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ABSTRACT  This paper explores the water-energy nexus of Spain and offers calculations for both
the energy used in the water sector and the water required to run the energy sector. The article takes
a prospective approach, offering evaluations of policy objectives for biofuels and expected
renewable energy sources. Approximately 5.8% of total electricity demand in Spain is due to the
water sector. Irrigated agriculture is one of the Spanish water sectors that show the largest growth in
energy requirements. Searches for more efficient modes of farm water use, urban waste water
treatment, and the use of desalinated water must henceforth include the energy component.
Furthermore, biofuel production, to the levels targeted for 2020, would have an unbearable impact
on the already stressed water resources in Spain. However, growing usage of renewable energy
sources is not threatened by water scarcity, but legislative measures in water allocation and water
markets will be required to meet the requirements of using these sources. Some of these measures,
which are pushed by regional governments, are discussed in concluding sections.

Introduction

The water-energy nexus has become a high-priority issue in sustainability assessments.
The realization that the water sector is energy intensive and that innovative energy sources
require stable water supplies has increased the interest in evaluating both sectors in a more
integrative manner. Various studies have shown that the water use cycle is energy
intensive (CEC, 2005; Pate et al., 2007; Water Environment Federation, 2009; Cabrera
et al., 2010).

The two-way connection, water needed for energy generation and energy for the use of
water distribution and treatment, has planning and economic implications for water
management and for sustainable energy. Additional technical studies are needed for this
connection to be understood in sufficient detail. This paper reviews the studies that have
analyzed specific elements of the Spanish water sector involved in the nexus to present a
clear balance of the country’s water-energy relationship. It first focuses on the “energy for
water” connection by breaking down the water use cycle into stages; the main stages are
identified and their energy costs per unit of water volume (kWh/m?®) are evaluated. The
paper then focuses on the other part of the nexus, “water for energy”, offering evaluations
of water needs in power plants per unit of electricity produced (m*’GWh). The
methodology used in most reports, including California’s Water—Energy Relationship



(CEC, 2005), estimates a range of energy consumption for each stage of the water use
cycle, using as many cases as possible, to offer a national estimate. This paper is based on
that methodology for some elements, including the stages of the urban water cycle. For
other elements, including biofuel production and irrigation technologies, new estimates
are reported.

Understanding the Water-Energy Nexus

The expression “water-energy nexus’ has been coined as such because of the bidirectional
consequences of, among other factors, process efficiency, the amount of resources involved,
leaks in the system, good or poor resource management, and the choice of technologies. On
the one hand, the origin of the water allocation by water authorities dictates the energy
associated with the process (pumping, water treatment or water distribution). For example,
the energy cost of underground water pumping is higher than that of superficial water
pumping, although during drought cycles, more groundwater is generally used (Hardy &
Garrido, 2010; Iglesias ef al., 2009; Garrido et al., 2006). On the other hand, according to
Hardy and Garrido (2010), each sector that uses water has a specific level of energy
consumption per unit of water used, and this level depends on the processes involved. The
range is large; for example, the energy sector uses 0.06kWh/m’, urban users use
0.21 kWh/m?, agriculture uses 0.34 kWh/m?, and waste water treatment for recycling uses
0.56 kWh/m® (figures are representative of the whole sector they stand for).

Within the water-energy nexus, we define the “energy for water” connection as the
processes that water passes through to reach quality level requirements before reaching
final users or bodies of water (FFigure 1). The required water quality can vary between final
user types and countries or regions, but all of the stages presented in Figure 1 are required
in some way.

We distinguish two paths within the water use cycle: integrated waste water treatment or
no integrated waste water treatment. “Water for energy” is the second connection and
accounts for the amount of water required to produce one unit of energy, both outside the
plant to procure the raw material and inside the plant for cooling systems. Among various
technologies, we find huge differences in the water usage requirements for generating
energy from fossil fuels and renewable sources: in Spain, wind energy has almost no water
withdrawal, whereas nuclear power can use up to 75,362 m>/GWh (Rio Carrillo & Frei,
2009).

Energy for Water

As represented in Figure 1, one part of the relationship concerns the energy costs of the
water use cycle, including the energy costs of water-pumping-related processes.

Comparative Results in Spain

In Table 1, a complete breakdown of Spain’s water use cycle allows us to distinguish all
stages and their related energy costs. Spain’s total annual water withdrawal is 35,000 Mm®
(millions of cubic metres), and its total water-related energy consumption is 16,500 GWh;
the energy-related cost of every unit of water used in Spain is estimated at 0.45 kWh/m®.
The data shown in Table 1 account for the electricity used for water management in Spain.
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Table 1. Water-related energy use in Spain in 2008.

Electricity
Water
Volume Consumption Percentage
Stages (Mm?) (GWh) (%)
Extraction and water treatment 34,940 10,418 64
Urban 4,343 5,457 33
from desalination 694 2,275 14
Agriculture 20,360 4,141 25
Energy 8,683 521 3
Industry 1,554 299 2
Distribution/water use 25,587 3,374 21
Residential 2,540 440 3
Commercial 833 144 0.9
Municipal and other 359 62 04
Industrial 286 49 0.3
Agricultural 20,360 2,469 15
Non-registered water 1,210 210 1.3
Waste water treatment 2,842 2,530 16
Waste water collection 3,788 189 1.2
Waste water treatment 2,842 1,454 9
Recycled water (treatment and distribution) 1,510 887 54
Total 34,940 16,323
Total Spain electricity use 279,392
Percentage 5.8%

Note: The water volume column gives the volume of water involved in each stage of the water use cycle.
Total is the total volume of extracted water in Spain. All the water extracted is not distributed nor
treated because of own extraction and treatment system (as in energy or industrial sector).

Source: CEC, 2005; Bernat ef al., forthcoming; Corominas Massip, 2009; Cramwinckel, 2010; Guillamén

Alvarez, 2007, GWID/ IDA, 2009; Eltawil et al., 2008; EPRI, 2002b; Emasesa, 2005; Madrid
City Council, 2010; MARM, 2010; Rédenas Canada & Guillamén Alvarez, 2005; Sala, 2007,
SEE, 2003a, 2003b.

This ignores the gas-oil energy component used by the agricultural sector because the last
official data regarding this component are from 1995 (MARM, 2008). Also, water end-use
is not included (e.g. domestic hot water, hot water for industrial processes, etc.). At this
stage, all that is being attempted is to include water-related electricity consumption before
the use of distributed water.

The most costly stages of the Spanish water use cycle are the extraction and water
treatment stages, which account for 64% of the total water-related electricity demand.
Irrigated agriculture in Spain underwent a rapid transformation between 2002 and 2009,
and it now accounts for 40% of Spain’s total water-related electricity demand. Although
waste water treatment accounts for 16% of the water-related electricity demand, in 2008,
83% of the waste water volume from urban and industrial sectors was treated in waste
water treatment plants (EuroStat, 2008b).

What exactly does 5.8% of Spain’s total electricity use mean, and is this figure relevant?
A similar study carried out in California (CEC, 2005) that applied the same methodology
found that 19% of California’s total electricity use is associated with the water sector. This
high usage value is due to the fact that, unlike the present study, the Californian study
counted hundreds of water processes from households (CEC, 2005). The urban sector



accounts for 28,000 GWh in California, but it only accounts for 5,500 GWh in Spain. The
water processes from households of urban water use could explain the difference in water-
related energy consumption between California and Spain. Based on IDAE (2010), 21% of
primary energy consumed in Spanish households is associated with domestic hot water,
only 3% of total produced electricity (2,200 GWh per year).

Energy Intensity in Spain

Each stage in Spain’s water use cycle has a specific energy intensity (i.e. the energy cost
per unit of water necessary to carry out an industrial process). In Table 2, we show the
energy intensity of all stages of the water use cycle.

Table 2 shows that water treatment has the largest range of energy intensity in the water
use cycle: the reason is that water treatment depends entirely on the quality of the source
water. In Spain, as in most countries suffering from hydrological stress, desalination has
become an alternative water source. The salt concentration, which varies between almost
pure water and brackish water or seawater, dictates the most appropriate technology in this
case, and therefore, the energy consumption to meet quality standards will consequently
vary. Owing to European efforts to collect the highest quantity of waste water and reach a
higher waste water standard quality, the idea of constructing tertiary treatment plants has
gained unprecedented interest. Plants that produce recycled water (but do not meet the
quality standards for drinking water) have a supplementary energy cost that we estimate to
be 0.13 kWh/m’ in Spain, based on the data provided by Water Environment Federation
(2009).

Agricultural Water and Energy Use Efficiency

Agriculture is a large consumer of water in Spain, using approximately 58% of the total
water distributed (Hardy, 2010); in addition, it is a large consumer of energy. To replace
gravity irrigation with pressurized irrigation systems (which require more energy) was,
among other improvements, one of the main goals of the Shock Plan of Irrigation (BOE,
2006). Determining whether the achieved water savings makes up for the increase in
energy usage is a complex investigation.

Table 2. Range of energy intensities by stage of the water use cycle.

Energy intensity range (kWh/m?)

Stage Min Mean Max
Water extraction and conveyance 0 0.21 2.10
Water treatment 0.11 0.57 4.67
Water distribution 0.12 0.21 022
Waste water treatment 0.41 0.53 0.61
Recycled water treatment and conveyance 0.32 0.59 0.85
Waste water discharge 0 0.05 0.11

Source: CEC,2005; Bernat et al., forthcoming; Corominas Massip, 2009; Cramwinckel, 2010; Guillamén
Alvarez, 2007; GWID/ IDA, 2009; Eltawil et al., 2008; EPRI, 20021/); Emasesa, 2005; Madrid
City Council, 2010; MARM, 2010; Rddenas Canada & Guillamén Alvarez, 2005; Sala, 2007,
SEE, 2003a, 2003b.



Water and energy use in Spanish irrigation. During the past decade, important changes
took place in Spanish irrigated agriculture. In addition to large-scale modernization
projects, gravity irrigation systems have been replaced by drip irrigation systems (Figure 2).
Although the last available data (from 1995) mention a 40% share of gas and oil use in
irrigation systems (along with electricity), we believe that the share is now closer to 5—10%,
as the vast majority of farms currently use electricity. We will not deal with primary energy
in agriculture, only net electricity.

Electricity consumption did not decrease along with water needs, as shown in Figure 2.
In fact, the area irrigated with drip irrigation systems increased by 40% between 2002 and
2008, replacing gravity irrigation systems (MARM, 2009). The net electricity consumed
per volume unit, a valid indicator to compare irrigation systems as recommended by
Abadia et al. (2010), increased by 10% during the same period. Many factors could
explain these variations, but the modernization of irrigation systems most likely explains
the increase. The decrease in electricity consumed per volume unit since 2006 could be
due to changes in production, climatology, restriction in water use in the driest parts of
Spain or increased production costs, such as that for electricity, or the fact that drip
irrigation consumes less electricity than sprinkler irrigation—depending on the origin of
the water (see Table 3). More research, however, is required to explain these variations.

Modernization of irrigation along with scarcity problems reduced the supplied water
volume per hectare in farms by 5.10% from 2002 to 2007 (NIS, 2007), while in the same
period, the irrigated area increased by 1.49% (MARM, 2009). As a result, water use in
Spanish agriculture diminished from 5,158 m*/ha in 2002 to 4,824 m*/ha in 2007. Water
use efficiency (water consumed/water used) in Spain increased year by year since 2002
and reached reasonably high values of 0.85 in 2007. Unless deficit irrigation is put into
practice, it is difficult to run irrigation at efficiency ratios higher than 0.80. In Andalusia
(with 900,000 hectares of irrigated land), Garcia-Vila et al. (2008) optimized the land and
water potential and compared those with the observed water application levels in an
Andalusian water district. During 1991 and 2005, their evaluation of the ratio ARIS
(annual relative irrigation supply, a ratio between annual volume of irrigation water flow
and annual volume of crop irrigation demand) was always below 0.7. This is about 30%
less than the crops demanded in theory. However, actual data about the use of deficit
irrigation is largely missing.

Irrigation system evaluations carried out in Spain (Krinner et al., 1994; Spanish
Irrigation Observatory, n.d.; Abadia et al., 2010) have exhibited huge differences among
farms. With those reported by Abadia et al., we plotted average manometric elevation
against the percentage of energy costs over crop economic productivity (see Figure 3).
Each circle in the graph represents a water user association (WUA)—15 from Castille-La
Mancha, 5 from Valencia, and 3 from Murcia. The horizontal axis represents the energy
cost (€/m>) over water productivity (in €/m>, based on Garrido et al., 2010); the vertical
axis represents the average manometric elevation of the WUA, and the size of the circle
represents proportional water use in m’/ha among the 23 WUAs. While there is a marked
correlation between the two (R 2= 0.61), there are important differences around the fitted
line. Furthermore, water applications are neither explained by the energy needs, nor by the
proportion of energy costs over crop productivity.

Water used in drip irrigation systems consumes more energy than in sprinkler irrigation
systems, possibly because of specific characteristics, such as the origin of the water (Table 3):
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Table 3. Energy consumption in Spanish irrigation by water source and irrigation system technique.

Gravity irrigation Sprinkler irrigation Drip irrigation

Average water use (m3/ha) 7,500 6,500 5,000

Unit energy consumption (kWh/m®)

Underground water 0.15 0.49 0.68
Superficial water 0.02 0.29 0.28
Interbasin diversion 1.20 1.44 1.38
Desalination 3.70 3.94 3.88
Water reuse 0.25 0.49 0.43

Source: own elaboration with data of Corominas Massip, 2009.

water coming from underground aquifers or desalination plants will ultimately require more
energy than surface water.

Water savings and energy increase. Traditional Spanish coastal irrigation systems have
been progressively replaced by drip irrigation systems. One reason for this change is to
achieve water savings to meet or guarantee demand from other farms. Another reason is that
agriculture was seen as a wasteful water user, especially during dry periods, preventing
other uses of water aside from irrigation.

To assess the advantage in terms of energy of modernization of one irrigation system,
we suppose the energy unit consumption f1; of desalination (or other water source) and I,
and H, for initial and modern methods, respectively, as I, > H;. We also suppose that
both methods are crop-equivalent but have different efficiencies or yields in water use, R,
and R, respectively, and that R, > R,;. Therefore, for each cubic metre supplied to the
first method, R,; is what the crop actually uses (because of the yield definition of useful
volume over supplied volume). To fulfil these requirements, the second method should
supply R.1/R,», and the unit water savings with the modern method would be 1 — R,1/R,.».

The energy consumption required to desalinate the unit of water saved, H; (1 — R,1/R»),
added to its actual consumption, Hy, must be compared to the new method, H>R,1/R,.
Therefore, the situation in which the change is neutral is defined by the expression

a Ra
H2—1:H1+Hd(1——1> (1)

which is equivalent to
Ro —Ra _H, —Hy _Hy, — H,
Ra Hq+ Hy H,

@)

Equation 2 allows the evaluation of the efficiency increase that would produce the change.
Considering a new installation of H, = 2.7 kWh/m?, each increment of energy H, — H; by
units of 0.27 kWh/m® would become, after modernization, equal to a 10% yield increase.

If we adopt values for I, — H; (where I, is the energy cost of drip irrigation system and 77,
the energy cost of gravity irrigation system) for each possible origin of water (see Table 3),
that is, 0.18 KWh/m> (basin diversion, desalination, and water reuse), 0.26 KWh/m>
(superficial water), and 0.56 kWh/m® (underground water), the increase in yield that justifies
modernization would be 7%, 10%, and 20%, respectively.
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Table 4. Final yield R, of equalization as a function of the energy increase and previous yield R,,;.

H, — H; (kWh/m®) 0.14 0.27 0.54 0.82 14 2.1 2.7
(Hy — Hy)/H, 0.05 0.10 0.20 0.30 0.50 0.75 1
Ral Ra2

0.40 0.42 0.44 0.48 0.52 0.60 0.70 0.80
0.50 0.53 0.55 0.60 0.65 0.75 0.88 1.00
0.60 0.63 0.66 0.72 0.78 0.90

0.65 0.68 0.72 0.78 0.85

0.70 0.74 0.77 0.84 091

0.75 0.79 0.83 0.90

0.80 0.84 0.88 0.96

Note: Alternative entry with H, — H; values supposes H, = 2.7 kWh/m".

Compared to seawater desalination, modernization of irrigation systems might be an
efficient alternative, especially if the original crop yield is low because of poor soil. Even
adequate crop yields of 0.75 for gravity irrigation systems should, however, move to 0.80
and 0.88, respectively, for sprinkler and drip irrigation systems. These values may be
considered reasonable in sprinkler and drip irrigation projects, respectively. With different
values for H, — Hy, more results are found in Table 4. For instance, starting on a situation
where the energy cost of supplied water is 1.4 kWh/m® and initial yield R, is 0.50,
modernization of the actual irrigation system would be justified if the final yield R is 0.75
or higher, that is, a 50% yield increase. In situations where alternative water sources
requiring less energy (such as water reuse or river basin transfers) exist, irrigation
modernization might not be the best solution.

Water for Energy

The inverse connection to which to which this article been referring is the amount of water
that energy-producing plants require to complete their industrial processes successfully.
First, every electricity-producing technology requires a different amount of water,
according to the specific raw material that is being used, such as coal, oil, gas, uranium, and
biomass production (Gleick, 1994). Second, the plant cooling systems require different
amounts of water depending on the technology used.

Results for Spain

The energy sector accounts for only 3.2% of the total water-related energy usage, but in
terms of extracted volumes, it reaches 25% of the total water withdrawn. The energy sector
is a good example to illustrate that even if one unilateral connection does not seem to have
major importance, we must consider the reciprocal relationship to be sure that no connection
exists. The results for Spain (Figure 4) include water withdrawal and consumption for the
extraction and refining stages, as well as biomass production; hydropower is not included
because it does not refer to water extraction.

Excluding hydropower (water withdrawal = 24,400 Mm?>, water consumption = 1,250
Mm?, according to Hardy & Garrido, 2010), nuclear power accounts for 50% of Spain’s
water withdrawals by the energy sector, whereas solar thermal only accounts for 0.03%
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(solar thermal accounts for 0.41% of the 93,729 MW installed capacity in Spain in 2009
[Protermo Solar, 2010; REE, 2010]). There are concerns about the impact of solar thermal
power plants on the water sector because Spain’s use of renewable energy sources
accelerated in response to subsidies for this type of power production. As estimated in
Table 5, solar thermal power plants are, among renewable technologies, one of the best in
terms of water requirements, after wind power and photovoltaic cells. The 2,422 MW total
installed capacity planned (Protermo Solar, 2010) would account for only 17.5Mm?>, or
0.2% of the water involved in the energy sector.

Determinant Factors

In terms of water withdrawal and consumption, nuclear technology has the largest needs
per unit of energy produced (excluding the amount of water used by hydropower plants).
Even if renewable energy technologies have generally lower water needs (King et al.,
2008; Gleick, 1994) than fossil energies (18,000 m’/GWh vs. 29,000 m*/GWh in Spain),
some renewable technologies have high water needs (see biomass results in Table 5).
Three different power plant cooling systems exist (EPRI, 2002a; Torcellini, 2002; King
et al., 2008; CATF-WRA, 2003); the differences among them are in the ways in which a
portion of the water used can be saved. The open-loop or once-through cooling system is
the simplest system: water is pumped, used for cooling, and returned to the river. This
system involves a large water withdrawal owing to the short contact time between vapour
and cool-off water; it also increases the river evaporation rate, leading to more water being
consumed by evaporation. Water reductions can be achieved by allowing longer contact
periods between cold and hot flows. The closed-loop cooling system includes a cooling

Table 5. Spain’s water-related energy-producing technologies and water needs.

Unit water needs Total water volume
Technology Technology process’ (m*>/GWh) (Mm?)
Coal W.W. 31,047 2,207
Ww.C. 1,552 113
0il W.W. 24,322 450
Ww.C. 1,216 225
Gas W.W. 13,675 1,283
Ww.C. 634 64
Nuclear power W.W. 75,362 4,153
Ww.C. 1,569 86
Hydropower W.wW. 791,676 24,389
Ww.C. 20,000 1,257
Biomass W.W. 31,047 113
Ww.C. 1,552 5.6
Residuum W.W. 31,047 46
Ww.C. 800 1.2
Solar Thermal W.W. 3,090 0.02
Ww.C. 3,090 0.02
Geothermal W.W. 7,400 0
Ww.C. 5,180 0

Source: Rio Carrilo & Frei, 2009; Linares & Saenz de Miera, 2009; EuroStat, 2008a.
'W.W. = water withdrawal; W.C. = water consumption



tower or cooling pond that cools down the cool-off water by evaporation: pumped water
offsets the water lost by evaporation. In this system, water withdrawal is reduced, but more
water is consumed because the exchange is based on evaporation. The dry cooling system
is similar to the wet cooling system, except that the heat transfer medium is air, which is
cooled down by a large pipe system with many fins to increase the exchange surface. The
use of a fan increases the evaporation rate. It drastically reduces water use and gives more
flexibility to power plant location (Wolfe et al., 2009). The higher investment costs and
possible reduction in performance during the hottest days prevent its widespread use
(Wolfe et al., 2009).

Water Footprint for Biofuels in Spain

The reason there is such enthusiastic interest in biofuels relates to both energy security
and a reduction in greenhouse gas emissions. In Spain, approximately 39% of the total
energy consumption is intended for the transport sector (IDAE, 2007). Biofuels are
therefore seen as an outstanding opportunity to act against global warming. European
countries embarked on rapid development of the biofuel industry to meet the
recommendation of the Directive 2003/30/EC (EC, 2003), which states that 10% of
vehicle fuel consumed inside the EU should be biofuel. However, it has been widely
accepted that first-generation biofuels might not be a panacea, according to An Energy
Policy for Europe (COM(2007)1 final), where the present energy policies within the
EU have been declared unsustainable. Second-generation biofuels made from ligno-
cellulosic crops from herbaceous or woody-type plants could be selected for Spanish
industrial biofuel production (Fernandez, 2007) and would ensure that biofuels are
sustainable both within and outside the EU (EEA, 2006).

This paper focuses on the consequences of the increase in water usage and additional
land area required if first-generation biofuels were used to accomplish the “Pack 20 20 by
2020” recommendation in Spain. To carry out the estimations, the following assumptions
were made: (1) crops for ethanol production are wheat, corn, and barley; crops for
biodiesel production are rape, soy, and sunflower; (2) 30% of the ethanol-based biomass
production is national; 48% of the biodiesel-based biomass is national; (3) biofuel
conversion factors have been estimated for each crop; and finally, estimated for each crop
were (4) the average production yields and (5) the amount of green water (precipitation),
blue water (artificially diverted from sources and used for irrigation), and grey water
(technical processes) required. We assume a 2009 ethanol-biodiesel ratio of 1:0.72
(European Biomass Association, 2009). The final energy demand for the transport sector
in Spain to accomplish the “Pack 20 20 by 2020 recommendation that 10% should be
biofuel would be 4.75 million TOE (tons of oil equivalent) for 2020.

The virtual water VW embodied in biofuel production is calculated by the following
expression:

_ (VWS0) + (VW, + VW))S;
P

\ 4’4

3)

where VW, is green water (water supplied to crops by precipitation), VW, is blue water
(water supplied to crops by irrigation systems), S, is the agricultural dry land surface, S; is
the agricultural irrigated land surface, and P is the crop production.



The water footprint WF is therefore calculated by the expression:
WF = (VWY, + PW)V, “)

where Y}, is the biofuel yield (tonnes of crop required per cubic metre of biofuel), PWis the
process water needed in the elaboration process of biofuel (from the crop reception in the
factory to the fuel exit of the factory), and V), is the volume of biofuel produced.

In the case described above for Spain, the amount of water required for agriculture
would increase 10% for dry land agriculture (i.e. if biomass is grown on dry land) and 26%
for irrigated land agriculture (i.e. if biomass is grown on irrigated land). Considering the
problems that basin agencies have with the current amount of water required for
agriculture (MARM, 2008; Garrido et al., 2010), this increase in water usage is clearly a
nonviable alternative for Spain, as the results in Table 6 show (data for grey water come
from Mekonnen & Hoekstra (2011)). The supplementary land area required is also
worrisome: supplementary dry land area would account for 11% of the total agricultural
area, and supplementary irrigated land area would account for 5%. For a semi-arid country
like Spain, and its generally low yields under rainfed regimes, such land conversions
would severely impact agricultural production. With the same assumptions, our
estimations for 2008 led to the conclusion that biofuels did not affect water use or land
occupation (average results are 3% of blue water or 3% of green water, and 2% of dry land
agriculture or 4% of irrigated land agriculture).

Projected Bilateral Consequences

Predicted electricity demand in Spain around 2030 involves scenarios supposing a maximum
use of renewable energies with a very optimistic energy efficiency plan (II'T, 2005), whereas
other, more cautious, scenarios present a range of possible electricity demand in the coming
years (IDEAS, 2008; UNESA, 2007). The water-energy nexus is relevant in the choice of the
technologies to be used. Consider the example of UNESA (2007) for the year 2030: installed
power would reach 131,438 MW in the “business-as-usual” scenario and the clean carbon
capture system scenario, but with maximum use of renewable energies, the installed power
would reach 152,698 MW. This change means a shift from carbon-based power plants to
renewable energy power plants. As shown in Table 5, renewable energy technologies require
less water per unit of electricity produced than fossil fuel energies. Figure 5 compares three
scenarios (“business-as-usual”, clean carbon capture system and high penetration of
renewable). If a high penetration of renewable energy systems scenario was chosen, a higher
installed capacity would be necessary, but it would avoid a considerable increase in water
needs for electricity production.

Desalination technologies could also be part of the solution to the water-energy issue.
Anderson et al. (2010) proposed a new technology, called capacitive deionization. The
energy liberated by the chemical process of desalination itself is stored in a capacitor and
directly used in a parallel unit. The process is repeated so that the system generates the
energy required to produce fresh water. Initial pilot plants showed an energy consumption
of 0.6kWh/m> (W. elgemoed & Schutte, 2005).

Policy Dimensions

Increases in water demand for new energy plants have added further pressure to many over-
allocated Spanish basins. Granting new concessions is almost impossible without cancelling
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Figure 5. Water withdrawal and consumption for electricity production for the years 2020, 2025
and 2030 in Spain. Note: Predicted electricity demand is indicated as in UNESA (2007). Source:
UNESA, 2007; Rio Carrilo & Frei, 2009; Linares & Saenz de Miera, 2009.

existing concessions. Water trading is not an easy route for obtaining new concessions. Spain
amended its 1985 Water Law in 1999 to permit water rights holders to exchange their water
rights. However, the priority allocation rules that were established by the 1985 law remain in
force. This means that as water becomes scarcer as a result of drought, priority rules apply to
distribute the available resources among the sectors. As a general rule, the Water Law sets a
priority criterion that places urban users at the top of a list of eight categories, on which farmers
come second and industries third (including energy producers).

A distorting regulatory provision is the ban on rights holders from leasing their water
rights to lower-ranking holders. By drafting market regulation without abolishing the
priority system, legislators believed that they would protect urban consumers from
speculative market behaviour and increase their supply security levels. The 1999
amendment to the law was meant to facilitate exchanges of rights among rights holders by
adding several new articles to regulate transactions. However, it left the main features of
the 1985 water rights definition unchanged (Arifio & Sastre, 2009). As the best locations
for solar thermal plants are in the most arid and climate change-—stressed basins
(Guadalquivir, Guadiana, Tagus, Ebro, Jicar, Segura), new users must use resources that
were previously used by others. However, in accordance with market regulation, only
rights holders can purchase water rights. Thus, promoters of a new plant without water
rights cannot purchase water rights from previous rights holders.

Interestingly, the recent Andalusian Water Law of 2010 (BOE, 2010) relaxed these rigid
rules. First, it removed the priority criterion, with the exceptions of urban users and low-
consumption industrial/commercial users linked to urban networks, which were granted
priorities one and two. Other productive users are given equal priority unless explicitly stated
in the water plans. Second, it allows a non-holder of water rights to acquire water rights in the
market and become a legal water user. These two provisions are supported in the law’s
preamble: “Andalusian waters are overallocated, so that new strategic users, including
renewable energy plants, can have available water resources at the expense of previous ones.”



Another crucial dimension of the water-energy nexus in Spain is the increasing cost of
energy for irrigators (Ederra & Murugarren, 2010) and the recent estimates of the CO,
footprint of exported fruits and vegetables. As irrigator communities are large water rights
holders, a number of them are installing renewable electricity plants to feed their own
energy demands and sell the extra capacity which comes with the feed-in premium for
renewable sources to the market (Salldn Villegas, 2010). With regard to the CO, footprint,
talks are being held with farmers’ organizations to help growers become massive users of
renewable energy or purchasers of certified green electricity, so that their products’
footprints can be reduced. These two clear market signals for farmers will provide an
incentive for creative energy use in irrigated agricultural production.

The Spanish irrigation system has experienced profound transformations in the last
decade. Energy consumption dropped between 2006 and 2008 to the level of 2004, but
the price for energy increased by 30—-70%. Modernization appears to be more appealing
than desalination from an energy point of view. However, modernization requires
investment costs that do not seem to be justified by the predicted water savings. There is
arisk, moreover, that better irrigation technologies will increase water consumption and
decrease returns.

Spanish biofuel production did not affect the water needs for agriculture in 2008, but in
the event that the European Union accomplishes the Directive 2003/30/EC goal with
first-generation biofuels, we can expect water needs to reach 4,400 Mm® per year and the
corresponding land area required to reach 2.3 Mha. These estimates clearly cause concerns
about first-generation biofuels continuing to receive state aid to accomplish EU objectives,
whereas other immature technologies, such as microalgae (Chisti, 2008; Haag, 2007),
present many advantages in terms of water use, required land area and impact on food crops
but currently lack profitability. In Spain, first-generation biofuel should be considered
obsolete because of its land and water demands.

Conclusions

Although it does not cover every detail, this paper introduces the relevance of Spain’s water-
energy nexus to give a national overview of the bilateral consequences that affect end users,
hydrological planning, applied aspects of water management, and entire sectors, such as
irrigation, manufacturing and mining industries, and, last but not least, energy. For those
reasons, it appears that the water-energy nexus must be managed as a complex issue and that
energy efficiency becomes especially important with regard to water use and water
management.

This paper focused on two approaches: the energy related to the water use cycle in
Spain, with special consideration of irrigation, and the water-related energy sector, with a
question about first-generation biofuels as a sustainable solution for vehicle fuel
replacement in Spain. Any analyst must confront the difficulties of working with isolated
data and providing national estimates, as studies on the topic are still lacking. The work
presented here is sufficiently relevant to realize the closeness of the relationship between
water and energy, but it must be considered as the first of many sector-specific studies.

Another relevant observation is the difficulty of investigating the water-energy nexus
while the problem has not yet been considered as a nexus. Most studies to date have only
covered partial aspects of the nexus; only analyses such as those dealing with the concept
of exergy (which is used to quantify the energy cost linked to the use of a water body)



could lead to more complete comprehension of the problem. The complete water use cycle
(from water supply to final water use) required, in the present estimate, approximately
5.8% of the total electricity usage of Spain in 2008. The energy sector accounts for 25% of
Spain’s water use cycle (without considering the amount of water used by hydropower
plants); however, 96% of that volume is water that returns to where it has been pumped
immediately after use.

The main recommendation of this study is that energy audits be carried out in each of the
aforementioned stages (extraction, treatment, distribution of water, collection, treatment,
and recycling of waste water). It is well known that facilities are designed with optimization
criteria that are executed with cost criteria and operated with technical coefficients far below
those the project designer had planned. Maintenance is frequently neglected, which leads to
an increased gap between optimal and actual facility performance. The increasing price of
energy jeopardizes the economic profitability of facility owners, but finding a facility’s
weak points requires specific evaluations. Benchmarking studies and pilot plant
construction are thought to be fundamental tools for increasing energy efficiency and
reducing energy-related water usage in energy facilities.
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