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Abstract: To reduce the environmental impact of desalination plants, a good dilution of the brine
is needed. Brine dilution may be carried out using diffusers, by mixing the concentrate with
other effluents, or with seawater bypassing. Seawater bypassing increases the energy consumption
of the plant but, thus far, this energy consumption has not been estimated. The environmental
impact statement (EIS) of desalination plants in Alicante establishes a system of seawater bypassing
for diluting brine and protecting the Posidonia oceanica seagrass meadows. The aim of this paper
is to quantify the energy consumption of brine dilution, which was necessary for meeting the
environmental requirements from 2012 to 2018. During the research period, the plants’ operation was
variable, as it depended on the supply needs. The results indicate that the energy consumption of the
dilution systems fluctuated between 2,135,315 kWh in 2012 and 685,988 kWh in 2013, with an average
consumption of 1,205,952 kWh for the selected period. The energy cost in 2012 was EUR 179,556,
while that for 2013 was EUR 60,787, with an average annual cost of EUR 91,690. This interannual
variability is due to the difference in the production values of the plants and in the dilution ratio,
which oscillated between 2.5 and 7.5 seawater:brine. In addition, the dilution showed an additional
cost of the energy consumed by the desalination plants of around 1.7% on average. However, it
also allowed the fulfillment of the established requirements in the EIS and the protection of the
Posidonia oceanica seagrass from the discharge of the desalination plants.

Keywords: brine dilution; energy cost; environmental protection; desalination discharges

1. Introduction

One major concern regarding the development of seawater desalination is the im-
pact of brine on the marine environment [1]. Concentrate discharge may affect sensitive
species [2–5], thus reducing the biodiversity in marine environments [6–9]. It has been
demonstrated that, in order to reduce or minimize these impacts, it is necessary to maxi-
mize the mixing of brine with seawater [10,11]. The natural dispersion of effluent mainly
depends on site-specific conditions—such as bathymetry (slope of the seafloor and water
depth), geomorphology (bottom relief and roughness or rugosity), and hydrodynamics
(waves, currents, and tides) [12,13])—but it also depends on the disposal methods, which
may include the use of single or multiport diffusers [13,14]. In some cases, the salinity of
the discharge may be reduced by mixing the brine with cooling water from a co-located
power plant, or with treated wastewater effluent [15,16]. When these possibilities are not
available, the mixing behavior can also be improved by bypassing seawater and mixing
it with brine to reduce its salinity before its discharge to the marine environment [17]. In
the Javea desalination plant (Alicante, Spain), a constant seawater-to-brine ratio of 4:1 is
used to reduce the discharge salinity to below 44 psu, and a similar strategy is used for the
Alcudia plant (Balearic Islands, Spain) [18–20]. Seawater bypassing increases the energy
consumption of desalination plants; however, to this day, its energy consumption has not
been quantified in detail. Only in the desalination plant of Javea, Sola et al. [20] indicate that
the dilution system represents less than 3% of the cost of the plant’s energy consumption.
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The SWRO desalination plant of Alicante I began operations in September 2003.
Initially, it had a maximum capacity of 50,000 m3 d−1. The discharge was produced in
a previously degraded area, 2 km away from the closest seagrass meadows. Later, the
environmental monitoring program observed a lower dilution of brine than predicted by
the models [21]. Moreover, some impacts on the discharge area were observed, including
a sublethal effect on seagrass meadows, the disappearance of echinoderms [22], and a
reduction in the abundance and diversity of soft-bottom infauna [6,7]. In January 2006,
the plant was enlarged to produce up to 57,500 m3 d−1, and in 2008, Alicante II started
to operate, with a capacity of up to 65,000 m3 d−1. The environmental impact statements
of the enlargement of both the Alicante I and Alicante II plants establish the condition of
seawater bypassing to comply with the environmental threshold limits so as to protect the
Posidonia oceanica seagrass meadows [23,24]. The objective of this work is to describe the
dilution system of the Alicante desalination plants and quantify their energy consumption
costs between 2012 and 2019.

2. Materials and Methods
2.1. Description of the Dilution Facility

The seawater pumping facility (SWPF) for brine dilution is located approximately
200 m north of the discharge point (Figures 1 and 2A); it consists of a combined water inlet
that utilizes six 1.5 m diameter pipes with a length of 17.5 m, allowing a total inlet flow of
8640 m3/h. These tubes are located under a breakwater with a lower longitudinal axis of
approximately 2.3 m below the sea surface. The water passing through the pipes arrives at
a calming pond to finally reach the catchment tank of the seawater pumps. The dimensions
of the calming pond are approximately 10 m in length and 12 m in width, with an average
depth of approximately 2.5 m (Figure 2B); it must be periodically dredged to remove the
accumulated sand inside it.
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Figure 2. (A) Dilution seawater pumping facility (upper part) and discharge point (lower part). (B) View of the calming 
pond and catchment area. (C) Seawater pump. (D) Discharge of the final effluent in Cala de los Borrachos (Alicante). 

The seawater pumping group consists of four submersible pumps, one of which is 
for reserve. Each pump has a maximum operating flow of 2600 L/s, a nominal intensity of 
475 A, a voltage of 400 V, and a rated power of 230 kWh. Figure 2C displays a dilution 
pump removed from its housing case for inspection and maintenance. Each of these 
pumps is housed in a compartment built according to the pump manufacturer’s instruc-
tions to improve the pump’s performance, allowing seawater to be efficiently channeled 
to the helix with the vortex plates, which are installed in each housing case. They are made 
of carbon steel and coated with epoxy paint to retard the effects of corrosion. In addition, 
each of the four pumps is located inside a steel jacket that has a triple function: containing 
the pump, making it solidary to the installation, and channeling water for better opera-
tional performance. A variable speed drive is coupled with two of the seawater pumps to 
regulate the rotational speed of the electric motor and guarantee that it works according 
to the dilution needs, thus reducing the pumps’ energy consumption. The other pumps 
have an automatic voltage regulator. 

The seawater, driven by the pumps, is conducted through a class V ASTM C-76 con-
crete pipe to the discharge point of the brine. The seawater is perpendicularly injected into 
the brine from the desalination plants so as to generate enough turbulence to reach the 
desired mixing speed. Thus, the salinity of the final effluent can be made adequate, which 
is necessary to meet the environmental objectives for which this installation was planned. 
The discharge of the final effluent can be observed in Figure 2D. 

Figure 2. (A) Dilution seawater pumping facility (upper part) and discharge point (lower part). (B) View of the calming
pond and catchment area. (C) Seawater pump. (D) Discharge of the final effluent in Cala de los Borrachos (Alicante).

The seawater pumping group consists of four submersible pumps, one of which is
for reserve. Each pump has a maximum operating flow of 2600 L/s, a nominal intensity
of 475 A, a voltage of 400 V, and a rated power of 230 kWh. Figure 2C displays a dilution
pump removed from its housing case for inspection and maintenance. Each of these pumps
is housed in a compartment built according to the pump manufacturer’s instructions to
improve the pump’s performance, allowing seawater to be efficiently channeled to the
helix with the vortex plates, which are installed in each housing case. They are made of
carbon steel and coated with epoxy paint to retard the effects of corrosion. In addition, each
of the four pumps is located inside a steel jacket that has a triple function: containing the
pump, making it solidary to the installation, and channeling water for better operational
performance. A variable speed drive is coupled with two of the seawater pumps to regulate
the rotational speed of the electric motor and guarantee that it works according to the
dilution needs, thus reducing the pumps’ energy consumption. The other pumps have an
automatic voltage regulator.

The seawater, driven by the pumps, is conducted through a class V ASTM C-76
concrete pipe to the discharge point of the brine. The seawater is perpendicularly injected
into the brine from the desalination plants so as to generate enough turbulence to reach the
desired mixing speed. Thus, the salinity of the final effluent can be made adequate, which
is necessary to meet the environmental objectives for which this installation was planned.
The discharge of the final effluent can be observed in Figure 2D.
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2.2. Annual Electricity Consumption

The energy consumption of the dilution installation was ascertained using a network
analyzer (model PM710) located in the engine control center (CCM). This equipment allows
the measurement of the power, intensity, voltage, and consumed energy. The consumed
energy was recorded daily. In addition to these parameters, the network analyzer detects
the excess power consumption and analyzes the loading curves to check the points of the
maximum energy load in the installation so as to optimize it.

The electricity consumption of the dilution installation was recorded from 2012 to
2018, and the total dilution cost was estimated monthly by multiplying the electricity
consumption by the price of the supplied energy.

It must be taken into account that the cost estimates only include the costs correspond-
ing to the electrical energy consumption. The costs of the maintenance, conservation, and
operation personnel of each desalination plant were not considered.

3. Results

Figure 3 displays the annual desalinated water production (m3) from 2012 to 2018.
The production was around 20 million cubic meters in 2012, but it decreased in 2013
and 2014, and then progressively increased up to 25 million cubic meters in 2018. In the
Supplementary Materials a table has been included showing the volumes of seawater
used for desalination, brine production, seawater used for dilution, and final effluent (in
m3/day), as well as their respective conductivities (Table S1).
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Figure 3. Annual desalinated water production (million m3) from 2012 to 2018.

Table 1 displays the annual trend of the energy consumption of the brine dilution
in the studied period, along with its economic cost. The highest amount of energy was
consumed in 2012, while the lowest amount was consumed in 2013. From 2013 to 2018,
a progressive increase in energy consumption for dilution was observed. However, the
lowest cost was observed in 2014, due to the lower average cost of the used energy and the
low water production. The water production in 2017 and 2018 was higher than in 2012, but
the energy consumption for dilution in 2012 was higher than in 2017 and 2018, and had
a higher cost (Table 1). Energy consumed for production was lowest in the year with the
lowest production (2014), and highest in 2018 (Table 1).
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Table 1. Energy consumed for dilution and production, total dilution cost, and annual mean price of energy supplied or
used for dilution.

Year Consumed Energy for Dilution
(Million kWh)

Consumed Energy for Production
(Million kWh)

Total Cost
(Thousand EUR)

Average Cost
(EUR/kWh)

2012 2.1 88.9 180 0.084
2013 0.7 22.3 61 0.089
2014 0.7 18.9 52 0.070
2015 1.2 45.6 86 0.074
2016 1.4 73.2 88 0.061
2017 1.3 96.4 109 0.085
2018 1.6 114.2 117 0.072

The dilution ratio has not remained constant throughout the studied period (Figure 4);
it has been highest in the years of lower production (2013 and 2014), and has decreased
in the more recent years. In spite of this interannual variation in the dilution ratio, the
consumed energy of dilution was directly related to the water production, since a minimum
dilution of 2:1 was established in the environmental license.
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Dilution versus Desalination Costs

The average energy consumption for dilution was around 2% of the energy consump-
tion of both plants (Table 2), with a maximum value of 3.9% in 2014 and a minimum
value of 1.33% in 2017. The average cost of dilution was lower: 1.7% of the energy cost
of the plants on average, with a maximum value of 2.7% in 2014 and a minimum value
of 1.25% in 2018, is the latter being due to the lower energy cost in that year. On average,
dilution increases the cost of each cubic meter of produced water by EUR 0.0065, with
a maximum value of EUR 0.014/m3 in 2013 and a minimum value of EUR 0.005/m3 in
2016–2018. This interannual variability is due to the differences in the dilution ratio. From
Figure 5, it can be observed that the higher the dilution ratio, the higher the percentage of
energy consumption due to dilution. The optimization of the dilution ratio in 2017 and
2018 reduced the energy consumption percentage to 1.3–1.4%. However, in 2013–2014, the
reduction in production increased the dilution to more than 7:1, and the consumption was
close to 4%.
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Table 2. Ratios between the energy consumption and dilution costs and between the total energy consumption and cost
for both plants; K1 = kWh dilution versus total (kWh) electrical consumption in both plants (%); K2 = dilution cost (EUR)
versus total electrical cost (EUR) in both plants (%); K3 = ratio between the consumed kWh dilution and the total water
production of both plants (kWh/m3); K4 = dilution cost (EUR) versus the total water production (EUR/m3) (The maximum
and minimum values are underlined.).

Year K1
kWh Dilution/100 kWh Production

K2
EUR Dilution/100 EUR Production K3 (kWh/m3) K4 (EUR/m3)

2012 2.40% 2.11% 0.105 0.009
2013 3.08% 2.09% 0.155 0.014
2014 3.88% 2.69% 0.190 0.013
2015 2.55% 2.08% 0.113 0.008
2016 1.96% 1.61% 0.081 0.005
2017 1.33% 1.30% 0.055 0.005
2018 1.41% 1.25% 0.064 0.005

Average 1.97% 1.70% 0.085 0.007
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4. Discussion

To minimize the impact on the environment, an adequate mixing of the brine with
seawater is needed. The most common method is the use of single or multiport dif-
fusers [11,13,14], but dilution with seawater has also been proven effective to achieve
sustainable desalination [20]. In Alicante, seawater bypassing had an energy consumption
that ranged from 1.33 to 3.88% of the total consumption of both plants—approximately
0.055–0.190 kWh/m3 of water produced during the studied period—which implies a cost
between EUR 0.0043/m3 and EUR 0.0137/m3. These interannual differences are mainly
due to the variation in the dilution ratio during the studied period. To illustrate, during
2013 and 2014, the reduction in production in both plants did not result in a similar re-
duction in seawater bypassing, and the dilution ratio was over 7:1, so the relative energy
consumption and relative costs were increased. This variability is due to the fact that
MCT has several sources of water supply, where the optimization of the water supply is
usually performed according to the cost of the available resources [25]. The availability
of conventional resources in 2013 and 2014 was higher and, consequently, a reduction in
the production of desalinated water was observed. In recent years, the production has
increased, and the dilution ratio has been adjusted to the minimum ratio of the environmen-
tal license. This implies that compliance with the environmental protection conditions can
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be achieved with lower energy costs. In the Javea desalination plant, which has a constant
dilution ratio of 4:1, the cost of dilution has been estimated to be 3% of the energy costs
of the plant [20], which is in line with the cost that we obtain for a similar dilution ratio.
Pre-dilution of the brine could be carried out with cooling water from a co-located power
plant, or with treated wastewater effluent from a treatment plant, with the advantage of no
additional energy consumption [15,16], but this solution is dependent on plant location,
and not all desalination plants have this possibility.

The installation of the dilution system prior to the discharge of the Alicante desalina-
tion plants allowed the reduction in the area of influence of the discharge and the recovery
of the benthic communities that were initially affected by the discharge. In this sense, a
greater mix was observed [17]. Moreover, we could observe the recovery of the echino-
derms at the upper limit of the meadow [26], as well as that of of the benthic organisms
in the area closer to the discharge, both of which were previously impacted [6,7,27,28].
Similar results were observed when a higher mixing of the effluent was obtained with
diffusers, which does not necessary imply additional energy consumption [10,11,14,29], but
this solution cannot be applied to the Alicante plants, since a minimum depth is required
and the discharge would be inside or too close to the meadow.

It must also considered that the conditions established in the environmental protection
license of the Alicante plants are stricter than those considered necessary for protecting the
Posidonia oceanica meadows [24]. While the scientific recommendations establish that “It
should not be allowed to exceed 38.5 psu of salinity in any point of the meadow for more
than 25% of the observations on an annual basis” [23,24], the environmental license for
the Alicante plants reduces this threshold to 38.3 psu, which under certain oceanographic
conditions implies a more frequent increase in the dilution ratio [30].

Moreover, during the summer months in Alicante, the brine plume remains at the ther-
mocline level, preventing it from affecting the Posidonia oceanica meadows [17,22], which
makes dilution unnecessary in several months of the year. This implies greater energy
consumption than needed for protecting the meadows. In this sense, it is recommended
to unify the established criteria in the environmental licenses for desalination plants in
Spain [24], and in other countries [31], according to the best current scientific knowledge,
avoiding aspects that do not contribute to environmental protection.

In addition to the seawater bypassing, in order to prevent the lowering of the ground
water level due to the intake systems, the environmental licenses of Alicante desalination
plants include an irrigation program to protect a saltmarsh. The energy cost of the irrigation
program represents, on average, EUR 0.52 for each 1000 m3 [32], which is much lower than
the brine dilution cost to protect Posidonia oceanica meadows estimated in this manuscript.

Seagrasses in the area are affected by other factors, including sewage discharge, harbor-
associated impacts, and trawling (CITA); however, the brine dilution system avoided an
increase in the pressure on the meadows.

5. Conclusions

Seawater bypassing has allowed the fulfillment of the established requirements in
the EIS of the Alicante desalination plants and the protection of the Posidonia oceanica
seagrass from their discharge. Energy consumption depends on the dilution ratio, and
it has oscillated in the studied period between 1.3% and 3.9% of the total consumption.
Dilution increases the cost of each cubic meter of water by EUR 0.0065 on average. The
dilution ratio was higher than necessary at the beginning of the studied period, but it has
been optimized in recent years, reducing the energy consumption.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13172386/s1, Table S1: Volumes of seawater used for desalination, brine production, sea-
water used for dilution and final effluent (in m3/day) and their respective conductivities (µS/cm−1).
Monthly average values from 2012 to 2018.
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