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Abstract: Water scarcity will increase in the world in the coming decades due to climate change,
especially in areas that currently already have water scarcity, such as the Mediterranean area. In
these areas, to guarantee water resources, systems’ sustainability is necessary to improve demand
management and the development of non-conventional resources, such as treated wastewater reuse or
seawater desalination. These non-conventional resources are highly energy-consuming; so, reducing
energy costs is a key element in developing their use in different sectors, including agriculture.
Combining photovoltaic solar energy with seawater desalination by reverse osmosis will reduce the
cost of producing water to below 0.36 EUR/ m3; so, this resource can be attractive for agriculture,
as demonstrated in this work. The arrangement of bifacial solar modules in horizontal single-axis
tracking systems increases the energy amount generated from the sun in one hour or more, improving
the facility’s efficiency and reducing the desalinated water cost. The greater distance between the
solar module lines, with a ground coverage ratio (GCR) = 0.3, makes for a better environmental
integration of the facility and allows the development of agrovoltaic strategies, such as native flora
planting and pollinator colonization.

Keywords: desalination; photovoltaic systems; climate change; adapting water resource systems;
water prices

1. Introduction

Studies evaluating the climate change impact on water resources at the global and
regional scales from the IPCC (Intergovernmental Panel on Climate Change) [1] agree
that the climate change consequences will differ significantly between regions, very neg-
atively affecting water availability in some regions, such as the Mediterranean area. As
water scarcity grows in many regions of the world and with advances in desalination and
reuse technology and the reduction in production costs, water managers can use these
non-conventional resources to equilibrate the water balance in deficient water resource
systems [2]. It is foreseeable that, in these regions, non-conventional resource use will be
promoted, such as reclaimed water or seawater desalination, including renewable energy
facilities to contribute to energy optimization and lower costs.

Desalination is a process that requires energy to produce freshwater from marine
or brackish water. It requires separating saline water into two streams, one with a low
concentration of dissolved salts (freshwater) and one with concentrated salts (brine). To
date, there are two main categories of desalination technologies: thermal technologies,
such as multi-stage flash (MSF), multiple-effect distillation (MED) and vapor compression
(VC); and membrane technologies, such as reverse osmosis (RO) and electrodialysis (ED).
Thermal desalination uses heat to vaporize freshwater. In contrast, membrane desalination
(RO) uses high pressure from electrically powered pumps to separate freshwater from
seawater or brackish water using a membrane. At present, RO (65%) and MSF (20%) are the
prevailing techniques for sea and brackish water desalination [3]. Thermal processes are
losing importance in the world, but they have not disappeared, and membrane technology
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is gaining more and more prominence. In Spain, most of the existing plants operate using
membrane techniques, with reverse osmosis (RO) being the predominant one [4].

The brine return from the desalination plants can affect the marine flora and fauna
at the discharge point; so, it must be carried out through dispersion infrastructure that
ensures sufficient dilution to minimize these impacts. To date, worldwide chemical and
biological monitoring programs have shown that brine discharge from desalination plants
has localized minimal impacts on the marine environment [3].

Photovoltaic (PV) solar energy is one of the most competitive energy sources nowa-
days [5]. Combining this renewable energy with high energy-consuming hydraulic infras-
tructures allows significant energy cost savings, which, in turn, reduces operating costs,
making these water resources more competitive. Now, there are some examples of this
combination for pumping stations [6,7], wastewater treatment plants [8-11], and seawater
desalination plants [12-15].

Solar-powered water pumping systems for irrigation [16] and other purposes generally
have a high investment cost, but they have many features that make them attractive as
an alternative source of power for water pumping. It is clean, as it produces no carbon
emission during its operation lifetime, it generates no noise, and it has low operational and
maintenance costs [6].

In wastewater treatment plants, solar photovoltaic systems can reduce the energy
consumption of aeration tanks [17]. In California, in wastewater treatment plants, lower
than 200,000 m?/day solar PV often represents the only source of renewable energy, pro-
ducing 30-100% of the energy demand of these plants. For facilities with needs larger than
200,000 m?/day, PV is primarily installed in hybrid configurations with anaerobic diges-
tion, where biogas contributes 25-65% to the overall energy demand and solar provides
8-30% [9].

Integrating solar energy systems with seawater desalination processes is an attractive
and alternative solution to fossil fuels, but further research and development on solar
energy systems are required to make their use in desalination economically viable [18]. The
use of reverse osmosis (RO) desalination plants powered by a photovoltaic (PV) system is
an attractive solution for small-scale applications [19]; so, it is still necessary to demonstrate
its feasibility at a large scale.

Water desalination requires greater energy-specific consumption than wastewater
treatment and water elevation; so, the energy costs are higher, making this resource less
attractive to users nowadays. This explains that the main desalination use in the world is
for urban supply, which with a greater payment capacity represents 60% water desalinated,
followed by industrial use, with 30%, and only a small percentage, around 3%, corresponds
to agriculture [20,21].

Seawater desalination reverse osmosis (SWRO) has a typical specific energy consump-
tion between 3.1 and 4.5 kWh/m? [22-24], with a representative value between 3.5 and
4.0 kWh/m? [22,25-27]. The common energy consumption of SWRO desalination plants is
in the order of 3.5 kWh/m? [3], reaching 3 kWh/m? in high-efficiency plants in some cases
in the Canary Islands [28].

Depending on the type of treatment, wastewater treatment plants can have a specific
energy consumption between 0.5 and 2 kWh/m3 [29], with usual values in the order of
1 kWh/m? [30]. Comparatively, the energy consumption of wastewater treatments is
equivalent to pumping water to a height of 250 m, while the SWRO energy consumption is
equivalent to pumping water to 1000 m.

In semi-arid areas, such as the Mediterranean area, climate change will increase
natural resource scarcity, making it necessary to adapt current water resource management
to climate change. Improvements in irrigation efficiency, the reuse of treated wastewater for
irrigation, and seawater desalination are some of the main adaptation measures necessary
to maintain water sustainability in these basins [31].

Seawater desalination, regenerated wastewater reuse, and its elevation from produc-
tion plants to irrigation areas require a large amount of energy; so, the cost of energy can
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represent a challenge to the use of these sources. Combining these sources with photovoltaic
systems can make this resource viable.

Water from seawater desalination is usually more expensive than water coming from
other water sources, such as regulated surface water in reservoirs or groundwater. For
this reason, the use of desalinated water in agriculture is currently only justified for high
added-value crops where the cost of the water is not a critical issue [32]. Although the
use of desalinated water for water in the world is not significant, Spain has a use rate of
more than 21% [33], with different projects underway for new desalination plants and
the expansion of the existing ones, whose main water use is for agriculture. This work
demonstrates the viability of implementing photovoltaic systems for seawater desalination
to make this resource attractive for agriculture, so that it guarantees its viability for the
future. Furthermore, this feasibility demonstration implies also the economic viability for
the reuse of treated wastewater and water pumping if they are supplied by photovoltaic
systems, because they have currently a lower cost than desalination.

This paper describes the research that served as the basis for reaching a complex
10-year agreement between the Spanish governmental administration and the agricultural
users of the Segura basin. According to this agreement, they have to use water resources
from desalination, together with the water resources coming from the Tajo-Segura water
transfer and from the aquifers in the basin, which, according to hydrological planning, are
going to be reduced in the coming years. Although the use of desalinated water means
increasing the average cost that users are going to pay for water, this cost can be paid by
them and provides them a greater guarantee in meeting demands.

2. Desalination in Spain

The fragile balance between water resources, water demand, and environmental
requirements in some territories of Spain, exacerbated by climate change [34,35], can restrict
activity development and intensify water conflicts. Planned and sustainable management
of all resources, conventional and non-conventional, ensuring environmental protection,
is a prioritized objective in water management in Spain today. Surface resources are
already highly regulated; so, it is not expected that a significant number of new reservoirs
will be built in the coming years. On the other hand, aquifers, especially those along
the Mediterranean coast, have very high exploitation rates; so, a significant increase in
groundwater collection is not expected either. Therefore, an increase in conventional
resources is not foreseen in the future; hence, in territories with a more fragile water
balance, wastewater reuse or seawater desalination, together with a greater management
of demands, will play a key role in the future.

Within the integrated management of water resources framework, seawater or brackish
desalination use has had growing importance in Spain in this century and represents a
very important resource in some river basin districts, such as in the Segura river basin, the
Andalusian Mediterranean river basins, the Canary Islands, the Balearic Islands, and the
autonomous cities of Ceuta and Melilla. However, seawater desalination still has a high
cost; so, its use in agriculture is only competitive under water scarcity conditions with high
crop profitability or lack of water availability from other sources.

Desalination began in Spain in 1964, the year when the first plant was built in Lan-
zarote by a private initiative and with a modest production capacity (2000 m3/day—
0.73 hm3/year). The success of this plant made the islands of Fuerteventura and Gran
Canaria, and even Ceuta, see the possibility of being water self-sufficient by desalination.
At the beginning of the 1970s, the water administration promoted the construction of
seawater desalinated plants in Ceuta (4000 m>/day), Fuerteventura (4000 m?/day), and
Gran Canaria (20,000 m3/ day—7.3 hm3/ year) [36].

Water cost, linked to energy cost, rose steeply in those years, and only the lack of
alternatives caused the first peninsular desalination plant to come into operation in Almeria
in 1980, the Carboneras plant (2200 m?/day). Until the end of the century, new plants con-
tinued to be built in the eastern Canary Islands, in the Balearic Islands (Ibiza and Mallorca),
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and on the Mediterranean coast (Malaga and Almeria). After the intense drought period
between 1992 and 1995, high added-value agricultural areas in the southeastern Mediter-
ranean Sea (Alicante, Murcia, and Almeria) also opted to use desalination to increase the
irrigation guarantee. It is estimated that, between 1995 and 2000, more than 200 desali-
nation plants were built with capacities ranging from 500 m?/day to 10,000 m3/day [33].
The Global Program of Actions for the Management and Use of Water (the AGUA Pro-
gram in Spanish), which was carried out from 2004 to 2011 by the Water State General
Administration, included the construction of numerous desalination plants of very vari-
able capacities. The Torrevieja plant in Alicante was the largest one, with a capacity of
80 hm3/year (220,000 m3/day) [37]. This plant was the largest reverse osmosis desalination
plant in Europe and the second largest in the world.

The desalination capacity in Spain (>2,000,000 m®/day) and the volume supplied by
these plants (Table 1) are concentrated in the Mediterranean basin and the islands (Figure 1),
which have a more considerable lack of water availability and regularity.

Table 1. Desalination capacity (m3/ day) and annual production (hm3/ year) in Spain.

Annual
. Desalinated Total Demand .
. . 3 Desalinated
River Basin Installed Capacity m*/day Volume (hm3/year) (b) /Demand
District (hm®/year) (a) Ratio (a/b)
2017/2018 2018/2019 2019/2020 2020/2021
CM Andaluzas Not available  Not available  Not available = Not available 75.3 1,302.0 0.06
Segura 909,589 909,589 909,589 909,589 230.4 1,563.9 0.15
Jacar 75,890 154,795 156,712 179,726 5.0 3,161.9 0.00
DCF Cataluna 219,178 219,178 219,178 219,178 0.0 1,034.4 0.00
Islas Baleares 130,959 140,000 140,000 141,918 17.0 250.4 0.07
Islas Canarias 590,411 592,329 593,699 596,164 174.5 532.1 0.33
Ceuta 30,137 30,137 30,137 30,137 8.4 9.5 0.88
Melilla 52,055 52,055 52,055 52,055 6.5 12.8 0.51
Resto DDHH 0 0 0 0 0.0 23,670.0 0.00
Spain TOTAL 2,008,219 2,098,082 2,101,370 2,128,767 517.1 31,537.0 0.02

The annual volume produced in recent years has been just over 500 hm?/year and
has remained stable. Its use has been especially relevant in the Segura river basin and
in the Canary Islands [38]. Therefore, although for all regions of Spain the weight of
desalination represents only 2% of the total demand served, in some of these regions
(Melilla at 51%, Ceuta at 88%, Canary Islands at 33%, Balearic Islands at 7%, and Segura at
15%), it constitutes a very significant percentage of the water demand (Table 1).

Based on third cycle river basin management plans, for the period of 20222027, there
are more than 200 desalination plants in Spain, of which, approximately, a third corresponds
to public promotion facilities and the rest to privately promoted facilities. In general,
private desalination plants are small self-consumption facilities that are used to meet high
added-value demands, such as hotel facilities or large industries, although some also exist
to guarantee the supply of agricultural demands. For this reason, most of them are in
the islands.
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Figure 1. Larger desalination facilities in Spain.

On the contrary, public-promoted desalination plants are, in general, large facilities,
and this the necessary investment for their development is much greater. The larger
desalination plants in Spain have been promoted by public administrations, as in the
case of the Water State General Administration, through the state companies “Aguas
de las Cuencas Mediterraneas, SA (Acuamed)” and “Mancomunidad de los Canales del
Taibilla OA”.

Two thirds of desalinated water production are from public facilities (Figure 2), and
both private and public facilities’ productions have a high percentage of use (60-70%) with
respect to their plants’ capacity. Furthermore, there is considerable growth in the public
promotion of desalination plants in the last twenty years, evolving from essentially not
investing on this technology to having a capacity of approximately 500 hm?/year.
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Figure 2. Capacity and production of desalinated water in Spain from public and private facilities.

In Spain, the state-owned company Acuamed, before designing and building desali-
nation plants, carries out the environmental impact studies required by legislation and
the mathematical modeling of discharges and their mixture with marine water. In the
construction of the plants, discharges by means of diffusers are installed, which guarantees
a rapid mixing of brine with seawater, seeking to eliminate the risk to the most sensitive
marine species and to the environment in general. During the operation phase, permanent
monitoring stations are used to measure the quality of the receiving environment and the
effluents. As it is very difficult to determine the impact on all marine organisms, indica-
tors are used, such as Posidonia oceanica, a widespread species in the Mediterranean Sea
that is very sensitive to changes in salinity and is protected in the EU. Possible effects on
seagrass meadows and other marine organisms (reefs, echinoderms, and mollusks) are
also monitored.

The Water General State Administration commitment to this technology is firm thanks
to the guarantee offered by this water resource and its ability to lower water costs, due to
technological improvements and the use of renewable energies as presented in this work.
In fact, the Ministry for the Ecological Transition and Demographic Challenge is developing
a program to expand the existing desalination facilities in Almeria, Murcia, and Alicante,
which involves an investment of around EUR 500 M and an increase in the desalination
capacity to 109 hm?3/year. This investment includes the implementation of photovoltaic
facilities on each desalination plant.

The growth in and consolidation of desalination plants as a complementary resource in
the integrated management of water resources will depend largely on their costs, including
both amortization costs and operation and maintenance costs, which also include the cost
of energy.

The total cost of desalinated water depends on the energy price, and both of them are
also very sensitive to the plant size and its workload. In this way, the SWRO cost is about
0.3-1.0 EUR/m? with a mean price of around 0.4 and 0.5 EUR/m? [39,40]. The energy cost
represents around 50-60% of the total cost [26,41].

In the area where the project is located, Murcia and Alicante, based on seven large
seawater desalination plants, the total costs ranged between 0.63 and 0.72 EUR/m? in
2012 [42], although these costs increased significantly if the facilities worked at a partial
load. More recently, based on four seawater desalination plants of the Jucar river basin
district, total cost ranged between 0.45 and 0.55 EUR/m? for plants at a full load, values
that doubled if they operated at half or low capacity [37].

In summary, the desalinated seawater cost has decreased from 2 EUR/ m? in the first
plants built in Spain to 0.5 EUR/m? in the most recent plants [43].
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3. Pv Systems in The Segura River Basin
3.1. Study Case

The Segura river basin district (SRBD) is located in the southeast of the Iberian Penin-
sula (Figure 3a). Its total area is 20,236 km? and it includes the Segura river basin and other
smaller basins that flow into the Mediterranean Sea between the Gola del Segura and the
outflow of the Almanzora river.

) JPSE SR )

ol

Torrevieja
Murcia Current: 80 hm?*/year

\)/ Future: 120 hm?/year
Va\de\ennsco
urrent 48 hm?/year
Agulas Future: 70 hm?/year
Current: 60 hm?/year

Future: 70 hm?/year

5 20 60 80 km

Figure 3. Segura RBD: (a) location in Spain of the RBD and (b) the three main seawater desalina-
tion plants.

Desalinated water in the Spanish southeast area is a key resource due, on the one hand,
to the structural scarcity of resources in this area and, on the other, to the high guarantee
offered by these resources, so much so that the volume generated in some desalination
plants in this basin is close to the nominal facility capacity.

The SRBD suffers a structural water resources deficit, due the set of available resources
in the river basin district that does not allow it to supply all the required demand-meeting
guarantees. Thus, the current deficit is estimated at 310 hm?/year, which is partially
supplied by the overexploitation of groundwater bodies, and the rest produces a deficit to
irrigation demands, mainly those related to the Tajo-Segura transfer [44]. This situation may
be aggravated by a foreseeable decrease in available water resources, both external resources
from the Tajo-Segura transfer and its own resources due to aquifer overexploitation and
the decrease in natural flows associated with climate change.

The SRBD currently has 13 seawater desalination facilities, 3 of which were constructed
and are being exploited by the state company Acuamed. These three SWRO plants are
Torrevieja, Valdelentisco, and Aguilas (Figure 3b). With the aim of replacing non-renewable
pumping from groundwater bodies and improving the water resources availability in
irrigated areas that are supplied with resources transferred from the Tajo—Segura transfer,
the SRBD has included in the measures program of its river basin management plan
(RBMP) an important program to increase desalinated resources in these three plants. Thus,
the Torrevieja plant is expected to increase its capacity from 80 to 120 hm3/year, that in
Valdelentisco from 48 to 70 hm?/year, and the Aguilas plant from 60 to 70 hm3/year. In
addition, the Segura RBMP also includes the construction of photovoltaic plants, attached
to the desalination facilities to reduce water prices, and a distribution network to supply
water to all related users.

The average production costs (Table 2) for the current facilities” capacity (188 hm3/ year)
are between 0.4283 EUR/m? and 0.4856 EUR/m?, with a weighted value of 0.45 EUR/m?.
The planned desalination plants expansion from 188 to 260 hm?/year allows for a reduc-



J. Mar. Sci. Eng. 2024, 12, 859

8 of 20

tion in specific costs in all plants, with a range that varies between 0.3850 EUR/m? and
0.4670 EUR/m?3, with a weighted value of 0.42 EUR/m?3 [45].

Table 2. Desalination plants in the SRBD.

Current Future
Desalination i i
Plant (1?1;};/&;2};) Ug:::y E?Zf)ggty Ratio (1?;};7(2?;) Ug:::y ng)l;gty Ratio
(EUR/m®)  (EUR/m?) y (EUR/m®)  (EUR/md)
Torrevieja 80 0.4283 0.2077 0.48 120 0.3850 0.2077 0.54
Valdelentisco 48 0.4445 0.2348 0.53 70 0.4130 0.2436 0.59
Aguilas 60 0.4856 0.2524 0.52 70 0.4670 0.2524 0.54
Total 188 0.4507 0.2289 0.51 260 04171 0.2294 0.55

The data corresponding to the situation of the expansion of the plants assume an
energy cost of 45 EUR/MWHh and are exempt from the recovery of the costs of the invest-
ment of the expansion thanks to the application of funds for the substitution of resources
abstracted from water bodies in bad status.

The energy cost constitutes the main component of the total cost in all plants, since,
considering the plants at full production, it is between 48% and 53% in the three plants
studied in the current situation and between 54% and 59% in the case of the expanded
plants. This is the reason that an energy cost reduction will mean an appreciable reduction
in the final cost, making their use more attractive to potential users.

3.2. Methodology

The integration of the photovoltaic facility and the hydraulic plant combines energy
generation, energy needs, and the economic optimization of the photovoltaic size facility
(Figure 4). Four steps form the methodology proposed. Step one consists of obtaining solar
irradiance (W/m?) and daily mean irradiation (KWh/m?2-day). Step two is the solar facility
design and energy generation in the facility. Step three combines energy generation with
the energy needs of the desalination plant, obtaining energy destined for self-consumption,
excess energy that can be sold to the grid (for sale), and energy required from the grid (for
purchase). Using these three components, step 4 makes the economic optimization of the
facility size, where the investment costs of the photovoltaic facility and the price of the
energy are used.

Step: 1
El’l::}l;g}éfrom Irradiance
eoun Irradiation
\ Sizing the
solar facility
- N Step 3:
Step 2: Design of Energy components: Step 4: .
solar facility and ‘ *  Self-consumption ‘ Economical
energy generation J * Sale to grid assessment
Fixed panels * Buy from grid I Final design
Tracking panels
nergy Investment cost (€/W)
Demand Energy price (€/MWh)

Desalination plant

Figure 4. Water facility and PV system integration.
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Solar irradiance data under average cloud conditions and clear sky conditions are
available from the European Commission’s PVGIS system (Photovoltaic Geographical
Information System) [46]. From this system, irradiance data (W/ m?) were obtained for
each month and each hour at the selected location.

The photovoltaic facility is made up of the repetition of a basic unit of design, which is
formed by one inverter and the solar module array that feed it. The solar module array is
defined by the number of modules in series (Ns) in each string and the number of strings
that are connected in parallel (Np). The solar module array produces a direct current, and
the inverter transforms it into an alternative current. This basic unit is replicated as many
times as the amount of energy to be generated.

The number of modules in series (Ns) and the number of strings in parallel (Np) are
determined to optimize the inverter efficiency within its operating window and guarantee
its safety. The number of modules in series (Ns) in each string is defined to increase the
total direct current voltage in the string until the voltage is required by the inverter and also
does not overpass the maximum voltage of the inverter. On the other hand, the number of
lines in parallel (Np) increases the intensity of the direct current that reaches the inverter,
and it is defined as not overpassing the inverter capacity. For this, extreme weather and
solar radiation conditions are considered, given that, in cold conditions, the voltage in
the solar modules increases, and this can cause the maximum voltage admissible by the
inverter to be exceeded. Likewise, in clear day conditions, the irradiance is greater, and this
produces a greater direct current that can exceed the maximum admissible direct current in
the inverter.

Based on the facility design, number in series (Ns), and number in parallel (Np), the
energy generation is determined for each basic unit, corresponding to one inverter, and
it is replicated with as many inverters as desired to increase energy generation. Energy
generation is obtained from the irradiance, applying the solar module efficiency, currently
at around 22%, and the system overall efficiency, whose usual value is 0.75. The global
system efficiency considers its global losses with an average value of 25%, which includes
mismatch losses, ohmic losses, tracking losses of the maximum generation point, inverter
efficiency, and losses due to dirt and dust.

The energy demand of the desalination plant is calculated by multiplying the freshwa-
ter amount by the specific energy consumption coefficient. In this phase, energy generation
is combined with energy demand to determine the three components of energy, which
are: energy generated and used in the desalination plant (for “self-consumption”), excess
energy that can be fed into the grid (for “sale”), and the necessary energy that is purchased
from electrical grid (for “purchase”).

In the general case, in continuously operating facilities, energy purchase occurs during
hours without or with low PV generation, corresponding to the night or evening hours,
when, in this latter case, the energy price is highest. During peak generation hours, in some
facilities, the demand can be exceeded, resulting in excess energy that can be fed into the
electrical grid. This excess energy can offset the need to purchase energy at night or during
the hours of higher prices.

4. Results and Discussion
4.1. Solar Irradiance

PVGIS provides solar irradiance for fixed panels with an optimal angle (Figure 5a) and
for panels with two-axis tracking (Figure 5b) in the area close to the desalination plants. In
fixed panels, the optimal angle for this location is 35°, and irradiance reaches a maximum
value of 950 W/m? at midday in July with average cloudy conditions. Irradiance under
clear sky conditions, i.e., cloudless days, reaches 1,050 W/m?. The average daily energy,
i.e., irradiation, with fixed panels is 5.8 kWh/m?-day, while the average energy received
with two-axis tracking is 7.9 kWh/m?-day. In equivalent terms of sunshine hours per day,
considering an irradiance of 1,000 W/m?, two-axis solar tracking represents an increase
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from 6 h to 8 h of sun per day, which increases the period in which the facilities can be
self-supplied with solar energy.

a)
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Figure 5. Irradiance (W/ m?): (a) fixed panels with the optimal angle of 35° and (b) two-axis panels.

Solar tracking increases the amount of time in the day that the solar modules receive
radiation more perpendicularly and, therefore, produce greater amounts of energy during
more hours, supplying consumer facilities for longer. Currently, uniaxial/single-axis
tracking is being implemented more and more, by increasing the energy received without
a considerable increase in investment. In horizontal single-axis tracking systems, the
PV panel tilt angle is adjusted to maximize the overall irradiance harvesting, which is
dependent on the real-time monitoring data and serials of pre-set control rules [47]. These
systems produce an increase of around 15~20% in PV electricity generation [48]. The
effect of east-west horizontal single-axis tracking is found to be better than that in the
north—south direction [49].

The energy received with horizontal single-axis tracking systems was estimated as an
intermediate situation between the available solar radiation data for fixed panels with the
optimal angle and panels with the dual-axis tracking system (Figure 6).



J. Mar. Sci. Eng. 2024, 12, 859

11 of 20

Irradiance in June

1,000
900
800
700
600
500
400
300
200
100

35% increase

18% increase

Irradiancie W/m?2

0:00
1:00
2:00
3:00
4:00
5:00
6:00
7:00
8:00
9:00
10:00
11:00

o o
2 Q
N &

4:00

=)
o o
B

00
17:00
18:00
19:00
20:00
21:00
22:00
23:00

Xe]
L B I B |

hour dual-axis tracking M single-axis tracking M Fixed

Figure 6. Irradiance (W/m?): fixed panel with the optimal angle of 35°, horizontal single-axis tracking
systems, and dual-axis tracking system for June.

The total daily energy, i.e., irradiation (kWh/m?-day), for panels with horizontal
single-axis tracking is obtained as a daily sum of the irradiance (W/m?) and varies
from 5 kWh/m?-day in December to 9 kWh/m?-day in July, with an average annual
value of 6.9 kWh/m?2-day. This average value is equivalent to 7 h per day at maximum
power. A horizontal single-axis tracking system is equivalent to increasing the plant’s
self-consumption capacity by one hour compared to having fixed panels, increasing from
6 h to 7 h equivalent per day.

4.2. PV System

The total specific energy consumption of plants varies between 3.67 kWh/m?3 and
4.00 kWh/m? [50], with a weighted consumption of 3.93 kWh/ m3 (Table 3). Plants are
considered to operate at maximum capacity; so, energy consumption has a constant distri-
bution throughout the day and the year and produces an annual energy consumption of
around 1000 GWh-year.

Table 3. Future annual production (hm?/year), specific energy consumption (kWh/m?), and annual
total energy consumption (GWh-year).

Annual Volume Umtary. Annual.
Desalination Plant Consumption Consumption
hm3/Year kWh/m?3 GWh-Year
Torrevieja 120 3.67 440
Aguilas 70 4.30 301
Valdelentisco 70 4.00 280
Total 260 Average: 3.93 1,021

A photovoltaic facility is defined as the installation of photovoltaic bifacial modules
mounted in horizontal single-axis tracking systems. The solar modules considered had a
power of 670 W and an efficiency of 21%. The arrangement of bifacial solar modules, which
receive direct and diffuse radiation on the front side and reflected and diffuse radiation
on the back side, can increase energy generation by up to 25%, compared to the same
monofacial modules. In any case, for latitudes above 40° and when the albedo is higher
than 0.12 for latitudes below 40°, bifacial AMO (any module orientation) designs are, in
general, more cost-effective than monofacial AMO systems [51]. Furthermore, facilities
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with bifacial modules with horizontal single-axis tracking can increase generation by 35%
and reduce the LCOE (levelized cost of energy) in most of the world [52].

The distance between the solar module lines is determined to minimize the shading
losses that one line produces to the next line and improve environmental integration in the
landscape. Calculations can be carried out through simulation or through approximate
formulations that determine this distance. The GCR (ground coverage ratio) is an indicator
that determines the square meters of useful panels for each square meter of occupied
land [53], and typical values of the CGR range from 0.3 to 0.6. Lower CGR values produce
a greater separation between solar modules, reducing shading losses and increasing the
environmental integration of the facility; on the contrary, land occupation is greater, and so
is their cost.

A common value based on economic optimization and lower land occupation for
latitudes in Spain is CGR = 0.5, which means that, for each square meter of useful panel,
2 square meters of occupied land are required (GCR = 0.5 and ROT = 1/GCR = 2). In
this case, for a better environmental integration, the solar modules are arranged with a
separation corresponding to GCR = 0.3, which means that 3 square meters of land are
occupied for each square meter of useful panel. The increase in this distance allows
the inclusion of plantations throughout the photovoltaic installation of native vegetation,
increasing the availability of wildflowers in the environment, which represents a refuge
for pollinators (bees, butterflies, etc.), or developing agrovoltaic power in the facility
through, for example, the inclusion of beekeeping in some areas of the facilities. This
element represents a long-term benefit for the environment and the local economy where
photovoltaic facilities are implemented.

The economic optimization of the facility is carried out through multiple simulations
for different facility sizes. It considers the investment cost of the solar facility and the
savings in the energy cost generated for each size of the solar installation. Each sim-
ulation obtains energy generated, and the following three terms are determined: the
self-consumption energy, the energy required from the grid (purchased energy), and the
excess energy that could be fed to the electrical grid (Figure 7c).

The energy generated and destined for the desalination plant, i.e., self-consumption,
is generated in the central hours of the day, following the irradiance shape (Figure 7a) and
with a plateau in the center corresponding to the point at which generation exceeds the
energy needs. The energy purchased from the grid (Figure 7b) is the energy necessary
to supply energy to the desalination plant completely and is obtained mainly during the
hours with less solar radiation and at night. The energy that could potentially be fed to the
grid is the excess generation above the maximum energy demand and is developed mainly
in the central hours of the day in summer, when there is a greater solar irradiance.

These three energy terms are associated with different economic values. Self-consumption
and energy purchases from the grid are considered equal to the electricity price. In this
case, it is considered, a priori, that the facility cannot feed energy to the grid; so, this term
becomes null in the economic analysis and does not produce any income.

It is considered that the photovoltaic facilities can supply approximately 25% of the
total energy consumed by the desalination plants; so, these facilities will continue to be
connected to the general electrical grid from where they will obtain the energy necessary to
operate the rest of the hours.

Regarding the location of the photovoltaic facilities, it is not necessary to put them
beside the desalination plant, where maybe there is no space available, land costs are high,
or access to the electrical grid is complicated. Given the significant surface area they will
occupy, the final location will be selected in the project, taking into account the results of
the environmental evaluation process.
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Figure 7. Simulation results: (a) self-consumption, (b) purchased energy, and (c) energy sold to the
grid for the Torrevieja facility with 90 MW.

4.3. Economical Assessment

The economic optimization of the photovoltaic facility size defines the range of facility
sizes where the energy cost to produce water is minimal. This is carried out through
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simulations for different sizes of photovoltaic facilities and its economic assessment in each
case, obtaining, in each simulation, the energy cost of producing water and the electricity
bill that remains (Figure 8). Economic assessment includes the investment in and the
operation costs of the photovoltaic facility and the income produced by savings from
energy self-consumption. Income related to excess energy that can be fed to the grid
are nullified.

a) . Torrevieja Desalination Plant
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Figure 8. Unitary cost of energy (blue line) and electrical bill that remains (orange line) related to PV
power installed for (a) Torrevieja (120 hm?3/ year) and (b) both plants of Valdelendisco and Aguilas
(140 hm3/ year).

The total cost of the photovoltaic facility is made up of two components: investment
cost and annual operation and maintenance cost. The investment cost was calculated by
applying an average unit cost of 1.15 EUR/W to the power installed (Table 4). This total
investment cost includes the buying cost of the elements (solar module and inverter) and
land condition and the assembly at 0.85 EUR/W. The rest of the total cost components are
general business expenses (13%), industrial profit (6%), and the land cost (16%).
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Table 4. Different components of the investment cost for the photovoltaic facilities.

Investment Component Unitary Cost
Solar Module 0.30 EUR/W
Inverter 0.10 EUR/W
Mounting 0.50 EUR/W
Total (a) 0.85 EUR/W
General Cost (b) 13%
Industrial Profit (c) 6%
Land Cost (d) 16%
Total (e=b +c+d) 35%
Total Investment Ratio (a x (1 + €)) 1.15 EUR/W

An investment cost of 0.85 EUR/W is considered conservative, much higher than the
values used in other studies of 0.46 EUR/W [54], or at the upper end of the range collected
in these studies, between 0.55 and 0.65 EUR/W. The increasingly growing market for the
implementation of photovoltaic solar facilities has caused average costs to be lower in
recent years, with some recent uncertainties due to the increasing price of raw materials; so,
currently, these costs could be much lower.

The annual operation and maintenance cost of the photovoltaic facility is defined in
a range between 0.5% and 2.0% of the investment cost; so, it depends on the facility size.
Larger facilities have a greater scale economy, and therefore, the operation and maintenance
cost ratio can also be lower. The operation and maintenance cost is defined, in this case, at
0.5% of the investment, based on the average costs of the previous installations studied for
large facilities where a significant economy of scale occurs [7,10].

The economic results show how changes in the total energy cost of desalinated water
generation (blue line) and its decomposition between the electricity bill that remains (orange
line) and the amortization and operating expenses of the photovoltaic facility for different
sizes. In the initial case, in which there is no photovoltaic facility (power installed = 0), the
total energy cost is equal to the energy bill. On the other hand, as a larger photovoltaic
facility is implemented, the distance between the remaining electrical bill (orange line)
and the total cost (blue line) is greater since it corresponds to higher amortization and
maintenance costs. The remaining component of the electric bill always decreases due to
the fact that less and less energy is purchased from the grid.

In the first zone, larger facility sizes reduce both the total energy costs and the remain-
ing electricity bill. In the second zone, the total energy cost stabilizes, and in the third zone,
the total energy cost increases due to investment costs growing faster than the reduction in
the electrical bill. In this way, the economic optimum area would be in the zone in which
the total cost curve is more horizontal.

In the Torrevieja facility, with a production of 120 hm?/year, the optimal zone for
photovoltaic facility size is between 60 and 120 MW and the land occupation required is
between 100 ha and 200 ha. In this case, the total unit energy cost drops from 0.21 EUR/m?
to 0.17 EUR/m?3, which represents a 17% reduction in the total energy cost. The electricity
bill that remains is reduced from 0.21 EUR/m?3 to 0.13 EUR/m?3, which represents a 36%
reduction in the electricity bill.

For both the Valdelentisco and Aguilas desalination plants, the economic optimum
zone is located for a facility size between 80 and 165 MW and its land occupation between
140 ha and 280 ha. In the economic optimum, the total energy cost is reduced from
0.25 EUR/m3 to 0.20 EUR/m?3, which represents a reduction of 18%. Finally, the electricity
bill is reduced to 0.16 EUR/m?3, which represents a reduction of 36%.

Inside the defined range of the facility sizes, the results obtained are strongly condi-
tioned by two main elements: the investment cost and the price of purchased energy. Lower
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investment costs make the installation more profitable, and the reduction in the electricity
bill is greater. The investment cost considered (1.15 EUR/W) is higher than the costs used
in other works, which could be in the range of 0.72-0.85 EUR/W; so, the use of lower costs
will afford more favorable results. In the second case, the price of the purchased energy, the
increase in the energy price increases the savings obtained with the photovoltaic facility.
However, the opposite happens if energy prices fall.

There are other economic indicators, such as payback, i.e., the number of years in
which the investment is recovered, which is between 15 and 16 years. The larger size of the
facility leads to a lower profitability and, therefore, a higher payback, but also the electricity
bill will lower in the operation phase of the facility.

4.4. End-User Agreements

With the aim of setting competitive prices for desalinated water under a scenario
of inflationary tension and the sudden increase in energy prices caused by the crisis in
Ukraine, different strategies were analyzed to reduce the water cost, considering different
price forecasts of energy in the medium and long term.

Thus, the desalinated seawater cost was estimated under different hypotheses of
capacity production, integration of photovoltaic solar energy, percentage of exemption in
the cost recovery of new infrastructures, and the future price of energy.

The hypotheses considered are: the current and future capacity of the desalination
plants; without solar photovoltaic energy support and with solar photovoltaic energy
support, even with storage; with an exemption from the recovery of the investment costs of
photovoltaic plants of 80%; and with different future energy costs of 45 or 80 MWh.

The different simulations showed a wide range of values for the total cost of water:
0.316-0.562 EUR/m? for Torrevieja, 0.373-0.645 EUR/m? for Aguilas, and 0.326-0.593 EUR/m?
for Valdelentisco. The highest value corresponds to the current capacity of the facilities,
without photovoltaic support and an energy price of 80 EUR/MWh. The minimum result
corresponds with the expanded plants, with support for photovoltaic solar energy with
accumulation, exemption from the investment costs recovery of 80%, and electricity price
of 45 EUR/MWh.

Later, the energy accumulation was discarded due to the high investment cost. Dur-
ing the negotiations of the agreements with the end-users, the final cost of desalinated
water (Table 5), which defines the tariff of water, was obtained considering the expanded
desalination plants with photovoltaic support without accumulation, with an investment
cost recovery exemption of 100%, and with an electricity price of 40 EUR/MWh, which,
at the time the end-user agreements were put in place, was the price that seemed most
predictable in the long run. This choice appears to be correct considering the evolution of
the energy market since then, which was the rate that was assumed for irrigation users
during the period.

Table 5. Final water cost and savings according to the photovoltaic facilities.

PV Unita PV Dif- Global
R Amplified PV Unitary Land Oc- y Water ference Difference
Desalination Current Cost C P C Invest- . Cost Tariff C o C o
Plant (EUR/m®) (a) ost ower ost ment cupation (EUR/m®) ari ost o ost o
(EUR/m®) (b) (MW) (EUR/W) (ha) (EUR/m®)  (EUR/m®) (EUR/m®)
(EUR M) ()
(b—c) (a—c)
Torrevieja 0.428 0.385 60 1.15 69 108 0.327 0.327 0.058 15% 0.101 24%
Aguilas 0.445 0.413 40 1.15 46 72 0.396 0.396 0.071 4% 0.049 11%
Valdelentisco 0.486 0.467 38 1.15 43.7 68.4 0.378 0.378 0.089 19% 0.108 22%
Total or
Weighted 0.451 0.415 138 1.15 159 248 0.359 0.359 0.055 13% 0.091 20%
average

With the incorporation of photovoltaic renewable energy plants, water costs range
between 0.33 and 0.40 EUR/m? for plants at a full load in contrast with the values between
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0.39 and 0.47 EUR/m? of the expanded plants without integrating photovoltaic solar energy.
This reduction represents a saving of EUR 6-9 cents.

Regarding the water costs from the current plants, plant expansion and photovoltaic
facilities produce savings between EUR 5 and 11 cents, which has made it possible to come
to an agreement with agricultural users for the use of desalinated water that represents a
24% reduction in the cost of desalinated water for the Torrevieja plant.

Since 1 January 2023, irrigators who use water from the Aguilas, Valdelentisco, and
Torrevieja desalination plants already benefit from affordable rates (Table 5) thanks to the
approval of the governmental order [55] that reflect these prices.

This temporary exception to the principle of cost recovery will include the period
necessary to guarantee the efficient performance of seawater desalination facilities with
solar energy support at sustainable and affordable costs for users with rights to use the
desalinated waters and, in any case, with a maximum term of 10 years.

Improvements in the desalination technique aimed at a greater energy efficiency,
as well as the increase in the efficiency of photovoltaic installations together with the
participation of other sources of renewable energy and even accumulation, will allow
the cost to be further reduced in the future, making it attractive to a greater number of
users and even proposing operating schemes without the support of the general electrical
grid. Voutchkov [56] described the main benefits and challenges of different energy-
saving technologies, such as the integration of desalination and power plants, alternative
configurations of reverse osmosis systems, or the use of high-productivity, low-energy
membrane elements.

5. Conclusions

Desalination plays a key role in adapting the Mediterranean water resource system,
under scarcity conditions, to climate change. The fragile balance between water resources,
water demand, and environmental requirements in some territories of Spain, aggravated
by climate change, can restrict development activities and intensify the existing water con-
flicts. The planned and sustainable management of all water resources, conventional and
non-conventional, ensuring environmental protection, is a priority in water management
in Spain.

Desalination in Spain began in 1964 in the Canary Islands and spread in the following
years to the Balearic Islands and the peninsular Mediterranean coast. Although in the
beginning the main use of desalinated water was for urban supply, in recent years, it
has been proven that it can also be used to meet agricultural demands, as is the case in
provinces in the southeast of Spain, such as Almeria, Murcia, and Alicante. However, one
of the difficulties in extending its use and meeting agricultural demands has been its high
cost, especially due to the cost of energy.

The economic optimization of the photovoltaic facility size is carried out by seeking
the greatest reduction in the unit energy cost of producing desalinated water (EUR/m?) and
trying to reduce the remaining electricity bill for the end user as much as possible (EUR/m?).
Combining photovoltaic solar energy with seawater desalination facilities reduces the cost
of desalinated water by up to 24%, which makes the cost of water affordable for agricultural
use in areas with productive agriculture, reaching less than 0.4 EUR/m? in basins such as
Segura, which has a great scarcity of resources and has a very productive agriculture.

In medium- and large-sized photovoltaic facilities, the implementation of single-axis
tracking systems with bifacial modules increases solar generation by one hour, especially in
the hours when energy costs are higher, which implies a significant advantage in reducing
the cost of these water resources and the carbon footprint. Furthermore, the environmental
integration strategies of photovoltaic facilities, through a greater distance between the
solar module lines, GCR = 0.3, and a greater elevation of the solar modules, allow the
development of agrovoltaic activities, the planting of wildflowers among the lines and the
recovery of pollinators in the area, the inclusion of beekeeping in some points of the facility,
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or other agricultural activities, also being a local environmental added value and economic
boost to the local economy where the facility is located.

The experience of integrating photovoltaic solar energy for self-consumption in desali-
nation plants carried out in the Segura river basin district is a very important first step in
bringing this technology closer to agriculture, due to the significant cost reduction.
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