
markets [69], current agricultural policy [70], and IPCC climate scenarios [71,72]. Water pricing 
policies were the selected scenarios simulated in the model. The analysis of these policies was 
identified by the stakeholders and mentioned by different authors (Expósito [43], Iglesias and Blanco 
[73], Fernández García et al. [52]) as one of the most relevant for the region. However, we have to be 
cautious performing such an analysis since “projections on water use and water costs are highly 
uncertain” (Martínez and Blanco [64]). 

To our knowledge, this is the first study that has developed a participatory SDM to analyse data 
projections of the WEF nexus in Andalusia. To develop the analysis, we selected six relevant nexus 
indicators at the regional level. The selected indicators were as follows: irrigation water use (hm3), 
energy consumption in irrigation (ktoe), irrigation water productivity (€/m3), irrigated area (thousand 
ha), GWP (ktCO2e), and average income from crops (€/ha). Given that analysis of the nexus is 
receiving increasing attention, different research focuses on identifying methodologies to better 
measure the nexus interlinkages ([1–3], Stylianopoulou et al. [74]). Several methodologies are based 

Figure 8. Synergies and trade-off analysis between nexus indicators. Source: own elaboration.

The crops also will be affected by the water price changes, especially crops that depend heavily on
irrigation. In this case, only the WP02 scenario was analysed to observe the most outstanding effects.
Under this scenario (WP02), the olives for oil area will change from irrigated to rainfed. The irrigated
variant will decrease to 70%, and the rainfed variant will increase by 20.3% from the baseline by 2050.
For durum wheat, a mainly rainfed crop, the area under the crop will increase by 1.2% from the baseline
by 2050. Similarly, the area of rainfed sunflower will increase by 0.8% from the baseline by 2050. In the
case of irrigated citrus fruit, the surface will decrease by 14.7% from the baseline by 2050. The trends
for rice were identical in comparison with the baseline, and rice was predicted to almost disappear
by 2050. However, the disappearance of this crop occurred early in the water price scenario. Finally,
another important irrigated crop is tomato. Despite its high water-demand, the area under irrigated
tomato was not sensitive to water price, as it did not show any significant variation in either water
price scenario. This is due to its high level of income per hectare, which is up to 39 times greater than
the average income from crops by 2050.

5. Discussion

To comprehensively understand the complexity of the WEF nexus [4] and identify coherent policies,
we developed a participatory SDM approach to analyse the nexus in Andalusia (Spain). The SDM
approach allows one to analyse the synergies and trade-offs of the nexus (Bakhshianlamouki et al. [26]).
However, collaborative stakeholder participation is crucial to developing a meaningful model
(Sušnik et al. [25]). In this sense, our methodology is well suited for this analysis, as it integrates
stakeholder participation in all phases of the SDM development process. Quantifying trade-offs and
synergies within the nexus is also a key part of the methodology. In our research, we modelled
short- (2020), medium- (2030 and 2040), and long-term (by 2050) projections for the baseline and
scenarios. The data used to populate the model are based and aligned on previous studies and
models [45,53,63–72]. The baseline scenario is aligned with the foreseeable evolution of agricultural
and industrial markets [69], current agricultural policy [70], and IPCC climate scenarios [71,72].
Water pricing policies were the selected scenarios simulated in the model. The analysis of these policies
was identified by the stakeholders and mentioned by different authors (Expósito [43], Iglesias and
Blanco [73], Fernández García et al. [52]) as one of the most relevant for the region. However, we have
to be cautious performing such an analysis since “projections on water use and water costs are highly
uncertain” (Martínez and Blanco [64]).

To our knowledge, this is the first study that has developed a participatory SDM to analyse data
projections of the WEF nexus in Andalusia. To develop the analysis, we selected six relevant nexus
indicators at the regional level. The selected indicators were as follows: irrigation water use (hm3),
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energy consumption in irrigation (ktoe), irrigation water productivity (€/m3), irrigated area (thousand
ha), GWP (ktCO2e), and average income from crops (€/ha). Given that analysis of the nexus is receiving
increasing attention, different research focuses on identifying methodologies to better measure the
nexus interlinkages ([1–3], Stylianopoulou et al. [74]). Several methodologies are based on an analysis
of indicators, such as indicators based on SDGs or WEF security indexes (Stylianopoulou et al. [74],
Venghaus and Dieken [75]). Overall, the selected indicators must be selected specifically for each case
study; for our selection criteria, the nexus challenges in the region, data projection availability, and the
SDM variables were taken into account.

Regarding the results obtained, for the baseline, a reduction in irrigation water use was observed
over time. This agrees with the regional study on the availability and use of water carried out by
CEDEX [45]. Likewise, energy consumption in irrigation decreased due to the high correlation between
both (Corominas et al. [54]; Camacho et al. [49]; Borrego-Marín and Berbel [55]). However, a slight
increase in irrigation water productivity was observed. This was due to the technical improvement of
irrigation technologies over time, which increased water efficiency (less loss) (Fader et al. [76]), and the
growth of more economically productive crops. In this sense, an increase in the irrigated area was also
observed, mainly due to the increase in irrigated olive for oil and citrus fruits in pursuit of a decrease
in crops such as rice, rainfed fodder activities, and some irrigated cereals, which was endorsed by
the stakeholders. However, the average income from crops slightly decreased, mainly due to the
decrease in income from vegetable crops, which are highly dependent on water resources. In addition,
GWP showed a strong decrease between 2020 and 2030 due to the decrease in rice cultivation, which is
a crop that emits a large amount of methane.

For scenarios, some studies developed models to analyse the effect of water pricing policies on the
use of irrigation water in Andalusia (Iglesias and Blanco [73], Expósito and Berbel [77], Borrego-Marín
et al. [78]). These studies mention that water demand has an inelastic nature for low increases in water
prices (€0.01/m3 or €0.02/m3). In general, these studies address water pricing policies through a static
analysis, where policy scenarios are analysed from a base year. In our case, the use of data projections
in the model increased the effects of the water pricing scenario on the variable analysed; consequently,
the elasticity of water demand was increased since the application of water pricing policies in the
scenarios reduces the use of irrigation water to a greater extent. Furthermore, as mentioned before,
the trend in irrigation water use is already decreasing in the baseline, which starts our model from a
different state.

For the rest of variables, a few studies analysed the related effects of water price policies. Similar to
the baseline analysis, an increase in water price causes a decrease in energy consumption due to
the high correlation between energy consumption in irrigation and irrigation water use. Likewise,
water pricing policies increase irrigation water productivity. Decrease in the irrigated area is also seen.
Moreover, there is great variability in changing the area between the different crops, and water pricing
policies make farmers switch their crops from irrigated to rainfed. Expósito and Berbel analysed in
more detail the effects of these policies on the different crops in the region. Similar to our results,
these authors mentioned that some crops that depend heavily on irrigation water, such as rice, tend to
disappear under certain water pricing scenarios. GWP is also reduced by an increase in water price;
this is related to a decrease in energy consumption. Finally, an increase in the price of water has a
direct effect on costs, so the average income from crops tends to decrease.

In our study, one of the main limitations is that the analysis is carried out at the regional level;
therefore, it does not allow us to analyse in detail the effects at the sub-regional level. These limitations
were pointed out by the stakeholders during the fourth workshop (webinar). They mentioned that it is
important to improve the water model sector by introducing provincial water sub-systems. According
to Sušnik et al. [25], “Appropriate spatial scale selection for the case study and nexus sectors is
important in producing reliable model outputs”. In this sense, future research could focus on detailing
an analysis for the river basin or provincial water sub-systems. This adds greater difficulty due to the
need to reconcile the scale at which political decisions are made (regional scale) with the appropriate
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scale to analyse the different sectors (water at the basin scale; and energy and agriculture at the
regional or provincial scale). Likewise, the water, energy and food subsectors must be disaggregated,
and the different phases of production and consumption must be represented. In addition, in the
process of identifying policy scenarios, the stakeholders raised as other possible scenarios a decrease in
agricultural subsidies or energy pricing. In this sense, to model the new scenarios, the process must
begin at the methodological step three, redefining the conceptual model to address the new challenges,
and continue with the iterative process until step six, application of the SDM.

6. Concluding Remarks

This research developed a participatory SDM to identify interlinkages in the WEF nexus and
analyse how agricultural and environmental policies can be better coordinated to deal with major
pressures on land and water in Andalusia (Spain). To identify nexus-coherent policies, quantitative
and qualitative methods were combined. On the one hand, statistical data and projections were used in
the quantitative development process. On the other hand, this study was carried out in collaboration
with a panel of stakeholders drawn from various groups ranging from policymakers responsible for
deciding regional strategies and regulations to representatives of private associations and civil society.
Stakeholders participated by expressing their opinions on the nexus interlinkages and the main nexus
challenges. They also contributed their judgment of the result validation at each step of the study.

The results indicate that a water–energy–agriculture balance is crucial for the socio-economic
development of the primary sector in Andalusia. Long-term results from the baseline scenario
show a sensitive relationship between water availability, irrigation costs (including energy cost),
and agricultural production. This is, in part, due to the large investment made in irrigation systems for
agriculture. In the analysed scenarios, the increase in water price affects the average income from crops
(€/ha) negatively. This is offset to a greater extent by the costs of saved irrigation water (hm3), irrigation
energy savings (ktoe), and a reduction of the crops’ GWP (ktCO2e). In addition, the non-irrigated
area can be used for growing rainfed crops or promoting ecological focus areas to counter soil erosion.
The empirical findings show that a water pricing policy is necessary to promote water-savings to
overcome the impending water scarcity. Our analysis suggests that the combination of water pricing
and energy efficiency improvement has the highest systemic relevance for the economic aspects of the
agricultural sector.

Beyond the results obtained, the present study provided the opportunity to share information
and opinions among a diverse group, including policymakers, researchers, and private associations,
with a common objective—to achieve sustainable development of the WEF nexus in Andalusia. In the
various workshops, the debate on political decisions to solve current and future challenges helped
identify sustainable strategies.
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