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R9 Land, water and energy: the crossing of governance 
 

ABSTRACT 

The paper focusses on the impact on dryland ecosystems of conflicting governance in the 
regulations of land use, water for irrigation and electric energy from photovoltaic installations 
(PV). The research uses the empirical results of a panel data model based on long time series that 
enable sensitivity of the main crops to energy cost and the viability of the solar panel system 
connected to the grid to be identified. We present evidence of the private and social benefits of 
investments in PV to improve the gross margin of farmers and decrease the carbon footprint of 
the irrigated areas. Relevant regional disparities in the sensitivity of the main crops explain the 
regional competition for low-cost water resources and the social conflicts associated with water 
governance. The Feed-In Tariff system for a PV system is evaluated as a tool to reach clean energy 
targets and preserve the populations working and living in irrigated drylands. An evaluation of the 
water desalination plants based on PV is analysed as an alternative to balance the hydric resources 
of intensive irrigated systems. The main conclusion is that coordinated regulation in energy and 
water policies may improve farmers’ profitability and accelerate the speed in reaching 
environmental targets in drylands. 

Keywords: Irrigation, water resources regulation, renewable energy, water price, agricultural 
electric FiT tariffs, photovoltaic systems, profitability of irrigated crops, adaptation to climate 
change, regional disparities in crops gross margin. 

 

INTRODUCTION 

The paper focusses on the conflictive relationship between regulations for the electricity market 
and those for water resources and the consequences it has had on irrigated agriculture as the 
leading consumer of water and the second leading consumer of energy at the national level. It also 
assesses the economic viability of grid-connected photovoltaic installations for irrigation in 
different environmental conditions, using a profit function model estimated for a representative 
sample of Spanish farms.  

Our research includes the main crops in all the regions of Spain. To our knowledge, there is scant 
research on the profitability of investment in photovoltaic installations for the primary type of 
crops that include all the regions using the same methodology. Our approach allows us to assess 
the cases in which a photovoltaic installation at market price becomes attractive to the private 
sector, distinguishing between the different crops and regions where this clean technology may 
require a Pigouvian subsidy. 

First, the paper explains how the clash between energy and water regulations, especially during 
the period when the European Commission liberalised the electricity sector, has affected the 
process of clean and competitive energy system enhancement. Second, we present the fixed 
effects panel data model of the profit function for the photovoltaic (PV) irrigation system. Third, 
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we present the empirical results regarding the viability of PV and the disparities by crop in each 
region. Finally, we present the conclusions. 

MOTIVATION 

Farmers initially began to irrigate land in order to increase productivity for the growing demand 
for food fueled by population expansion. Early on, irrigation technology became critical to 
ensuring production in the cultivated areas of drylands. The transformation of rainfed into 
irrigated land represents the primary driver of land-use change, and the paper focusses on the 
economic (energy price versus water price) and regulatory changes that affect the speed of land-
use changes. 

The Spanish regions present agricultural diversity systems, dominated by drylands except for the 
north and northwestern regions. In most regions, the irrigated area is expanding, and climate 
change is accelerating this process. Adaptation to warmer average temperatures, more frequent 
droughts and more frequent extreme weather events means that farmers try to switch crops to 
preserve land gross margins (and hence farm profitability). Frequently, adaptation includes newly 
irrigated areas, even in traditionally rainfed crops, increasing pressure on water resources. 

Traditionally, the dominant method had been superficial irrigation, where water is distributed by 
gravity through channels or flooding, which is very water-intensive. As irrigated areas increased, 
and the surface sources for water collection were scarce, groundwater from wells and boreholes 
began to be pumped, first mechanically and then also electrically. Productivity improvement has 
led to the development of sprinkler and drip irrigation systems since electric pumps can guarantee 
the pressure required for the operation of sprinklers, which means higher energy consumption for 
irrigation. 

Among all the productive sectors (including urban water supply services), agriculture is the leading 
consumer of water. “Modern irrigation”, that is, of areas improved by the national irrigation plans, 
in the current state of the technology allows water and energy to be substitutable inputs to a 
certain degree. The primary outcome of “modernisation” used to be saving water at the cost of 
using more energy. However, with unstable energy prices, productivity not only means “crop per 
drop” but “crop per watt and drop”. 

Climate change means that cultivation techniques must adapt to an increasingly drier and warmer 
climate. In this context of climate change, adaptation, which is already taking place, consists of 
moving crops towards more favourable locations. In addition, this is complemented by using plant 
varieties that are more resistant to drought (through genetic selection and modification) along 
with increasingly frequent use of irrigation with pressurised pipes, which entails higher energy 
expenditure — the opposite of traditional gravity irrigation that is intensive in water consumption 
but low in energy consumption. A side output of this technology is to better ensure productivity 
levels against the increasing volatility of rainfall. 

This adaptation implies that certain shrubby crop areas, traditionally considered to be rainfed, 
have become the most extensively irrigated areas, such as olive groves and vineyards (Resco 
Sánchez, 2015; Ponti et al. 2014 and ESYRCE, 2019). In the modernised irrigation of the southern 
region (Andalusia), the main item in management, operation and maintenance (MOM) costs is 



 

3 
 

energy, representing between 40% and approximately 65% in extreme situations. The so-called 
modernisation of irrigation also means permanently replacing water and labour with energy 
(Rodríguez-Díaz et al., 2011a and 2011b).  

Until the electricity market liberalisation, power for irrigation enjoyed a lower tariff, which was 
called the R rate. Since the liberalisation of the energy market, the electricity bill of irrigators 
become substantially higher. The economic productivity of certain crops has deteriorated because 
of the evolution of the ratio input price/output price. 

According to the national report on irrigation areas, crop and yields (ESYRCE, 2019), irrigated area 
has continued to grow in recent years, with 387,785 hectares more in 2018 than in 2005. 
Simultaneously, the reduction in the surface of irrigation by gravity can be attributed 
fundamentally to the modernisation plans for irrigation carried out during this period. These plans 
have produced a significant increase in energy consumption for the new irrigation systems. 

Those who have reaped most benefit from the foregoing are the electricity companies, for whom 
irrigated agriculture is a new captive customer in need of enormous amounts of electricity to keep 
crops going after modernisation. These modernisation projects have contributed significantly to a 
much higher consumption of energy by irrigated agriculture, with a twenty-fold increase from 
1950 to 2017. Irrigation is the second leading consumer of electricity, just behind ADIF, the 
managing company for the national railway infrastructure (González-Cebollada, 2015). 

Berbel et al. (2018), based on updated Corominas (2010) data, illustrate the macro-scale evolution 
of the water-energy binomial, in terms of water withdrawals and energy consumption, confirming 
that between 2007 and 2013 the tendency to reduce the use of water continues. Moreover, there 
is a small decrease in energy consumption per hectare since 2013 but with later stabilisation (See 
Figure 1). This reduction is attributable to both the increase in electricity rates and the economic 
crisis. Moreover, from 2010 to 2014, energy costs have approximately doubled in the Castile-La 
Mancha, a region situated on a high plateau in the central Iberian Peninsula, focussed on cereals, 
vineyards and olive groves.  

Optimisation of water-energy resources, which may guarantee sustainability in the medium and 
long term, is a relevant issue. A solution for this problem is “simultaneous operation” consisting in 
an assisted PV plant, meaning that it is connected to the grid. Hence, part of the power comes 
from the photovoltaic generator and the rest, to cover the needs of the irrigation system during 
consumption peaks, comes from the grid (Tarjuelo et al. 2015. p. 72). This introduction of 
alternative sources of renewable energy may be a significant source of reduction in unit energy 
costs for farmers, so we attempt to identify the relevant cases.   

Our research estimates a panel data model of profit function for photovoltaic installations by the 
main irrigated crops aimed at examining the differential gross margin elasticities by regions. Our 
paper fine-tunes the fact that in the different geographical areas, investment in photovoltaic 
technology for irrigation may be profitable at the current market price, depending on the crop. We 
include the six most extended irrigated crops: corn, wheat, barley, vegetables, citrus and olive. 

We test for which crop and in which region the installation of photovoltaic-assisted technology is 
beneficial for private investors versus the cases for which a Pigouvian subsidy will be required.  
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The added value offered by our research is that, to our knowledge, a study of this type is not 
available for the whole Spanish territory. This may allow better assessment of the regulatory 
changes necessary in both the water and energy norms to facilitate the introduction of clean 
energy. 

 

PHOTOVOLTAIC ENERGY IN AGRICULTURE 
 

Irrigated agriculture is the most productive type, and it has enabled the Spanish agricultural export 
sector to become a reference in Europe, especially for fruit and vegetable productions. Drip and 
sprinkler irrigation has allowed producers to have more precise control over their water 
consumption. Water is a very scarce resource in some export areas, so conserving its use is critical. 
Accordingly, farmers adapting to more frequent droughts have turned to exploiting underground 
aquifers. 

The price of electric energy and fossil fuel has followed a markedly increasing trend in recent 
years, which has resulted in a situation where much of the water costs stem from energy 
consumption.  Energy consumption is one of the most significant inputs of irrigated crops. 

Renewable energies have begun to play an essential role in alleviating problems of profitability as 
well as those of an environmental type. This is the case for photovoltaic solar energy, which has 
simultaneously reduced the irrigation systems’ carbon footprint and the PV installation costs in 
recent decades due to technological progress in solar panel production. This type of irrigation 
provides a rational alternative to improve the efficient use of water and reduce energy emissions. 
It enables the pumping and electrical systems of a farm’s irrigation facility to be powered by 
connecting solar panels to the grid to recover electricity not consumed in the irrigation system. 
When the regulatory framework allows the sale of reactive energy to the grid, a farmer’s 
profitability improves at the same time that clean energy is added to the grid. Nevertheless, the 
final balance depends on the tariffs regulated to supply solar energy to the grid or the feed-in 
tariff, FiT. 

On the one hand, solar radiation and crop evapotranspiration follow parallel curves. In other words, 
solar is an ideal source of energy for irrigation since it will be available just when a plant needs 
water. On the other hand, the significant reduction in the cost of solar panels in recent decades, 
currently around 0.4 €/W, makes its cost-competitive compared to other clean and conventional 
energy sources. Consequently, photovoltaic solar energy currently represents an option with great 
potential in the Mediterranean area, where the levels of solar irradiance throughout the year are 
high (See Figure 1). 
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Figure 1 Irrigated Area, Energy per hectare, Energy price and Water use in agriculture  

 

Source: Own elaboration, as explained in the text 

 

REGULATION 
 

In 2008, due to the liberalisation of the energy market and the consequent elimination of the 
special R rates for irrigation, farmers experienced a 400% increase in energy costs (Tarjuelo et al. 
2015). These R rates were of great importance for a sector characterised mainly by its power 
consumption seasonality, since there is a high demand for power in the summer, but not the rest 
of the months of the year.  
 
However, Law 1/2018 of Urgent Measures Against Drought, seems to have brought potentially 
significant changes. Its Final Provision 3 stipulates that the irrigators will from now on be able to 
contract two different types of power throughout the year depending on the needs of each 
farmer: Resulting in a low power tariff for winter when irrigation is not required and a high-power 
tariff when the irrigation system is at full capacity, aiming to reduce the yearly power cost. 
However, this option is still pending regulatory development, and therefore, is not currently in 
effect. 
 

An alternative way to ensure the introduction of clean technology even when the resulting 
monetary balance is negative for farmers is the enforcement of a FiT schedule. Feed-in Tariff (FiT) 
is the scheme by which farms or businesses that generate electricity from renewable sources 
receive compensation for the excess energy generated that is exported to the grid.  

 

The capacity factor is simply the ratio of actual energy (KWh) generation over a period (typically a 
year) divided by the installed capacity (Barber, 2017). Solar PV installations have a capacity factor 
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that ranges from 10% to 25% depending on the location. In southern Spain, with full tracking of 
solar movement, the capacity factor may reach 30% (Sheehy, 2017).  

 
However, the European Union regulatory reforms remain trapped in the so-called “energy 
trilemma”: affordability, security and the environment (Pollitt, 2019).   
Moreover, the liberalisation of the electric market led to higher power tariff for irrigators. Thus, 
given that electrical power accounts for 40% of modernised irrigation costs, farmers have 
experienced a profitability crisis due to the considerable rise in the cost of electricity that they 
have had to face (Rodríguez-Díaz et al. 2011b).  
 
Irrigators have likewise suffered the consequences of the delay in PV development due primarily 
to the instability of photovoltaic energy policy in recent decades in Spain, which has been very 
changeable. Spain was among the top five EU countries in PV capacity installed (over 3.3 GW in 
2008). However, the former Spanish government began changing the regulation to limit the 
growth of the photovoltaic sector and in January 2012 suspended the remuneration pre-
assignment procedure for new renewable energy power. As a consequence, at present, only 
around 16% of the energy consumed is from a renewable source, while the Commission has set its 
target for 2020 at 20%. After a new government, the last change in the regulation took place, and 
new PV systems have reached 262 MWAC, with total capacity at 580 GWh (2018), contributing to 
3% of overall generation (Jäger-Waldau, 2019). 
 
According to the current regulation, depending on the period, being connected to the grid has 
been a profitable alternative or not for a photovoltaic irrigation system. In the 1998 regulation (R. 
D. 2818/1998), the premium for surplus energy powered by self-consumption appeared for the 
first time. This legal regulation adds the idea that facilities that do not participate in the primary 
electrical production market will receive a supplement for the reactive energy ceded to the grid. 
For photovoltaic installations, premiums will then be applied at 0.397 €/kWh for installations of 
less than 5 kW, and at 0.216 €/kWh for solar farms over 5 kW.  
 
Later on, the 2004 regulation (R.D. 436/2004) defined the revision of tariffs, premiums and 
incentives published every four years as of 2006, leaving the rates set at 0.4 €/kWh and 0.22 
€/kWh for facilities under 5 kW and greater than 5 kW, respectively. In these six years, despite the 
advance of technology, the remuneration remained the same, encouraging the creation of new 
self-consumption plants in a very limited way. After that, RD 661/2007 established the legal and 
economic system for electrical energy production activity in a special regime. The distributors, 
who previously did not receive remuneration, started to charge 0.005 €/kWh under the special 
regime for this commercialisation service of electricity.  
 
Until 2007, there were no guarantees for connection to the distribution. However, they were 
contemplated for connection to the transport network for 2% of the amount of the installation 
(RD 661/2007). There still is a problem regarding the time it takes to create a facility of this type, 
due to procedures such as permits, licenses or authorisations, which significantly affect project 
costs. Although the guarantee required for photovoltaic installations since 2008 has been 500 
€/kW, that required for other renewable technologies is only 20€ per kW (RD 1578/2008), which 
could be discriminatory. This distinction may be because photovoltaics are the easiest to install 
and the most productive for self-consumption because of logistical reasons. 
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Feed-in Tariff (FiT)1 is the scheme by which PV generators receive a premium for the reactive 
energy they export to the grid. The price at which the producer sells the surplus to the grid 
remains the same. However, producers also need to add the subsidy, or FiT premium, they receive 
by kilowatt, which would cause small electric generators to receive for each kilowatt of surplus up 
to four times the current price in a traditional electricity contract.  
 
If the FiT is calculated to cover the cost of the investment amortisation by guaranteeing the 
premium levels for the lifetime of the PV installation it reduces the investment risk and creates 
conditions for rapid growth. The consensus is that between the two major categories to choose 
from in the regulatory scheme, tradable green certificates (TGC) and feed-in tariffs (FiT), the 
experiences in Europe suggest that FiTs deliver larger and faster penetration of renewable 
energies than the TGC, at a lower cost. Additionally, FiTs are generally accepted as the most 
efficient and effective support schemes for promoting renewable electricity. (Fouquet and 
Johansson, 2008; Couture and Gagnon, 2010). Spain, as well as Denmark and Germany, adopted 
the FiT and experienced rapid development of renewable energies installation. This business was 
so lucrative that even the most important power companies, such as Iberdrola, joined the FiT, 
producing photovoltaic energy and pouring it into the grid in exchange for fixed prices and 
subsidies. Many owners of rural land thought that this was an excellent investment as it ensured 
guaranteed payment for 25 years. Thus, from 2007 to 2009, a boom in solar energy took place in 
Spain. However, what was not foreseen was that these green premiums would cause the final cost 
of the traditional electricity bill to skyrocket by 23%.  
 
Hence, in 2012, the Spanish government ended these subsidies and the FiT scheme. Consequently, 
the FiT tariff in Spain was suspended for the new facilities in the special regime and eliminated for 
the existing facilities with the approval of RD 9/2013. The price of surplus energy being poured 
into the grid decreased to 0.14 €/kWh, almost a quarter of what had been established five years 
earlier. Thus, photovoltaic energy became a much less profitable business. 
 
Individuals and small companies that invested in solar panels were responding to the incentives of 
the government, even if they were incentives in some way vitiated by public intervention. 
Furthermore, entry of new self-consumption agents with the possibility of returning surplus 
electricity to the grid was temporarily closed.  Hence, this reactive energy FiT premium was halted 
until 2015 when the R.D. 900/2015 allowed the creation of new facilities. Since then, until the 
recent changes, all users paid fixed costs for photovoltaic self-consumption (the so-called sun tax), 
to cover the costs of the electrical grid system maintenance.  
 
Thus, the current price of surplus electrical energy is 0.006 €/kW, which means it is only 1.5% of 
the amount paid per kilowatts in 2007. Even so, investment in photovoltaic plants has been 
growing in Spain since 2015, although more slowly, aided by incentives such as subsidies for solar 
panels, entering into force in 2017, and the world-wide drop in the solar panel market price.  
Photovoltaic installations have grown since 2019. Furthermore, technological progress and the 
considerable investment in research and development by individual governments point to a 
further reduction in the solar panel market price.  
 

                                                           
1 Feed-in tariffs (FITs) are also known as Standard Offer Contracts, Feed Laws, Minimum Price Payments, Renewable 
Energy Payments and Advanced Renewable Tariffs. (Couture and Gagnon, 2010). 
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METHODOLOGY 
 

Here a panel data model of Standard Gross Margin (SGM) is estimated. The term panel data refers 
to data that combines a time dimension with a cross-sectional one. A data set that collects 
observations of a phenomenon over time is known as a time series. These data sets are ordered, 
and the relevant information regarding the phenomenon studied is what provides its evolution 
over time. A panel data set collects observations on multiple phenomena over specified time 
periods. The temporal dimension enriches the structure of the data and is capable of providing 
information that does not appear in a single cross-section. 
 
The study of time series is highly dependent on the asymptotic properties of the time dimension 
and, accordingly, it is necessary to have a sufficient number of observations. In the studied case, 
with the data of 45 years, we will thereby be able to obtain reliable results. However, panel data 
usually correspond to shorter series. For this reason, from a methodological point of view, how 
the time dimension is part of the analysis of panel data differs from the usual way in time series 
analysis. 
 
A standard regression model for panel data analysis has the form: 
 

𝑦௜௧ =  𝑎௜ +  𝑏𝑥௜௧ + ∈௜௧ 
 
where y is the dependent variable, x is the independent variable, a and b are coefficients, i and t 
are the index for individuals and time, and finally  ∈௜௧ is the error term. The hypotheses 
established on ∈௜௧ determine that the model may be assumed to have fixed or random effects. 
 
The random-effects model makes it possible to assume that each transversal unit has a different 
intercept (∈௜௧). To check if it is necessary to use the random-effects model or the grouped data 
model, the Breusch and Pagan test, known as the Lagrange Multiplier test for random effects, is 
used. The null hypothesis of this test is that if the test is rejected, it is preferable to use the 
random-effects method. In our case study, the p-value indicates that we can reject the null 
hypothesis Ho for all the crops analysed, therefore, the random effects are relevant, and it is 
preferable to use the estimation of random effects instead of the grouped one. 
 
In order to know which of the two to use, the Hausman test is applied, whose Ho is that the 
estimators of random effects and fixed effects do not differ substantially. If we reject Ho, the 
estimators do differ, and the conclusion is that fixed effects are more appropriate than random 
effects.   
 
It is possible to add temporary dichotomous variables to the model, that is, one for each year in 
the sample, which capture events common to all states during one period or another. We use an F 
test to find the joint significance of the temporal dichotomous variables in our crop model. The p-
value of the F test indicates that Ho is not rejected, so it is possible to state that the temporal 
dichotomous variables are not jointly significant and belong to the model. 
 
To verify that no endogeneity exists in the model, the correlations between variables of the same 
crop is verified.  We apply the Durbin-Wu-Hausman test, from which we deduce that there are no 
endogeneity problems in the model. 
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Once we have verified that the most suitable method to estimate our model is Fixed Effects, we 
proceed to estimate the model using our database of Standard Gross Margin.  
 
We obtain estimators of fixed effects used to verify for each crop, whether it is more beneficial to 
invest in photovoltaic energy or continue feeding the irrigation systems with the conventional 
electricity grid. The regression will be estimated using fixed effects at the regional level data 
(Eurostat NUTS2) for each type of crop. 
 
In this regression, the dependent variable will be the Standard Gross Margin (SGM) of the crop 
and the independent variables the cost of the inputs; all the variables are in logs in order to 
directly obtain the elasticities. 
 
The model allows the impact on the total cost of the energy per unit of surface to be calculated. 
This enables us to evaluate the impact of changes in energy cost (conventional and photovoltaic) 
on the profitability of the crop, taking into account its location. The function of the estimated fixed 
effects model is: 
   

𝑆𝐺𝑀௜௝ = 𝛽଴ + 𝛽ଵ𝐸௜௝ + 𝛽ଶ𝐹௜௝ + 𝛽ଷ𝐹𝐼𝑇௜௝ + 𝛽ସ𝐹𝐸𝑅௜௝ + 𝛽ହ𝑆𝐸𝑀௜௝ + 𝛽଺𝑆𝑈𝐵௜௝ + 𝐶  [Equation 1] 

Where: 

SGM = Standard Gross Margin. Average per hectare in the region j and crop i.  

E = Conventional grid energy cost 

F = Photovoltaic energy cost 

FIT = Phytosanitary cost 

FER = Fertiliser cost 

SEM = Seed cost 

SUB = Subsidies per hectare linked to the production 

C = Error term  

For all i = crops (the main ones in the cropped area of Spain: corn, barley, wheat, vegetables, citrus and olive) 

and all j = location (all NUTS2 regions in Spain, which are the 17 autonomous regions). 

In the studied model shown in Results and Discussion, the nomenclature used is: 

𝛽଴= _cons 

𝛽ଵ= lenergy_crop 

𝛽ଶ= lfoto_ crop 

𝛽ଷ = lphytosanitary_ crop 
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𝛽ସ = lfertilizers_crop 

𝛽ହ = lseeds_ crop 

𝛽଺ = lgrant_ crop 

 

The relationship between the dependent variable (SGM) and parameters is the following: 

Parameter 𝛽଴_explains the value of SGM, when the value of the parameters is equal to 0 

Parameter 𝛽ଵ_explains the relationship between E and SGM  

Parameter 𝛽ଶ_explains the relationship between F and SGM  

Parameter 𝛽ଷ_explains the relationship between FIT and SGM  

Parameter 𝛽ସ_explains the relationship between FER and SGM  

Parameter 𝛽ହ_explains the relationship between SEM and SGM  

Parameter 𝛽଺_explains the relationship between SUB and SGM  

 

We assume that the agricultural producer will try to maximise profits (SGM) by growing the product in each 

plot with expectations of generating the maximum gross margin (SGM).  

Once we carry out this process for all crops, we can calculate the Sensitivity Index as the irrigation system 

average cost of management and operation by unit of irrigated area. The Sensitivity Index reveals the water 

and energy cost sensitivity by unit of land in each region. The main advantage of the present methodology 

is that the panel data estimation of the coefficients takes into account the yearly and regional availability of 

rain, sun and other environmental conditions, as well as the market price changes for inputs and outputs.  

Under the real market condition of prices of input, output and the level of TFP provided by the current state 

of the art, the mentioned model provides the crops for which it is profitable to invest in photovoltaic 

installation connected to the grid. 

 

Assuming that all the variables expressed per Standard Gross Margin unit of land (SGM/Ha) are constant, 

except the energy that can be conventional or photovoltaic, it is possible to compare the cost of grid energy 

(conventional power) with photovoltaic energy. The cost of PV energy results from the amortisation cost of 

investment in the solar panel systems. 
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During the years in which the regulations enforced the FiT tariff, solar panels connected to the grid could 

obtain a premium by dumping energy not consumed by irrigation into the grid, thus decreasing energy cost 

although certain restrictions have applied. For instance, RD 244/2018 does not allow the self-consumer 

producer to dump more energy into the grid than that produced during a specified period — a disadvantage 

for irrigators that could produce electricity during the winter or wet periods over the irrigation system 

consumption. Alternatively, a farmer could register as a company producer of PV electricity and general 

conditions would apply. However, that means assuming the red-tape burden of registering as a firm, 

liquidating VAT quarterly, paying company tax, and so on, which is affordable mainly for cooperatives or 

other types of associations. 

 

In the model, it will be profitable to introduce photovoltaics when its negative elasticity is lower than the 

negative elasticity of conventional energy since that means that it reduces production costs. In other 

words, if lfoto_crop-lenergy_crop > 0 then it is profitable for the farmer to introduce photovoltaic in that 

particular crop irrigation in the reference region where this inequality applies. 

 
DATA 
 

We calculate the SGM from the representative sample of the regional farms as the difference at the end of 

the year between the value of the crops cultivated and the summation of the value of the inputs costs. 

SGM also includes subsidies linked to the product but no other decoupled subsidies (e.g. direct payments). 

As we estimate the elasticities to the SGM for each input from a model of panel data using a long-run series 

of farm accounting data, the climatic differences between years, as well as the price variation, are taken 

into account in the estimate parameters of the model. 

In a climate change scenario, the farmer will adapt by switching to the least costly source of water and 

energy to minimise risks and maximise the SGM. The main restriction in arid zones for crop viability in a 

plot is having sufficient water to irrigate the maximum profit crop in the location. If not, the farmer has to 

obtain information and capital, or credit, to make investments in innovation that conserves water. The 

adaptation usually means the introduction of “deficit irrigation schemes”, seeds resilient to drought 

periods, and other technologies (See San Juan Mesonada, 1995). 

The data to estimate the panel data came from our database of Standard Gross Margin (SGM) built up from 

the homogeneous series of the representative sample at the regional level of the Farm Accounting Data 

Network (FADN, see Mora, San Juan Mesonada and de la Torre, 2003).  

The SGM series is updated to complete the series from 1973 to 2017 (Kubicki and San Juan Mesonada, 

2018). The latter is in contrast with most published work that only uses case studies for a few years. 
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Moreover, these studies cannot take into account the high volatility in rainfall and evapotranspiration, 

which are relevant in determining irrigation cost. Moreover, our panel data model estimated coefficients 

take into account the volatility of both economic and environmental variables (See Wooldridge, 2002 Chap. 

14 Appendix 14 A and Chap. 14). 

RESULTS AND DISCUSSION 
 

The results provide a general assessment for the main irrigated crops for the case of investment in 

photovoltaic energy systems. We determine the type of cultivation for which investment in photovoltaic 

will be profitable in comparison with conventional energy use by observing our model results that consider 

profit elasticities.  

 

If: lfoto_crop - lenergy_crop> 0.  [Equation 2] 

 

Then it is profitable to invest in photovoltaic wheat irrigation systems where this inequality holds (in 

Appendix 1 the resulting estimation for Equation 2 can be found for all regions). 

 

REGIONAL WHEAT DISPARITIES IN PV INVESTMENT PROFITS 
 

The following tables show the estimators for the regions where the use of photovoltaic technology for 

irrigation has been most favourable and most disadvantageous. We start with wheat in Table 1, one of the 

most extended crops, with the most favourable elasticities for PV in Aragon and Catalonia, in contrast to the 

least advantageous ones for Madrid. For wheat cultivation, we conclude that the use of photovoltaic 

technology for irrigation is more favourable for farmers in all the regions studied, except for Madrid. Also, in 

Table 1 of Appendix 1, the resulting estimators are detailed for all regions. 

 

The profit gap between the use of conventional and photovoltaic energy is more significant for Aragon and 

Catalonia than in the rest of the regions. So, in those northeast regions, the results reveal that for farming 

irrigated cereals, very significant opportunities to shift into photovoltaic energy are seen. This will generate 

a positive externality reducing the agricultural footprint and increasing the economic efficiency of farms 

shifting to PV. 

 

In cases like the Madrid region, where investing in photovoltaic energy is not suitable for wheat growers, it 

may be argued that Pigouvian taxes are justified to reduce pollution. With Madrid being one of the most 

polluted areas due to urban traffic, industry and heating, photovoltaic installation still generates a social 

benefit equivalent to the opportunity cost-shifting from conventional grid electricity to photovoltaic. 

Similarly, the latter would justify a generous FiT premium tariff scheme for PV. 
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nlSGMwheat        Aragon     Catalonia Madrid 

lenergy_wheat  
-1.38***  

 (0.13) 
-1.50***   

(0.13) 
 -0.03* 
 (0.05)      

 lfoto_wheat 
-0.01*   
(0.00) 

-0.02*  
 (0.01) 

-0.13**    
(0.05)     

lphytosanitary_wheat  
-0.19*   
(0.08) 

-0.46   
 (0.41) 

-0.04  
(0.05) 

lfertilizers_wheat  0.27*    
(0.14) 

-0.41**   
 (0.17) 

lseeds_wheat 
-0.23*   
(0.11) 

0.31    
(0.21) 

-0.94***    
(0.22) 

 lgrant_wheat 
0.42***   
(0.06) 

0.41***    
(0.11) 

0.35***    
(0.13) 

 _cons 
-1163695***  

(0.25) 
-1176184***   

(0.32) 
-90.10***   

 (0.39) 
R2  0.98   0.9905  0.97  
N 84 84 80 
F 1313.55 1315.81 447.47 

p-value  0.00  0.00  0.00 

*** p<0.01, ** p<0.05, * p<0.1 

Note1: AC clusters robust standard errors in parenthesis. Clustered standard errors are a special kind of robust standard errors that 
account for heteroskedasticity across “clusters” of observations (such as regions, or crops); Fixed Effects (FE) in every regression. In 
most applications, the main reason for collecting panel data is to allow for the unobserved effect to be correlated with the 
explanatory variables. For example, in our equation, we want to allow the unmeasured region-crop factors that affect the SGM also 
to be correlated with the water-energy cost (See Wooldridge, 2002, Chapter 13)  

Note2: All variables expressed in logarithmic terms. 

Table 1: Gross margin elasticities of wheat in the selected regions 

 

REGIONAL BARLEY DISPARITIES IN PV INVESTMENT PROFITS 
 

Similarly, as in the case of wheat, investment of photovoltaic energy in barley cultivation would be 
profitable observing our model when equation 2 holds (Table 2).   
From the results obtained, we deduce that the use of photovoltaic technology for irrigation does 
not represent a significant profit in Andalusia, and Castile-La Mancha, but investing in solar energy 
is advantageous in the rest of the regions where barley cultivation is significant: Aragon, the 
Canary Islands, Cantabria, Castile-Leon, Catalonia, Galicia and Murcia.  
 
Regions with the most significant difference between the use of conventional and photovoltaic 
energy are Aragon and the Canary Islands. In these regions, the difference between the elasticity 
of the gross margin of conventional and PV energy is the highest; in other words, in these regions 
equation 2 (lfoto_ barley - lenergy_ barley > 0) achieves maximum values for barley. For a general 
overview, see Table 2 of Appendix 1, where we report the resulting estimators for barley for all 
regions.  
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nl SGMbarley     Asturias Andalusia Aragon Canary I. 

lenergy_barley  -0.33***     
(0.09) 

   -0.01*   (0.01)  -0.78***   
(0.14) 

 -0.28***    
(0.09) 

lfoto_barley  
-0.68*    
(0.04) 

 -0.06*      
(0.01 ) 

-0.02*    
(0.01) 

- 0.00***    
(0.04) 

lphytosanitary_barley 0.26    
(0.26) 

    0.06   
(0.13) 

-0.00  
(0.16) 

 0.72***    
(0.19) 

lfertilizers_barley  
-0.38***    

(0.10) 
  -0.10   
(0.11) 

-0.12    
(0.09) 

 -0.43***   
 (0.09) 

lseeds_barley  -0.73***   
 (0.17) 

   -20.19***   
(0.27) 

-0.50***    
(0.16) 

-0.79***   
 (0.17) 

lgrant_barley 
0.26***    
(0.08) 

    10.24***   
(0.23) 

0.41***    
(0.09) 

0.15***    
(0.05) 

_cons  -100.42***   
(0.51) 

  -110.22***   
(0.59) 

-110.42***  
(0.49) 

 -90.13***    
(0.38) 

R² 00.97   00.94  00.9803  00.97  
N 84 82 42 84 
F 5020.40  2000.03  6310.64 4940.78 

p-value 00.00 00.00 00.00 00.00 

*** p<0.01, ** p<0.05, * p<0.1 

Note1: AC clusters robust standard errors in parenthesis; FE in every regression. 

Note2: All variables expressed in logarithmic terms 

Table 2: Gross margin elasticity of barley in the selected regions 
 
The general conclusion is that PV connected to the grid systems may in the long term substitute 
the single conventional energy in the operation of irrigation systems for cereals in the most 
relevant region. Furthermore, with the current FiT premium tariff, the profit elasticities of private 
investment will drive the shift to clean energy. This will add pressure on the competition for water 
in arid areas as drill systems as well as PV panels show a declining price trend. 
 
REGIONAL CORN DISPARITIES IN PV INVESTMENT PROFITS 
 
The case of corn reveals results opposite those for cereals. Investment in photovoltaic energy 
infrastructure is not profitable for irrigators in any region of Spain. In Table 3, we can observe the 
fixed effects estimators obtained for the regions where the use of photovoltaic technology for 
corn irrigation has been most unfavourable. In these regions, the difference between the profit 
elasticities of conventional and photovoltaic energy is maximum. In Table 3 of Appendix 1, we 
report the effect of estimators for all the regions. 
 
Generalised drip irrigation may explain this result. Although the cultivation of corn is widespread 
in Spain and does not have high water requirements, the most used method for this crop is drip 
irrigation, which consumes much less energy than other techniques such as sprinkler irrigation. 
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nlSGMbarley     Andalusia Canary I. Catalonia 

lenergy_corn 
   -20.04***   

(0.21) 
 -10.2***   

(0.19) 
 -10.47***    

(0.20) 

lfoto_corn  
  -0.13*   
(0.03) 

 -0.05*   
 (0.01) 

 -0.15*    
(0.04) 

lphytosanitary_corn  
   40.477532***   

(0.49) 
10.51***   

(0.25) 
 -0.95    
(0.77) 

lfertilizers_corn  
  -0.943***    

(0.14) 
 -0.23**  

(0.11) 
 0.66**    
(0.24) 

lseeds_corn  
  -0.86***   

(0.23) 
 -0.90***    

(0.21) 
 -0.13  
(0.37) 

lgrant_corn 
    -10.62***   

(0.30) 
 -0.16***   

(0.04) 
0.91***    
(0.20) 

_cons  
 -60.88***   

(0.53) 
 -80.11***   

(0.29) 
-110.13***   

(0.55) 
R² 0.98  0.97   0.97  

N 84 84 84 

F  703.78  595.77 493.78 

p-value 0.00 0.00 0.00 

*** p<0.01, ** p<0.05, * p<0.1 

Note1: AC clusters robust standard errors in parenthesis; FE in every regression. 

Note2: All variables expressed in logarithmic terms 

Source: Own elaboration as explained in the text 

Table 3: Gross margin of corn in the selected regions 
 

Regions, where the installation of photovoltaic technology for corn is least profitable, are 

Andalusia, the Canary Islands and Catalonia; in these regions lfoto_ corn -lenergy_ corn < 0, see 

Table 3. In these regions, corn is not one of the relevant crops. On the other hand, in regions 

where the corn crop is more important, such as Castile-Leon (See Appendix 1, Table 3), although 

photovoltaic energy is still not the most profitable option, it is more convenient than in regions 

shown in Table 3. 

 

REGIONAL VEGETABLE AND CITRUS DISPARITIES IN PV INVESTMENT PROFITS 
 

The results for vegetables, one of the most important irrigated products exported, along with fruit, 
clearly reveal the advantage of PV irrigation over conventional systems for all the regions, even in 
the rainiest north region.  
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Figure 2  Water price in export tomatoes and vegetables (€/m3) 

 

 
Note: X means export-oriented crops. Productivity refers to partial water productivity. 

Source: Own elaboration, as explained in the text 
 

 
Similarly, for both vegetables and citrus, the results show that the use of photovoltaic technology 
for irrigation is privately profitable in all regions (Appendix Table 5). As Mediterranean regions 
have a concentration of citrus production and exportation centres in addition to significant 
imbalances between water supply and demand, coherent regulation of water and energy is 
urgently required.  
 
Thus, in this subsector, as well as in the case of citrus, such coherence between water and energy 
regulation will be crucial in future years. The pressure on water resources will increase as PV 
investment cost decreases. This may shift the focus to the availability of water during prolonged 
dry periods, so the desalination of seawater should be reviewed as an alternative for coastal areas 
with excess water demand (Appendix Table 4). 
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lnSGMvegetables  Asturias Navarra Basque Country 

 lenergy_vegetables  -0.92***   
(0.13) 

 -0.65***   
(0.13) 

 -0.82***   
(0.15) 

lfoto_vegetables -0.05*   (0.02) 
-0.08**    
(0.04) 

-0.07*   (0.04) 

lphytosanitary_vegetables  -40.44***   
(0.47) 

-20.99***   
(0.31) 

-20.91***   
(0.48) 

lfertilizers_vegetables  
-10.26***   

(0.13) 
-10.06***   

(0.14) 
-0.90***    

(0.17) 

lseeds_vegetables 20.67***   
(0.29) 

-10.17***   
(0.15) 

-10.76***   
(0.27) 

lgrant_vegetables 
0.43***     
(0.10) 

0.45***    
(0.15) 

0.08  
(0.11) 

_cons -120.18***   
(0.32) 

-120.48***   
(0.31) 

-120.00***   
(0.35) 

R² 0.99  0.99 0.99  
N 84 84 84 
F  2365.00 2400.63 1916.71 

p-value 0.00 0.00 0.00 

*** p<0.01, ** p<0.05, * p<0.1 

Note1: AC clusters robust standard errors in parenthesis; FE in every regression. 

Note2: All variables expressed in logarithmic terms 

Source: Own elaboration, as explained in the text 

Table 4: Gross margin of vegetables in the selected regions 
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lnSGM citrus Cantabria Galicia 

  lenergy_citrus  
-0.67**    
(0.26) 

-0.01*    
(0.00) 

 lfoto_citrus -0.11*  (0.07) 
-0.15**    
(0.06) 

lphytosanitary_citrus  
-20.94***   

(0.98) 
-30.71***   

(0.79) 

lfertilizers_citrus 
-0.91***   

(0.20) 
-0.66***   

 (0.13) 

 lseeds_citrus 
-10.50**   

(0.73) 
-10.60***   

(0.52) 

 lgrant_citrus 0.21   (0.18) 
0.48**    
(0.20) 

_cons 
-60.77***   

(20.02) 
-50.15***   

(10.74) 
R² 00.98  00.98  
N 84 84 
F 12200.74 11860.89 

p-value 00.00 00.00 

*** p<0.01, ** p<0.05, * p<0.1 

Note1: AC clusters robust standard errors in parenthesis; FE are included in every regression. 

Note 2: All variables expressed in logarithmic terms. 
Note 3 Regions with the most significant difference between the use of conventional and photovoltaic energy are Cantabria and 
Galicia (Table 5). Only regions with extreme results for photovoltaic investments are included (e.g., if a region is a most favourable 
case, Cantabria, or least favourable one, Asturias).  
Note 4: For a general overview, the effect estimators can be found for all regions in Table 5 of Appendix 1. 

Source: Own elaboration, as explained in the text. 

Table 5: Gross Margin elasticities of citrus in the selected regions 
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OLIVE REGIONAL DISPARITIES IN PV INVESTMENT PROFITS 

 
For olive groves, the PV system is also more advantageous than conventional grid electricity in all 
regions (Table 6). Currently, the irrigated area of olive predominantly uses drip irrigation to conserve 
water. 

 

 

lnSGMolive  Aragon Asturias 
Castile La 
Mancha 

lenergy_olive 
 -0.12*   
 (0.01) 

-0.14*    
(0.02) 

- 0.12*   
 (0.07) 

lfoto_olive 
-0.69*    
(0.09) 

-0.15*    
(0.08) 

-0.08*    
(0.03) 

lphytosanitary_olive 
-0.17    
(0.37) 

-0.35  
 (0.47) 

-0.27  
(0.24) 

lfertilizers_olive  
-0.60***   

(0.16) 
-0.52***   

(0.16) 
-0.44***   

(0.12) 

lseeds_olive 
-10.23***   

(0.29) 
-0.88***   

(0.27) 
-10.56***  

(0.18) 

lgrant_olive  
0.00   

(0.18) 
0.01 

 (0.14) 
0.31**   
 (0.14) 

_cons 
-100.80***   

(0.66) 
-110.69***   

(0.45) 
-100.90***   

(0.56) 
R² 0.94  0.9606  0.96  
N 84 84 82 
F 230.23  309.09 383.59 

p-value 0.00  0.00 0.00 

*** p<0.01, ** p<0.05, * p<0.1 

Note1: AC clusters robust standard errors in parenthesis; FE are included in every regression. 

Note2: All variables expressed in logarithmic terms 

Source: Own elaboration as explained in the text 

Table 6: Gross margin elasticities of olive in the selected regions 
 

DISCUSSION 
 

As PV technology advances, it offers more effective systems at more affordable prices, thus 
shortening the amortisation time of the facilities. It is a source of clean, renewable, non-
exhaustible and silent energy, does not consume fossil fuels, offers the possibility of selling excess 
power, requires little maintenance and is an increasingly affordable technological investment. In 
particular, PV technology solves the paradox of modern irrigation systems that conserve water at 
the cost of increasing emissions. 

These reasons have led to PV connected energy being a valid alternative to conventional electric 
energy for irrigation. Our study indicates that for the main crops and in most regions, this 
alternative has gone from being an ecological alternative for the future to becoming an 
economically profitable reality. The empirical results prove that at current market prices, 
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photovoltaic energy is, in most cases, the best private and social option for sustaining irrigated 
crops. 

Although the installation of photovoltaic technology involves a significant initial investment for 
farmers, results prove that in the majority of regions, investment in PV connected installations for 
irrigation is profitable and brings private benefits over the life cycle, in addition to positive 
externalities for the rest of society.  

The foregoing makes it desirable to provide a legal and regulatory framework that is stable and 
focussed on reaching greenhouse emission targets. Installation of photovoltaic technology in 
irrigation means a reduction of 2.5 kg of CO₂ emitted into the atmosphere for each kilowatt 
produced. 

As irrigators are the second-highest electric energy consumers at the country level, this reduction 
in emissions of greenhouse gases in an activity that requires so much energy during the summer is 
very relevant. Other clean primary energies, such as hydroelectric, need to deal with the issue of 
reservoir water shortage during the summer months, while wind turbines have to contend with 
low wind speeds2.  

The conclusions obtained from our research are original, as to our knowledge, there is no study 
offering general results with regional comparisons and for the main crops in Spain.  

Moreover, we provide regulators with specific, realistic figures to establish the appropriate FiT 
tariff in irrigation depending on the crop and region, if the target is to decrease emissions 
incentivising PV installations.  

At the same time, we are seeing a continuous fall in production costs for renewable energy 
technologies. Furthermore, the resulting price at which electricity must be generated from a PV 
installation to break even over the project’s lifetime (LCOE, see Jäger-Waldau, 2019), as a result of 
industry learning curves is declining. Financial lines, explicitly targeting investments in clean 
energy, and a regulatory framework that avoids delay in the approval of new projects may have a 
vital role in incentivising the PV installations. 

 

Nevertheless, conflict with water conservation regulation in critical areas may arise as the PV and 
perforation cost of new wells decrease. Lower investment cost in drillings creates increased 
incentives for irrigators to overexploit groundwater resources. In 2019, the environmental police 
(SEMPRONA) sealed a record number of illegal wells in the south. 

The agricultural sector suffers from the existing contradictions between energy regulations, trying 
to introduce competition and promote clean energy, and water regulations. The number of water 
taxes skyrocketed at the national, regional and municipality levels without any coordination 
(Adame, 2019). Some of these taxes only pursued window-dressing effects, while others are 
purely income seeking.  

                                                           
2 “A typical modern turbine will start to generate electricity when wind speeds reach ten to fifteen kilometers per hour, 
known as the cut-in speed. Turbines will shut down if the wind is blowing too hard (roughly 90 Km/h) to prevent 
equipment damage.” AWEA, 2020. https://www.awea.org/wind-101/basics-of-wind-
energy#:~:text=A%20typical%20modern%20turbine%20will,hour)%20to%20prevent%20equipment%20damage. (Last 
visit 15/06/2020) 



 

21 
 

Finally, we should underline the fact that water and energy cost sensitivity by unit of land is very 
different by region, see Figure 3. The sensitivity index is calculated here as the irrigation system 
average cost of management and operation by unit of irrigated area. The index range goes from 
less than 100 to more than 400.  
 
It can be observed that water and energy cost sensitivity by unit of land is higher in low rainfall 
regions, where agriculture is an essential activity, as is the case of Murcia or Canary Islands. 
Moreover, for the opposite circumstances, this is so in regions where the amount of rain per year 
is very high as it occurs in Basque Country or Asturias. 
  
Figure  3 Water and energy sensitivity (Average by irrigated land area) 

 

Source: Own elaboration, as explained in the text 

 
DESALINATION 
 

Those drylands where there are increasingly frequent long droughts, and the overuse of hydric 
resources is more probable, may rely on desalinated water if there are possibilities of locating 
crops near the sea. At present, desalination plants are a commercial alternative for fruit and 
vegetables in the Mediterranean and southern regions. Commercial desalination technologies are 
already available and are usually classified into two leading thermally-driven technologies (Multi-
stage flash MSF; Multi-effect desalination, MED and adsorption desalination, AD), and membrane 
separation reverse osmosis (RO) processes. In addition, there are different emerging technologies 
under R&D, with one of their main objectives being the reduction of energy requirements and 
emissions per unit of freshwater generated. The use of seawater, in the current state of the art, 
requires between 2.6 to 8.5 kWh/m3 of energy, far higher than that required by groundwater 
(0.48) or lake/river (0.37) water, which translates, multiplied by the applicable tariff of electricity, 
into a cost of desalinated water usually beyond competitive alternatives (Shahzad et al. 2017). 
Nevertheless, these technologies provide a necessary alternative in prolonged periods of drought, 
primarily for irrigated areas with higher gross margin crops near the coastal line, e.g. those 
exporting greenhouse flowers and vegetables. 

0
100
200
300
400
500
Andalusia

Aragon
Asturias

Balearic…

Canary…

Cantabria

Castile-La…
Castile and…

CataloniaExtremadu…
Galicia

La Rioja

Madrid

Murcia

Navarra

Basque…
Valencia

WATER & ENERGY SENSITIVITY 
Average by irrigated land area



 

22 
 

The main disadvantage of small photovoltaic reverse osmosis (PV-RO) installations for desalination 
at the farm scale is the land area required to install the solar panels, approximately 26.5 to 28 m2 
to obtain one water cubic meter with an energy consumption of 8 kWh/m3. In regions with high 
population density where farmers and tourist installations compete for land, the investment cost 
may be an issue3. Consequently, regulation may be an incentive for R&D to use PV panels as a part 
of the greenhouses to conserve soil and improve investment profitability.  

An alternative could be the large-scale photovoltaic seawater reverse osmosis (PV-SWRO) plants. 
Currently, large scale PV-SWRO is in a learning process, and R&D could lead to lowering water 
costs from renewable energy-operated desalination processes to 1.81 € /m3 from the current 
range of 1.81 to 29 € /m3 depending on the size of the plant, technology4 and renewable energy 
potential (See Fig. 7 Shahzad et al. 2017 p. 59). Water and energy regulation must be coherent and 
drive technical change to reach higher performance ratios in the commercial desalination 
processes.  

In decreasing the equivalent heat of evaporation required to desalinate one cubic meter of 
seawater the performance ratio increases and as such the energy cost measured as kWhelec per 
cubic meter (See Shahzad et al. 2017 p. 55). 

For drought situations, Law 1/2018 establishes a maximum price for desalinated water of 0.3 €/m3 
theoretically subsidising around 0.5 €/m3. However, in January 2020, the continued administrative 
delay and the lack of funds forced the non-application of the “drought tariff”. The difference from 
the actual cost of desalination, 0.8 €/m3 would mean a subsidy of around 0.5 euros per cubic 
meter premium under long dry spells. Moreover, even with this drought premium, the final cost 
would be well above the 0.1 €/m3 costs of reservoir water (San Juan Mesonada, 2019). There are 
frequent farmer complaints that desalted water squeezes crop margins, and consequently, it is 
mainly used in high added-value productions. However, for long and medium-term contracts, the 
prices range from 0.18 to 0.33 €/m3 (estimated cost in 2017 by Cosí, 2017).  

Research and development progress in PV desalination technologies are currently reducing water 
cost. Moreover, its wider use is still limited due primarily to high energy requirements, especially 
when facing rising fossil fuel prices. The use of PV systems energy sources is relevant for meeting 
the growing demand for water desalination (Ghaffour et al. 2015; Martínez Fernández, J. & Esteve 
Selma, M. A. 2004). 

A recent innovation is the installation of PV for self-consumption after the liberation of the electric 
market in Spain. The new regulation allows PV plant for self-consumption of the desalination 
disconnected from the greed, conditioned to the power of PV generation under the total 
consumption. In the pioneer PV installation of the Mazarron desalination plant “Virgen del 
Milagro,” the estimated reduction of water cost is 0.6 €/m3 in the first phase and 0.20 €/m3 after 
the amortisation of the investment. The later may allow approaching the cost of the desalinated 
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water to other alternative sources. Additionally, PV self-consumption is improving energy 
efficiency by reducing energy consumed from the greed and therefore improving its carbon 
footprint, reducing the CO2 emissions in an estimated 5,225 tonnes per year. The floating structure 
of solar panels, over the regulating reservoir, improve the efficiency of that desalination plant.  
The floating cover structure that supports the PV panels allows reducing the evaporation of 
desalinated water in an estimated 42,000 cubic meters per day (data provided by the contractor 
Tedagua in 2019 see https://www.tedagua.com/en/project/c-de-regantes-de-mazarron-
desalination-plant). 
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Figure 4  Water scarcity versus productivity (cost and income in €/m3) 

 

 

Climate change drives cultivation techniques adapting to the drier and warmer environment. 
Adaptation means moving crops towards locations that are more favourable and switching to 
plant varieties resistant to drought and increasingly frequent use of irrigation, which entails higher 
energy expenditure. Desalinated water is of higher quality and can have less negative impact on 
soils and crops than the direct use of brackish water. Furthermore, PV desalination systems costs 
are currently declining (Beltrán & Koo-Oshima, 2006; Shahzad et al. 2017). 

CONCLUSIONS 
 

The study provides an assessment of the regional diversity on the profitability of investment in 
photovoltaic installations for irrigation using panel data models of gross margin elasticities by 
crop. The main conclusion has significant policy implications for understanding the water-energy 
trade-offs. The results allow us to verify the opportunity cost of photovoltaic versus conventional 
grid electric power for all regions and main crops. The methodology also enables us to assess the 
level of subsidies or FiT schedules required to internalise the positive externalities shifting from 
single conventional to grid-connected photovoltaic installations. 

The panel data model based on the standard gross margin of the irrigated crop ensures that the 
data take into account the fact that land productivity is dependent on weather and market 
conditions. In this respect, previous literature based on a short series of field studies may be 
biased by the period of study chosen. Conversely in each region-crop, using SGT long term series, 
the random effects of the volatility of economic and environmental variations are taken into 
account when the coefficients of the panel data model are estimated. 

The contradictory and time unstable regulations on water and energy send conflicting signals and 
have slowed the path to reaching a clean irrigation system. Regulations often reflect pressure from 
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the electricity lobbies, who have been placing the burden for ensuring their oligopoly income on 
irrigators’ shoulders. Our main conclusion is that the European Commission has a relevant task in 
coordinating regulations, not only among the Member States but also coordinating water and 
energy regulations within each country. However, water regulations are time and location 
sensitive, so the rules are complicated to generalise, and further comparative research is required. 
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