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Abstract: The analysis of energy consumption in reverse osmosis desalination plants is the most
important and relevant factor to study, because this parameter indicates the level of efficiency and
competitiveness of the plant. The direct consequence of the high specific energy consumption (SEC)
of a desalination plant in the production of water is one of the main obstacles to the exponential
expansion of this technology worldwide. The methodological procedure used to carry out the work
is based on the analysis of energy consumption, maintenance costs, staff, membranes, and reagents
of three desalination plants with a production of more than 23,000 m3/day located in the Canary
Islands (Spain); all data are obtained from real analyses collected “in situ” from 2015 to 2018. One of
the main objectives of the current research on desalination plants is to reduce the SEC of seawater
desalination plants (SWRO), incorporating energy recovery systems (ERS) and high efficiency pumps
(HEP), and to implement different operational configurations with the aim of minimizing the energy
requirements necessary to obtain a good product quality at minimum production cost.

Keywords: sea water; reverse osmosis; desalination plants; operating data; lowest-energy consumption;
operating cost

1. Introduction

Water desalination is the technological process that makes it possible to remove salts
from water to convert it into water without excess salts, through a physical and/or chemical
process, using seawater or brackish water from the subsoil. From this process, it can be
converted into a water resource perfectly suitable for human consumption [1], and can be
used to irrigate agricultural crop fields [2,3] and in the food industry [4], etc.

In ancient Greece, it is believed that Thales of Miletus, in around 600 B.C., had already
experimented with the evaporation of saltwater to obtain freshwater. As a pre-Socratic
philosopher, he considered water to be the fundamental principle of all things in existence,
asserting that “water is the origin that gave rise to the universe”. Thus, the first Western
theory about the physical world was born, proposing the ultimate nature of the world
based on a primary and final element: water [5]. Three centuries later, Aristotle mentioned
in his works the physical principles by which water loses its salt through evaporation. This
long-cherished human dream of utilizing seawater as a freshwater resource, nurtured since
classical Greece, embraced the physical principles necessary for separating water from salts.
In the Renaissance, Leonardo da Vinci proposed that coastal populations could self-supply
potable water by desalinating seawater using stills installed in the wood-fired kitchens of
their homes [6].
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After various inventions in subsequent centuries, in 1851, a steamship-based
evaporation–condensation system was developed, harnessing the heat from boilers to
generate potable water for the crew during long voyages [7,8]. These developments laid
the groundwork for early desalination technologies. In the 1950s, the first prototypes of
reverse osmosis desalination emerged [9], marking it as an emerging technology. In 1965,
what is now known as the reverse osmosis desalination of saltwater was developed [10], a
technology that remains relevant today [11]. This technology, currently in use [11], is the
most widely employed in seawater desalination plants or brackish water desalination from
low salinity wells [12,13].

With the progressive decline in natural freshwater sources, a considerable amount
of energy resources is required to produce water for human consumption, agriculture,
livestock, and industrial use from unconventional alternative water sources. Seawater is
one of the most easily accessible water sources to achieve the goal of freshwater produc-
tion [14]. With current desalination methods, seawater can, under various circumstances,
become a solution to freshwater scarcity, emerging as one of the most effective options to
alleviate water stress [15] in regions with low precipitation rates [16], prolonged drought
effects [17], aquifers contaminated with heavy metals [18] due to agricultural or livestock
activities [19,20], uncontrolled mining activities [21], or unregulated discharge of sewage
or industrial wastewater [22,23]. For all these reasons, this technology is indispensable in
many areas of the planet. Its study and optimization are fundamental to achieving global
sustainable development.

Countries in the Middle East and North Africa (MENA) region predominantly utilize
seawater reverse osmosis (SWRO) technology for freshwater production [24]. This is
exemplified in places like the Canary Islands, as shown in Figure 1, where the demand for
desalination has exponentially increased due to the scarcity of rainfall and the development
of the hotel industry [25].
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However, seawater desalination is an energy-intensive process, with the theoreti-
cal minimum specific energy for seawater desalination, assuming a standard seawater
concentration of 35,000 mg/L (total dissolved solids (TDS)), being 1.07 kWh/m3 when a
50% energy recovery system (ERS) is included in the production process [24–27]. It has
been studied and simulated that the specific energy consumption (SEC) of the reverse
osmosis process in a seawater plant is between 2.5 to 4.0 kWh/m3 [24], higher than its
theoretical minimum. In real SWRO plants the SEC value is higher, reaching values of
3.5–4.5 kWh/m3; within these values, the pre-treatment and post-treatment processes of
the production process have been included [28].

Currently, desalination faces several concurrent challenges. Foremost among these is
the priority goal of reducing operational costs [26,27], achieved through decreased energy
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demand. Equally significant is the imperative to minimize emissions of polluting gases
during the production process [28,29].

The desalination of seawater is a high-energy-consuming process. In simulations to
calculate the theoretical minimum specific energy (SECth) for seawater desalination, assum-
ing a standard seawater concentration of 35,000 mg/L (total dissolved solids (TDS)), SECth
is estimated to be 1.07 kWh/m3. This theoretical calculation includes the incorporation of a
50% energy recovery system (ERS) [30–33].

It is crucial to find strategies that enable a reduction in current energy consumption.
Therefore, it is necessary to comprehend and analyze energy usage in all stages of operation
of current seawater reverse osmosis (SWRO) plants, identify equipment that consumes
the most energy in the production process, and optimize factors contributing to SEC
minimization [34]. This optimization includes introducing new materials in permeating
membranes, selecting efficient pumping and energy recovery systems, and implementing
effective preventive and predictive maintenance scheduling to reduce technical downtime.
With these technological contributions to SWRO plants, SEC has exponentially decreased
since its industrial-scale introduction.

In the 1970s, the initial SWRO plants had energy consumption rates as high as
20 kWh/m3. With the implementation of improvements in the production process, en-
ergy consumption decreased to 8 kWh/m3 in the 1980s, and a further substantial im-
provement to 5 kWh/m3 was achieved in the following decade [35]. By the early 21st
century, energy consumption had been further reduced to 3.8 kWh/m3. SWRO plants
equipped with ERS and HEP typically exhibit specific energy consumption (SEC) values
ranging from 3.5 to 6.0 kWh/m3, accounting for both pre-treatment and post-treatment
processes [14,36–38]. Presently, it is technically feasible to achieve energy consumption
values below 2.0 kWh/m3 [39,40], as illustrated in Figure 2.
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Figure 2. Temporal evolution of average SEC [kWh/m3/year). Data obtained from [35–40].

In addition to technical advancements in materials and machinery, it is imperative
to assess the potential application of promising future strategies aimed at minimizing
fossil fuel energy consumption to mitigate the environmental impact associated with this
energy source. This can be achieved through the utilization of renewable energies [41–45]
or alternative and/or plant-based fuel sources such as green hydrogen [46,47], biomethane,
ammonia (NH3) [48], bioethanol, and biodiesel [49], among others.

A substantial increase in global water demand is expected in the coming decades,
directly linked to population growth and the rise in industrial, livestock, and agricul-
tural production. According to the 2015 report by UNESCO’s World Water Assessment
Programme (WWAP), the world population is projected to face a 40% water deficit by
2030 [50]. Research into novel systems aimed at reducing energy consumption, coupled
with advancements in desalination technologies, represents key solutions to addressing
this challenge and fostering a more sustainable future [51–55].

This paper aims to study and compare the production cost of three different seawater
reverse osmosis desalination plants with a production of 22,000 to 33,000 m3/d located in
the Canary Islands.
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For each of the three cases, the results show how production costs can be reduced,
the essential role of the incorporation of energy recovery systems, and the use of high
performance pumps, as well as an analysis of all the economic costs associated with the
plants studied.

2. Materials and Methods
2.1. Plant Descriptions

As the information is of a confidential nature, the locations of the three SWRO desali-
nation plants cannot be disclosed. The plants will be referred to as A, B, and C. Table 1
shows the technical characteristics of the desalination plants analyzed in a study period
spanning from 2015 to 2018.

Table 1. Summary of plant characteristics.

A B C

Construction (year) 1997 2001 1998
Start-up (year) 1998 2001 1998
Nº membranes 6/7 6 7
Membrane type IONICS Aeronauti, LG IOINICS
Membrane configuration Spiral Spiral Spiral
Production (m3/day) 30,000 23,000 33,000
Production lines 4 3 4
Pressure vessels/line 60 96 111
Total membranes 1680 1728 3108
Intake Beach well Beach well Beach well

Pre-treatment (chemicals) NaOCl
NaHSO3

NaHSO3
NaOCl

NaHSO3
Recovery 40% 45% 42%
Configuration 1 pass/1 stage 1 pass/1 stage 1 pass/2 stage
Energy recovery system NO Pelton turbine NO
Maintenance Medium–high High Medium–high
Feed temperature (◦C) 22 25 23
Feed pH (average) 7.2 6.5 7.1

The summarized data from Table 1 indicate that the lifespan of the plants ranges
from 22 to 25 years. All plants employ beach wells as their primary water intake source.
The configuration and type of intake have a notable influence on both the quantity and
composition of contaminants present in the source water, as well as on the complexity of the
pre-treatment system necessary for controlling fouling of the reverse osmosis membrane.

Membrane fouling can increase SEC, requiring higher feed pressure to maintain a
given production rate within the same timeframe. The plants are equipped with sand and
cartridge filters installed in the pre-treatment stage, each utilizing different anti-scaling
chemicals (see Table 1).

The average conversion rate ranged from 40% to 45%, achieved in one or two stages,
with an average operating temperature of 22 ◦C to 25 ◦C.

2.2. Data Collection

The data were collected daily “in situ” in each of the plants studied. Table 2 shows the
average annual consumption (kWh) and the volume of water produced (m3) of each plant,
and there is an increase in production in plant A of 51.9%, compared to 2015, while plants
“B” and “C” maintain a stable production in all years.
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Table 2. Annual average of energy (kWh) and volume of water produced (m3).

Plant Year Energy (kWh) Production (m3)

A

2015 23,380,191 5,399,582
2016 27,714,395 6,505,726
2017 30,082,701 7,373,211
2018 35,522,439 8,947,717

B

2015 25,965,494 8,295,685
2016 23,768,636 7,890,029
2017 28,989,245 8,480,957
2018 29,726,744 8,580,675

C

2015 39,705,138 9,876,900
2016 37,164,847 10,238,250
2017 39,965,310 10,117,800
2018 39,715,978 10,479,150

The average annual SEC was determined taking into account both the high-pressure
pump and the booster pump. The results obtained are shown in Table 3 and are graphically
represented in Figure 3.

Table 3. Average SEC (kWh/m3) of the desalination plants.

Year/Plant A B C

2015 4.33 3.13 4.02
2016 4.26 3.03 3.63
2017 4.08 3.42 3.95
2018 3.97 3.49 3.79
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Desalination plant “B” has seen a 15% increase in energy consumption over the 4 years
studied, with an associated production increase of 8.7%. This disproportionate consumption
increase relative to production may be attributed to optimization issues, membrane fouling,
or operational parameter misalignments in the plant. In contrast, plants “A” and “C” have
reduced their energy consumption by 8.3% and 5.7%, associated with a small increase
in production in both plants. This is due to the fact that the membranes are in optimal
condition, as well as good maintenance of all pumping equipment.

3. Results

All studied costs have been calculated based on the average annual consumption of
each, factored against the production of desalinated water in cubic meters (m3). Using this
foundation, the costs of energy, staff, maintenance, and reagents have all been established
in monetary values (EUR/m3), with data provided by the operating companies of each
plant. Table 4 presents a summary of all average values obtained during the period from
2015 to 2018.
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Table 4. Summary of all cost (EUR/m3).

Plant Energy Staff Maintenance Reagents Membranes Totals

A 0.490 0.040 0.068 0.021 0.010 0.629
B 0.600 0.050 0.077 0.019 0.009 0.755
C 0.370 0.040 0.062 0.022 0.010 0.504

3.1. Theorical SEC

To enable analysis and comparison among the desalination plants studied, the theoret-
ical SEC was determined through simulations using the reverse osmosis system analysis
(ROSA) software V.9.1, configDB n399339_282, which refers to the study and analysis
of data from reverse osmosis desalination plants, and is a totally free and open-source
software developed by the Dow Chemical Company. This program has been used to
carry out the necessary simulations based on the data obtained “in situ” from the different
plants studied.

In this software, the most important plant data are entered, such as feed water, type
of well, individual specification of the percentages of chemical elements, balance between
anions and cations, number of taps, water temperature range, stages, membranes per
tube, number of tubes and total membranes, flow factor, recovery percentage, flow rate in
m3/h, initially produced by the plant, and working pressures at certain points and type
of membrane.

Based on the parameters entered in the software, the concentration in mg/L of the
desalination process is obtained, as well as the theoretical SEC required in kWh/m3. From
this value and with the exchange of the conversations held with the plant operators, a first
comparison can be made, so that a starting point can be established on the operation of the
plant, and the way it operates.

The results, depicted in Table 5, reflect SEC calculations for each plant based on the
average inorganic composition, temperature, and pH of the feed water, as detailed in
Table 1. This analysis considered an 80% pump efficiency and a flow factor of 0.85. In a
first basic analysis, it can be seen that plant “B” is the one that best adapts to the optimum
operating conditions, analyzed from the point of view of energy consumption per m3 of
water produced.

Table 5. Main data software ROSA.

Plant A B C

Feed press (bar) 60.42 60.24 60.30
Conc press (bar) 58.04 59.42 58.64
SEC (kW h/m3) 5.28 4.67 4.96

Feed TDS (mg/L) 38,038 38,031 38,034

In an initial basic analysis, it is observed that plant “B” exhibits the best performance
and adapts to optimal operating conditions, as assessed from the perspective of energy
consumption per m3 of water produced.

In a second analysis, the introduction of an energy recovery system is evaluated,
according to a free and free application in Microsoft Excel software (Office 365, Excel 2022),
carried out by the company PX Energy Recovery Device System Analysis, which designs,
manufactures, and sells one of the best energy recovery systems for desalination plants. It
analyzes how energy consumption varies in kwh/m3 of water produced, so that they can
be installed and analyze the percentage of energy invested in the production process.

Further, the theoretical energy consumption for energy recovery using the ERI PX-ERS
system has been studied, and the appropriate theoretical energy consumption for each of
the desalination plants equipped with ERS has been determined. The summarized results
are shown in Table 6.
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Table 6. SEC based on the ERS ERI-PX.

Plant A B C

Feed press (bar) 57.4 58.6 57.90
Conc press (bar) 60.4 60.2 60.30
SEC (kW h/m3) 2.82 2.67 2.75

Feed TDS (mg/L) 38,036 38,032 38,034

The error margins associated with each plant indicate the percentage comparison
between the data obtained on-site at each plant and the average theoretical SEC values
calculated with the ERI PX-ERS software (SWRO Process Simulator, Version 1.2). The
results are expressed as percentages and are shown in Table 6. The results obtained are
presented in Table 7 according to Equation (1).

Margin o f error plant = (( SECreal − SECtheorical/SECtheorical )× 100) (1)

Table 7. Margin of error plant.

Plant Margin of Error (%)

A 47.1
B 24.0
C 34.5

3.2. Statistical Analysis

Based on the previous results, a statistical analysis has been conducted to incorporate
additional data and criteria, as shown in Tables 8 and 9. This statistical study aims to
establish a mathematical model that fits the operational conditions of the analyzed plants,
with the objective of obtaining the total cost of such reverse osmosis desalination plants [56].
Furthermore, the distribution type representing each cost associated with the obtained
mathematical model has been analyzed.

Table 8. Test of between-subject effects.

Origin Sum of
Squares gL Mean

Square F Sig. Partial Eta
Squared

Parameter
Non-Centrality

Observed
Power

Energy 0.476 1 0.476 59.007 0.017 0.967 59.007 0.945
Staff 0.004 1 0.004 161.340 0.006 0.988 161.340 1.000

Maintenance 0.009 1 0.009 257.793 0.004 0.992 257.793 1.000
Reagents 0.001 1 0.001 529.385 0.002 0.967 529.385 1.000

Membranes 0.000 1 0.000 768.085 0.001 0.996 768.085 1.000
Error 0.016 2 0.008
Total 0.462 3

Total corrected 0.016 2

Table 9. Model parameters.

Confidence Interval 95%

Parameter B Error Tip. T Sig. Lower
Limit

Upper
Limit

Parameter
Non-Centrality

Observed
Power

Energy 0.502 1 7662 0.017 0.221 0.783 0.967 7662
Staff 0.044 1 12,702 0.006 0.029 0.056 0.986 12,702

Maintenance 0.070 1 16,056 0.004 0.051 0.088 0.992 16,056
Reagents 0.020 1 23,008 0.002 0.008 0.011 0.967 23,008

Membranes 0.010 1 27,714 0.001 0.047 0.024 0.996 27,714
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Table 8 presents the between-subject effect tests, showcasing fundamental results for
model computation. In Table 9, the parameters derived from this model are provided,
accompanied by a 95% confidence interval.

Figure 4 illustrates the box plot results for the three plants, demonstrating that mainte-
nance and reagent costs can be considered constant due to their median falling within the
upper and lower limits. This reaffirms that energy consumption behavior is the determinant
factor in total installation costs.

Water 2024, 16, x FOR PEER REVIEW 8 of 14 
 

 

Table 9. Model parameters. 

     Confidence Interval 95%   

Parameter B 
Error 
Tip. 

T Sig. Lower Limit
Upper  
Limit 

Parameter Non-
centrality 

Observed 
Power 

Energy 0.502 1 7662 0.017 0.221 0.783 0.967 7662 
Staff  0.044 1 12,702 0.006 0.029 0.056 0.986 12,702 

Maintenance 0.070 1 16,056 0.004 0.051 0.088 0.992 16,056 
Reagents 0.020 1 23,008 0.002 0.008 0.011 0.967 23,008 

Membranes  0.010 1 27,714 0.001 0.047 0.024 0.996 27,714 

Figure 4 illustrates the box plot results for the three plants, demonstrating that 
maintenance and reagent costs can be considered constant due to their median falling 
within the upper and lower limits. This reaffirms that energy consumption behavior is the 
determinant factor in total installation costs. 

 
Figure 4. Box-and-whisker plot of SWRO analyzed (EUR/m2). 

From the studied statistical parameters and distributions, it has been verified that the 
represented values adhere to a normal distribution, considering them as scattered. A sim-
ilar study was conducted in a previous work [27], providing the expected normal value 
and standard deviation through the following graphs (Figures 5 and 6). 

The costs analyzed, previously defined as fundamental, underwent Kolmogorov–
Smirnov and Shapiro–Wilk tests based on Huber M estimations, Tukey�s bimodal, Ham-
pel M, and Andrews wave, revealing that the contrast distribution remains normal 
throughout the calculation process, as well as in the total predicted cost. Subsequently, a 
factorial analysis was carried out using Barlett�s and Kaiser–Meyer–Olkin tests. 

 
Figure 5. QQ′ normal. Normal value expected: (a) cost energy, (b) cost totals. 

Figure 4. Box-and-whisker plot of SWRO analyzed (EUR/m2).

From the studied statistical parameters and distributions, it has been verified that
the represented values adhere to a normal distribution, considering them as scattered. A
similar study was conducted in a previous work [27], providing the expected normal value
and standard deviation through the following graphs (Figures 5 and 6).

Water 2024, 16, x FOR PEER REVIEW 8 of 14 
 

 

Table 9. Model parameters. 

     Confidence Interval 95%   

Parameter B 
Error 
Tip. 

T Sig. Lower Limit
Upper  
Limit 

Parameter Non-
centrality 

Observed 
Power 

Energy 0.502 1 7662 0.017 0.221 0.783 0.967 7662 
Staff  0.044 1 12,702 0.006 0.029 0.056 0.986 12,702 

Maintenance 0.070 1 16,056 0.004 0.051 0.088 0.992 16,056 
Reagents 0.020 1 23,008 0.002 0.008 0.011 0.967 23,008 

Membranes  0.010 1 27,714 0.001 0.047 0.024 0.996 27,714 

Figure 4 illustrates the box plot results for the three plants, demonstrating that 
maintenance and reagent costs can be considered constant due to their median falling 
within the upper and lower limits. This reaffirms that energy consumption behavior is the 
determinant factor in total installation costs. 

 
Figure 4. Box-and-whisker plot of SWRO analyzed (EUR/m2). 

From the studied statistical parameters and distributions, it has been verified that the 
represented values adhere to a normal distribution, considering them as scattered. A sim-
ilar study was conducted in a previous work [27], providing the expected normal value 
and standard deviation through the following graphs (Figures 5 and 6). 

The costs analyzed, previously defined as fundamental, underwent Kolmogorov–
Smirnov and Shapiro–Wilk tests based on Huber M estimations, Tukey�s bimodal, Ham-
pel M, and Andrews wave, revealing that the contrast distribution remains normal 
throughout the calculation process, as well as in the total predicted cost. Subsequently, a 
factorial analysis was carried out using Barlett�s and Kaiser–Meyer–Olkin tests. 

 
Figure 5. QQ′ normal. Normal value expected: (a) cost energy, (b) cost totals. Figure 5. QQ′ normal. Normal value expected: (a) cost energy, (b) cost totals.

Water 2024, 16, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 6. Histogram (EUR/m3) of the desalination plants: (a) cost energy, (b) cost totals. 

With the results of the previous graphs, a study was carried out to obtain a mathe-
matical model that adjusts to the operating conditions of the analyzed plants, in order to 
obtain the total cost of this type of reverse osmosis desalination plant [27]. 

In order to study possible values that could be anomalous for the mathematical 
model, in addition to the information obtained previously, control charts have been made 
for each cost, in order to eliminate values that do not influence the final model obtained. 

To analyze potential mathematical models that best fit the studied plants, the statis-
tical software SPSS Statistics 28 Win64 [57] was employed. Various suitable models were 
evaluated for the research, leading to the conclusion that the total cost is a singular varia-
ble dependent on five independent variables. The result of the mathematical model is ex-
pressed in Equation (2). 𝐶 = ሺ𝑢𝑛𝑖𝑣𝑎𝑟𝑖𝑎𝑡𝑒ሻ = 0.502  𝐸  0.070  𝑀  0.044  𝑆  0.020  𝑅  0.010  𝐹 (2) 

The coefficients (E, M, S, R, F) in the equation represent the values of energy, mainte-
nance, staff, reagents, and membranes, respectively. 

4. Discussion 
Plant A is a 25-year-old desalination plant. The maintenance of this plant has not been 

adequate at all. The number of elements is adequate and the type of elements is of the 
latest generation, since a membrane replacement was performed. It does not have an en-
ergy recovery system, and has a real average SEC of 4.16 kW h/m3, lower than the theo-
retical one estimated by ROSA software of 5.28 kwh/m3, and higher than the one calcu-
lated with an ERS ERI-PX recovery system estimated at 2.82 kW h/m3. To optimize the 
operation of the plant, a more exhaustive preventive and predictive maintenance should 
be performed, and it would be advisable to introduce an ERI PX as an ERS to reduce and 
optimize the SEC of the plant, as this is able to reduce the consumption by up to 32%. 

In plant “B”, the machinery has been replaced until reaching an acceptable SEC. The 
number of elements is low, a Pelton turbine recovery system has been installed, reaching 
a real average SEC of 3.3 kW h/m3; installing an ERI-PX recovery system means the theo-
retical value could reach 2.67 kWh/m3. The installation of an ERS ERI-PX is justified in this 
plant, reducing a maximum of 19.1% of the SEC. 

Plant “C” is 24 years old, in optimal conditions of conservation and is medium–high 
maintenance; it does not have a built-in energy recovery system. As for the membrane 
elements, the type and number are adequate. The average SEC in the period studied was 
3.85 kW h/m3, a lower value than that established by the ROSA software of 4.96 kwh/m3, 
which represents 22.3% less energy consumed with respect to the theoretical calculation, 
which suggests that the plant is functioning correctly. With the incorporation of an ERI-

Figure 6. Histogram (EUR/m3) of the desalination plants: (a) cost energy, (b) cost totals.



Water 2024, 16, 910 9 of 14

The costs analyzed, previously defined as fundamental, underwent Kolmogorov–
Smirnov and Shapiro–Wilk tests based on Huber M estimations, Tukey’s bimodal, Hampel
M, and Andrews wave, revealing that the contrast distribution remains normal throughout
the calculation process, as well as in the total predicted cost. Subsequently, a factorial
analysis was carried out using Barlett’s and Kaiser–Meyer–Olkin tests.

With the results of the previous graphs, a study was carried out to obtain a mathemati-
cal model that adjusts to the operating conditions of the analyzed plants, in order to obtain
the total cost of this type of reverse osmosis desalination plant [27].

In order to study possible values that could be anomalous for the mathematical model,
in addition to the information obtained previously, control charts have been made for each
cost, in order to eliminate values that do not influence the final model obtained.

To analyze potential mathematical models that best fit the studied plants, the statistical
software SPSS Statistics 28 Win64 [57] was employed. Various suitable models were
evaluated for the research, leading to the conclusion that the total cost is a singular variable
dependent on five independent variables. The result of the mathematical model is expressed
in Equation (2).

C = (univariate) = 0.502·E + 0.070·M + 0.044·S + 0.020·R + 0.010·F (2)

The coefficients (E, M, S, R, F) in the equation represent the values of energy, mainte-
nance, staff, reagents, and membranes, respectively.

4. Discussion

Plant A is a 25-year-old desalination plant. The maintenance of this plant has not been
adequate at all. The number of elements is adequate and the type of elements is of the latest
generation, since a membrane replacement was performed. It does not have an energy
recovery system, and has a real average SEC of 4.16 kW h/m3, lower than the theoretical
one estimated by ROSA software of 5.28 kwh/m3, and higher than the one calculated with
an ERS ERI-PX recovery system estimated at 2.82 kW h/m3. To optimize the operation of
the plant, a more exhaustive preventive and predictive maintenance should be performed,
and it would be advisable to introduce an ERI PX as an ERS to reduce and optimize the
SEC of the plant, as this is able to reduce the consumption by up to 32%.

In plant “B”, the machinery has been replaced until reaching an acceptable SEC. The
number of elements is low, a Pelton turbine recovery system has been installed, reaching
a real average SEC of 3.3 kW h/m3; installing an ERI-PX recovery system means the
theoretical value could reach 2.67 kWh/m3. The installation of an ERS ERI-PX is justified
in this plant, reducing a maximum of 19.1% of the SEC.

Plant “C” is 24 years old, in optimal conditions of conservation and is medium–high
maintenance; it does not have a built-in energy recovery system. As for the membrane
elements, the type and number are adequate. The average SEC in the period studied was
3.85 kW h/m3, a lower value than that established by the ROSA software of 4.96 kwh/m3,
which represents 22.3% less energy consumed with respect to the theoretical calculation,
which suggests that the plant is functioning correctly. With the incorporation of an ERI-PX
energy recovery system, a theoretical SEC of 2.75 kwh/m3 could be achieved, which would
mean an energy saving of 28.6%.

Although energy consumption, and, therefore, the cost associated with production is
the most important factor, there are also other study parameters that should be analyzed
because of their influence, although minor, in the final result of the total cost, such as
personnel, maintenance, reagents, and membranes [56,58]. Considering these costs as
important, they are analyzed in this study below.

Plant “B” has a higher energy cost than the other two plants, 22.5% compared to plant
“A” and 62.2% compared to plant “C”, and this over cost can be directly related to obsolete
machinery or low energy efficiency, inadequate maintenance in the plant, fouling of the
membranes due to poor pre-treatment of feed water, etc. Comparing these results with those
obtained in the Ashkelon plant of 0.53 USD/m3, and a production of 275,000 m3/day [59]
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and the Tuas plant (Singapore) of 0.48 USD/m3 [39], operating data from 2003, plant “C”
has a cost of 0.37 EUR/m3, the best result of the three plants studied.

Certainly, this is a crucial point for analysis, and an in-depth on-site study is required
to identify the reasons behind the high energy consumption. One possible solution could
involve the incorporation of energy recovery systems and the utilization of high-efficiency
pumps to reduce this value [60].

The staff costs have been determined based on the number of employees at each plant,
with plant B showing the poorest results, with an additional cost of 25% compared to
the other two plants. These data are directly influenced by the lower water production,
resulting in increased costs relative to the total production.

This value, relative to plant capacity, ranges from 0.027 to 0.036 EUR/m3 for plants
with a production capacity between 20,000 to 30,000 m3/day [61]. However, the obtained
cost falls between EUR 0.040 to EUR 0.050 per m3, suggesting an excess of personnel in the
plants, thereby diminishing competitiveness.

The maintenance cost is influenced by various parameters, including the number
of scheduled technical downtimes for predictive maintenance, programmed preventive
maintenance, production breakdowns due to corrective maintenance, and membrane
replacement due to production time or obsolescence. Plant “C” demonstrates the best
performance in this regard, with a 9.7% improvement compared to plant “A” and a 24.2%
improvement compared to plant “B”.

The observed values for this category range from 0.062 EUR/m3 for plant “C” to
0.077 EUR/m3 for plant “B”. These results exceed those established by Díaz-Caneja in
their study [62], where the expected range was set between 0.022 to 0.025 EUR/m3. This
suggests that the maintenance costs of all three plants are notably high and surpass typical
expectations for such facilities.

The replacement of membranes is crucial as it is part of the desalination plant’s
lifespan. Although these costs, along with the reagents, are not very high, it is essential to
ensure that the membranes and filters are always in optimal condition to achieve maximum
production of desalinated water with minimal energy consumption. This also extends
the plant’s lifespan and directly depends on the reagents used in the pre-treatment of the
feedwater, especially in small- to medium-sized plants. The cost of membrane replacement
ranges from 0.019 to 0.021 EUR/m3, which is better than expected for this type of small- to
medium-sized plants. Typically, such costs range from 0.04 to 0.13 EUR/m3 [63].

The total cost per m3 of water produced by plant “C” is approximately EUR 0.50 per m3,
which is highly competitive for this type of plant. This result is achieved due to the opti-
mization of the plant’s energy consumption. It is worth noting that plant “C” has installed
an energy recovery system in the pumping process. In contrast, plant “B” shows the worst
economic results, indicating that with lower production of desalinated water, there is a
higher proportion of associated expenses.

From the study by Micale et al. [64], the results obtained in other desalination plants
with similar production capacities are as follows: the estimated total cost for a plant located
in Tautoni (USA), with an average production capacity of 18,925 m3/day, is 1.53 USD/m3,
based on 2008 production data. For the plant installed in Cyprus, with operational data
from 2007 and a capacity of 40,000 m3/day, the cost is 0.88 USD/m3. Similarly, the Palmchin
plant in Israel, with data from 2008 and an average production of 83,270 m3/day, has a unit
cost of 0.86 USD/m3.

From another study conducted by Karagianis et al. [65], the average total production
of seawater reverse osmosis plants are summarized in Table 10, with values expressed
in EUR/m3. As observed, all three plants fall within the normal ranges for production
capacities of 15,000 to 60,000 m3/day, with the unit production cost ranging between 0.38
to 1.30 EUR/m3.
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Table 10. Membrane (RO) cost of water desalination (per m3) [64].

Size of Plant (m3/day) Production Cost (EUR/m3)

<100 1.2–15.00
250–1000 1.00–3.14
1000–4800 0.56–1.38

15,000–60,000 0.38–1.30
100,000–320,000 0.36–0.53

In general, water desalination costs have decreased in recent years due to technical
improvements and advances in technology research. In conventional systems, the cost of
desalinating seawater ranges from 0.35 to 2.7 EUR/m3 [66], placing all three plants within
the range of total operating costs.

5. Conclusions

Energy efficiency plays a key role in reducing the operating costs of desalination
plants, as demonstrated by the need to introduce energy recovery systems in plants A and
C, and to achieve a maximum reduction of 32% and 29%, respectively.

Inadequate maintenance management can lead to a significant increase in operating
costs, as has been observed in plant A, where poor maintenance practices have contributed
to an increase in energy consumption to 4.26 kWh/m3 and overall production costs of
0.629 EUR/m3.

Optimization of human resources and the implementation of preventive maintenance
strategies can lead to cost reductions, as demonstrated by plant C, which shows a 20%
better performance in terms of maintenance costs compared to plants A and B.

Despite the high operating costs associated with maintenance and energy, the desali-
nation plants in the Canary Islands are between 0.558 and 0.677 EUR/m3; these results
show potential to improve their competitiveness and efficiency through the application of
optimization measures and the adoption of advanced technologies.

A mathematical model is proposed that represents the total costs of desalination plants
as the dependent variable as a function of five independent variables. This model provides
a comprehensive tool for analyzing and predicting the costs associated with desalination,
enabling optimization and strategic decision-making in the management of these plants.
Its application can improve the efficiency and sustainability of the desalination industry,
strengthening its competitiveness in the face of economic and environmental challenges.
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