
Citation: Armendáriz-Ontiveros, M.M.;

Dévora-Isiordia, G.E.;

Rodríguez-López, J.; Sánchez-Duarte,

R.G.; Álvarez-Sánchez, J.;

Villegas-Peralta, Y.; Martínez-Macias,

M.d.R. Effect of Temperature on

Energy Consumption and

Polarization in Reverse Osmosis

Desalination Using a Spray-Cooled

Photovoltaic System. Energies 2022,

15, 7787. https://doi.org/10.3390/

en15207787

Academic Editor: Noam Lior

Received: 30 September 2022

Accepted: 11 October 2022

Published: 20 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Effect of Temperature on Energy Consumption and Polarization
in Reverse Osmosis Desalination Using a Spray-Cooled
Photovoltaic System
María Magdalena Armendáriz-Ontiveros , Germán Eduardo Dévora-Isiordia * , Jorge Rodríguez-López,
Reyna Guadalupe Sánchez-Duarte, Jesús Álvarez-Sánchez , Yedidia Villegas-Peralta
and María del Rosario Martínez-Macias

Departamento de Ciencias del Agua y Medio Ambiente, Instituto Tecnológico de Sonora, 5 de Febrero 818 Sur,
Ciudad Obregón 85000, Sonora, Mexico
* Correspondence: german.devora@itson.edu.mx

Abstract: Reverse osmosis (RO) desalination is considered a viable alternative to reduce water
scarcity; however, its energy consumption is high. Photovoltaic (PV) energy in desalination processes
has gained popularity in recent years. The temperature is identified as a variable that directly
affects the behavior of different parameters of the RO process and energy production in PV panels.
The objective of this study was to evaluate the effect of temperature on energy consumption and
polarization factor in desalination processes at 20, 23, 26 and 30 ◦C. Tests were conducted on a RO
desalination plant driven by a fixed 24-module PV system that received spray cooling in the winter,
spring and summer seasons. The specific energy consumption was lower with increasing process feed
temperature, being 4.4, 4.3, 3.9 and 3.5 kWh m−3 for temperatures of 20, 23, 26 and 30 ◦C, respectively.
The water temperature affected the polarization factor, being lower as the temperature increased.
The values obtained were within the limits established as optimal to prevent the formation of scaling
on the membrane surface. The spray cooling system was able to decrease the temperature of the
solar cells by about 6.2, 13.3 and 11.5 ◦C for the winter, spring and summer seasons, respectively. The
increase in energy production efficiency was 7.96–14.25%, demonstrating that solar cell temperature
control is a viable alternative to improve power generation in solar panel systems.

Keywords: desalination; photovoltaic systems; concentration polarization; temperature

1. Introduction

Access to clean freshwater is a fundamental necessity for the development of any
civilization [1]. Around 97% of the earth’s water contains high levels of salinity and is
found in oceans, seas, and lakes, while the remaining 3% is considered fresh water, and
much of it is frozen in icecaps and glaciers [2,3]. Water stress increases due to the constant
population growth and overexploitation of water [4], prompting public authorities to seek
new mechanisms to obtain water resources [5]. Hence, two of the three greatest human
challenges are ensuring access to drinking water and the generation of energy, which has
led experts to propose the water–energy–food security nexus [6]. Desalination is consid-
ered an effective technology to mitigate water scarcity in arid and coastal regions [7]. This
technology separates dissolved salt content from saline water to produce water for human
consumption, industrial, and agricultural purposes [8,9]. Reverse osmosis (RO) is currently
the most widely used technology in seawater and brackish desalination worldwide, with
higher efficiency and lower costs than other technologies [10,11]. Nowadays, most of the
RO desalination plants around the world are powered by energy generated from fossil
fuels [12,13]. The main disadvantage of RO desalinization is high energy consumption [14]
since it requires high hydraulic pressure to oppose and exceed the osmotic pressure of the
saline water [7,15], increasing RO product water costs, representing 50% of the produced
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water cost [16], making this technology economically unfeasible for low-income coun-
tries. In addition, the RO membranes are easy to foul [17] by different compounds such
as inorganic, organic, scaling and biological [18]. The scaling occurs when the solubility
of mineral salts in the feed water is exceeded, causing salt precipitation, permeate flux
reduction, water flux recovery reduction and increasing maintenance costs [19,20]. Another
disadvantage of RO desalination is the polarization factor in spiral wound membrane
modules (SWMM), in which solute accumulates on the membrane surface, reducing the
observed salt rejection; this phenomenon is highly dependent on the feed water tempera-
ture, membrane rejection and the feed spacer geometry of SWMM [21,22]. Even with these
drawbacks, RO desalination is an essential tool that the United Nations is recommending
to ensure water availability [23] in countries facing water scarcity. For instance, in Mexico,
which suffers from a severe drought in its northwest region due to it being characterized
as an arid and semiarid zone, the government is planning to invest in the construction of
three desalination plants in the coming five years [24]. However, those investments are not
enough to supply fresh water to all the vulnerable populations in Mexico.

In an attempt to reduce the problem of high RO costs, much research has focused
on RO desalination powered by renewable energies such as wind, ocean waves, solar
and geothermal power to make this process affordable for low-income regions [25]. The
most commonly used renewable energy has been solar PV [9] since it is easy to install
and cheaper compared to other technologies. In addition, regions with a shortage of
water are generally regions with high solar irradiation, making them suitable for solar
PV implementation. For example, Alghoul et al. [26] designed, constructed, and tested a
small-scale brackish (2000 mg L−1) water (BWRO) desalination unit powered by a 2 kWp
PV system. They found that the PV system supplied the load without disturbances, while
the RO unit showed stable levels of permeate flow and salinity. Elmaadawy et al. [27]
modeled the off-grid power systems for a 1500 m3 d−1 RO desalination plant, and they
proposed a photovoltaic/wind/diesel/battery/convertor system and found a 62% energy
cost reduction. Eltamaly et al. [28] designed a hybrid energy system (wind turbines, PV
and batteries) to operate a 1000 m3 d−1 RO desalination plant. They found similar water
production costs to a RO desalination plant powered by fossil fuels.

However, solar PV has a low efficiency, which decreases with a high temperature of PV
surface [29] by 0.4–0.5% per 1 ◦C compared to that obtained at 25 ◦C [30]. This is because
85 to 90% of solar radiation is absorbed by PV cells as heat that increases the PV module
temperature, resulting in structural damage [31]. To enhance efficiency and increase the
amount of PV energy production, various studies have been conducted on the cooling
technologies of PV modules. For example, Schiro et al. [32] tested a modified PV system
with sprayed water over the frontal surface of the PV panel using nozzles and a water flow
of 0.09 L s−1 m−2. They found a cooling arrangement that reduces the temperature by 70%.
Bahaidarah et al. [33] incorporated an active water cooling system in the PV panel at its
rear surface and dropped the temperature by 20%, increasing the PV panel efficiency by
9%. Zhao et al. [34] compared water cooling and spray cooling systems experimentally,
and they found the net power generation efficiency increased by 22.5%.

Using PV cooling for powering RO plants is a promising technique with significant
potential as a suitable and easy-to-implement strategy that reduces high RO water product
costs and reduces greenhouse gas emissions to combat climate change. PV cooling may be
one of the most promising energy sources for desalination operations, given their simple
installation process and relatively low cost compared to other renewable energies used in
powered RO plants. For those reasons, much research has been conducted on coupling
PV cooling with RO desalinization plants. For example, Monjezi et al. [35] designed and
simulated a 5 m−3 d−1 RO desalination unit integrated with PV-Thermal cooling using feed
seawater as the cooling medium. They simulated the system for the seawater properties
and climatic conditions in Alexandria, Egypt. They found a reduction of 0.12 kWh m−3 in
the specific electricity consumption rate of RO desalination and increased the electricity
generation capacity of the PVT. Recently, Suzuki et al. [36] designed and operated a PV
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cooling system using the feed water of an RO desalination plant in Sonora, Mexico, as the
cooling fluid. They found an increase in energy production efficiency by 10% and permeate
flow by 27.5%. However, the use of unclean cooling fluids (e.g., seawater or brackish water)
in cooling PV would decline the glass optical properties, resulting in low efficiency [34].
Nonetheless, previous studies using cooling PV to power desalination plants in Mexico
only explored brackish water as a cooling fluid [36], a fluid that may cause fouling in the
cooling system and hinder energy production efficiency [37].

Given that such a RO desalinization plant power with cooling PV would be an at-
tractive alternative for mitigating the water scarcity in northwest Mexico, the objective
of this paper is to experimentally evaluate a RO desalination plant powered with a fixed
array PV panels with a spray cooling system, analyzing the temperature effect on energy
consumption and the RO membrane polarization factor. This work represents the second
study of a RO desalination system operated with PV cooling and the first using a spray
cooling system in Mexico, which contemplates the effect of temperature on the polarization
factor. Thus, the results obtained can provide important and realistic insights useful for
decision-making in the new desalination plants planned in northwest Mexico.

2. Materials and Methods
2.1. Description of the RO System

A 5.76 m3 d−1 RO desalination plant was used, located at Instituto Tecnologico de
Sonora (28◦36′0′′ N, 111◦31′1′′ W) in Obregon City, Sonora, Mexico. The RO system had
4 membranes (Hydranautics SWC5 LD-4040, Oceanside, CA, USA) connected in parallel
and series, with a salt rejection of 99.7% and an effective membrane area of 29.6 m2, based
on the following standard test conditions: 32,000 ppm, 5.5 MPa, 10% conversion, 25 ◦C
and pH 6.5–7. A 2 HP high-pressure pump (SIEMENS 1RF3 058-4YB41, Munich, Germany)
was used to increase the pressure of the feed water. This RO equipment does not have
an energy recovery device (ERD). The RO desalination plant pre-treatment includes the
following operations: (1) sand filtration, (2) activated carbon filtration, (3) Softening, and
(4) cartridge filtration (5 µm). Water post-treatment was performed with ultraviolet (UV)
rays (WEDECO UV Technologies Inc., Charlotte, NC, USA, Model NLR1845WS) (Figure 1).
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2.2. Energy Supply to RO Desalination Plant

The energy requirement of the desalination plant is supplied by a 120 kWh d−1 PV
power station named “Parque Solar ITSON”, constituted by 84 PV modules, divided into
three arrays: fixed (24), single axis (36), and dual axes (24) with energy generation of
30, 40 and 50 kWh d−1, respectively. A fixed array of 24 PV modules was used for this
study, and the modules were divided into two sections of 12 PV modules, with an array of
6 modules connected in series by 2 modules connected in parallel (Figure 1). The energy
productivity record was compiled daily and consulted on the platform “EnlightenManager”.
The PV modules (REC Solar REC240PE-BLK, Singapore) used for the experimental tests
were connected to an ENPHASE micro-inverter (M215-60-2LL-S). Tables 1 and 2 show the
technical specifications for PV modules and the micro-inverter, respectively.

Table 1. Electrical generation properties for the REC Solar REC240PE-BLK modules at standard
test conditions.

Parameter Value

Rated power (W) 240
Rated voltage (V) 30.4
Rated current (A) 7.9

Short circuit current (A) 8.4
Open circuit voltage (V) 37.7

Efficiency (η) (%) 14.5
Cells 60

Effective area (AP) (m−2) 1.65

Table 2. Technical specifications for the M215-60-2LL-S micro-inverter.

Parameter Value

Recommended input power (W) 190–270
Maximum DC input voltage (V) 48

Rated output power (W) 215
Nominal frequency (Hz) 60

Operating temperature (◦C) −40–65
Efficiency (%) 96.5

2.3. PV Module Spray Cooling Design

The spray cooling system consisted of 96 nozzles installed in the 24 fixed array PV
modules (Figure 2), using water as a cooling fluid and spraying it uniformly on the back
surface of the PV panels. Four nozzles were installed in each PV module, two in the vertical
and two in the horizontal position. The total volume of sprayed water was 60 L, with
repetitions every 30 min from 10 a.m. to 4 p.m. using a 1

2 HP submersible pump (Aquex
20AQD05121) and a hydropneumatic tank (Aquex TPQH-26). The cooling water was supplied
from a hydropneumatic tank (Aquex TPQH-26). The total pumping distance was 80 m, and
the pipe used was made of rigid plastic with a diameter of 2.5 cm. The cooling system was
closed, with no loss of water volume. Spray cooling tests were conducted in the winter
(13–18 January 2021), spring (6–14 May 2021), and summer (9–14 September 2021) seasons.
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2.4. Energy Productivity of the Spray-Cooling PV Modules

The energy productivity of the spray-cooling PV modules and the control was evalu-
ated by calculating energy efficiency and heat removed from the PV module’s surface and
global heat transfer coefficient. The temperatures of the 24 PV modules were measured
using an infrared thermometer (Fluke-62-Max) every 30 min for 6 h d−1 in nine different
surface areas of the PV module front. One extra PV module was used as a control. Further-
more, water cooling temperature was measured before and after passing it to the cooling
system (Figure 3).

1 
 

 

Figure 3. (a) Schematic representation of temperature measurements points of 24 PV spray-cooling
modules and control PV module, and (b) photograph of PV panels.

The PV energy efficiency production (η) was calculated with respect to the received
solar energy using Equation (1).

η =
Pp

ApGs
(1)

where Pp is the electric power generated by the PV panel obtained directly from the
EnlightenManager platform, Ap is the PV panel area and Gs is the solar irradiation. The
heat removed from the panel by the water (q) in W was determined according to Suzuki
et al. [36] using Equation (2).

q = QρcCwp(Tf − Ti) (2)

where Q is the water cooling flow (m3 s−1), ρc is the water cooling density (kg m−3), Cwp is
the calorific capacity of the water cooling (KJ Kg−1 K−1) and Tf and Ti are the water cooling
temperate (K) at PV panel outlet and inlet, respectively. The global heat transfer coefficient
is (U, W K−1 m−2), and Ap is the PV panel area (m2). The U is related to the multiplication
of the logarithmic mean temperature difference between the module and the cooling water
(∆TLm) and Ap and q, as follows:

U =
q

Ap∆TLm
(3)

TLm was calculated using Equation (3):

∆TLm =
Tf − Ti

ln
(

Tp−Ti
Tp−Tf

) (4)

where Tp is the PV module’s mean temperature.

2.5. Specific Energy Consumption and Concentration Polarization Modulus of the RO System

The RO system was operated using synthetic brackish water (5000 mg L−1) comprised
of synthetic sea salt (Instant Ocean) and distilled water. The experimental tests were carried
out keeping a constant permeate flux (7 LMH) and feed water temperature at 20, 23, 26,
and 30 ◦C using an electrical immersion resistor at 70% recovery for 1 h. A transducer (IFM,
PX9111) was used to record pressure data. The physical-chemical parameters such as T,
electrical conductivity, total dissolved solids, salt fraction, dissolved oxygen, and pH were
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measured in feed water and permeate water using a multi-parameter (YSI 556). The energy
requirement of the RO system was determined in terms of specific energy consumption
(SEC). The consumed electricity by the RO system was measured by putting wattmeters
(FLUREON TS-386ª) in the output switch cable of the high- and low-pressure pumps. The
SEC (kWh m−3) was calculated by Equation (4):

SEC =
E

Qpt
(5)

where E is the energy consumption (kWh), Qp is the permeate volumetric flow (m3 s−1),
and t is the time elapsed during the test (s).

The mass transfer through the RO membrane was determined by the concentration
polarization modulus (Γ) from boundary layer theory [38]:

Γ =
Cm − Cp

C f − Cp
= exp

(
Jv

kmt

)
(6)

where Cm (mg L−1), Cf (mg L−1) and Cp (mg L−1) are the salt concentration on the mem-
brane surface, the feed solution and permeate solution, respectively. Jv is the permeate
flux (m s−1), and kmt is the mass transfer coefficient (m s−1). Jv was related to the effective
membrane area (Am) and Qp, calculated according to Kucera et al. [39], via the following:

Jv =
Qp

Am
(7)

The values for kmt can be obtained using Equation (8) according to Treybal [40]

kmt =
ShD
dh

(8)

where Sh is the Sherwood number, D is the solute diffusivity (m2 s−1), and dh is the
hydraulic diameter of the flow channel (m). The correlation of the Sh depends on the
system geometry for the spiral wound membrane module, and Sh is:

Sh = 0.023Re0.88Sc
1
3 (9)

The dimensionless numbers, Reynolds (Re) and Schmidt (Sc), are determined by
Equations (9) and (10), respectively.

Re =
ρvdh

µ
(10)

Sc =
µ

Dρ
(11)

where ρ is the water density (kg m−3), and v is the water velocity (m s−1). D is calculated
as follows:

D =
117.3× 10−18T

√
ϕMB

µV0.6
A

(12)

where T is water temperature (K), MB is the solute molecular weight (kg kmol−1), VA is the
solvent molar volume (m3 kmol−1) at normal boiling point and ϕ is a solvent association
factor (2.26 for water). The salt rejection (SR) was calculated by:

SR =
C f − Cp

C f
× 100 (13)
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where SR is the salt rejection (%), and Cf (g L−1) and Cp (g L−1) are the concentrations of
the feed solution and permeate solution, respectively.

2.6. Estimated Investment and Desalinated Water Costs

Using data from the DesalData database 2021 [41], the investment cost of a BWRO
plant will be estimated by correlating the cost of installed reverse osmosis plants against
the installed capacity m3 d−1 of desalination plants that use brackish water as feedwater.
This is in order to know the initial investment cost of any installed plant and to be able to
predict any plant to be installed in the future.

With Equation (14), the total cost (TC) in USD m−3 of desalinated water was calculated
for different temperatures at 20, 23, 26 and 30 ◦C at a brackish water feed concentration of
5000 mg L−1. However, emphasis will be placed on the correlation of the specific energy
consumption (SEC), which represents 60% of the total cost [42]. In addition, conservation
and maintenance costs (c&m) representing 27% of the total cost, labor (mp) representing
6.5% of the total cost, management (m) and chemical use (ch) representing 3.6 and 2.9%,
respectively, will be added to this equation.

TC = TICSEC + TICc&m + TICmp + TICm + TICch (14)

2.7. Statistical Analysis

An analysis of variance of simple classification (ANOVA) α = 0.05 based on a linear
fixed effects model was carried out for each of the following variables: working pressure,
SEC, permeate salinity, salt rejection, solute diffusivity, and polarization factor. The source
of variation was taken to be the temperature. Once differences were detected, the means
were compared by the Tukey test for p ≤ 0.001.

3. Results and Discussion
3.1. Desalination Performance and Energy Consumption of the RO System

Figure 4 shows the working pressure and SEC of the RO system at different tempera-
tures to obtain 7 LMH. It is possible to observe a reduction in working pressure and SEC
at a higher temperature. This result is probably because the temperature has an essential
influence on the surface energy of the membrane, determining the chemical potential of the
water and, at the same time, the driving force through the membrane [43]. Furthermore,
the water solubility and wettability of the membrane increase at higher temperatures [44],
causing the water to pass through the membrane easier, reducing the membrane resistance,
and thus reducing the working pressure and the SEC. Those results are beneficial for
the desalinization process costs since when it consumes less energy, it may reduce water
product costs, making RO desalination feasible for low-income regions.

Figure 5 shows the results of permeate salinity and salt rejection. It is possible to observe
salt rejection values of less than 99%, and this result may be due to the use of an RO membrane
for seawater at low working pressures and low feed water salt concentration (5000 mg L−1).
A reduction in salt rejection and an increase in permeate salinity are also observed at higher
temperatures. These results are mainly due to the viscosity of the water decreasing at higher
feed water temperatures, making the water flow more easily, and dragging more salts through
the membrane, thus reducing its selectivity [45]. Furthermore, the RO membranes are made
from polymers susceptible to high temperatures, which can suffer from irreversible swelling
and strength the covalent bonds of the membrane compounds, facilitating the mass transfer
through the membrane [46]. However, the permeate salinity values at 20, 23, and 26 ◦C are still
in the range of permissible limits for human consumption according to the Mexican Official
Norm (NOM-127-SSA1-1994) [47,48] and the World Health Organization (WHO) [49] (less
than 500 mg L−1). The water permeated at 30 ◦C in this study would be used for agricultural,
industrial and livestock activities.
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As regards the diffusivity and the polarization factor, Figure 6 shows the values
obtained after the RO experiments. It is possible to observe that there was a statistically
significantly higher polarization factor at 20 ◦C (at least 7% higher) with respect to 30 ◦C.
These results are probably due to the higher salt rejection obtained at 20 ◦C (Figure 5) since
the solute accumulation near the membrane surface is higher in comparison to the other
studied temperatures [22]. However, the polarization factor values obtained are in the range
of the typical concentration polarization values (≤2) [38], and this result may delay scaling
on the membrane surface [19]. These results are desirable for desalination operations since
they indicate that the membrane boundary layer has a lower salt concentration. Values
of polarization factor ≥2 can decrease the observed salt rejection and increase the salt
passage through the membrane, thereby reducing the water product quality. The higher
polarization factor can be attributed to the osmotic pressure of water since it is influenced
by the solute concentration difference between the feed and permeate channel [50], and
it increases at lower temperatures [51]. Furthermore, the temperature directly influences
the µ and ρ of the feed water, affecting the dimensionless numbers (Sh, D, Sc and NRe).
Kmt depends on these numbers; thus, it increases at higher temperature values, decreasing
the polarization factor value (see Equation (6)). The water diffusivity shows an increase
at higher temperatures, which may be attributed to the diffusivity being directly related
to the temperature and the dynamic viscosity of the feedwater [40]. An increase in the
water diffusivity value is desirable as it increases the mass transfer coefficient through the
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membrane, leading to an increase in water product amount and reduction inthe SEC and
operation pressure (Figure 5), which can decrease the desalination operational costs.
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3.2. PV Cooling System in Winter, Spring and Summer

Figure 7 shows the irradiance, cooling water and PV temperature in winter, spring
and summer. These results show non-uniform solar irradiance conditions in the spring
and the summer seasons due to the fact that in these seasons, the natural phenomena
called the North American Monsoon occurs in northwest México, which consists of rainfall
and cloudy skies [52] and could interfere with the pyrometer reading. Furthermore, it is
possible to observe a small increase in mean values of the PV temperatures in summer from
11:30 a.m. to 3:00 p.m. compared to the spring. With respect to cooling water temperatures,
a highly significant increase is observed in the summer compared to spring and winter.
These results can affect the power generation produced by the PV module since higher
temperatures create hotspots that can degrade the photovoltaic cells, reducing the efficiency
of the PV module [53].
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Figure 8 shows the temperature drop in the PV panel and cooling water before and
after the cooling system. It can be observed that in winter, the temperature drop of the PV
panel is lower than the cooling water from 10:30 a.m. to 13:30 p.m. This shows that the use
of the cooling system is unnecessary before 13:30 p.m., as it does not provide savings to
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the system. It can also be observed that in summer there is a drastic decay in temperature
drop from 12:00 to 15:00 p.m., probably because irradiation is lower during that period
(see Figure 7). The largest temperature drop of the PV panel occurred in spring, indicating
higher efficiency of the cooling system in this season of the year, which may help to increase
the efficiency of the PV panel’s electrical energy production.
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Figure 9a shows the global heat transfer coefficient (U) after the cooling. The highest U
values are achieved in the summer (>23.1 higher than the spring) followed by the winter and
the spring, which suggests that the cooling water significantly removed the heat in the PV
panel since the highest temperatures were presented in the summer. Figure 9b shows the effect
of the season of the year on PV module energy efficiency. The data shows a highly significant
increase in PV energy efficiency with the use of the PV cooling system compared to without
the use of cooling. This increase is 14.25% in the winter, 7.96% in the spring and 13.98% in
the summer. The largest value is found for the spring followed by winter and summer, with
significant statistical differences between them (>14.6 and >27.2 lower, respectively). The
highest values of efficiency occurred in the spring, probably due to higher irradiation and
higher temperature drop (Figures 7 and 8) but with lower mean temperatures than in the
summer. The U results (see Figure 9a) suggest that this could be related to a reduction in
PV temperature. Figure 9a,b suggests that higher heat removal causes lower efficiency of PV
energy production, which is probably due to the PV panel temperature being higher, causing
a higher amount of heat on the PV panel surface, reducing the efficiency.
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3.3. Investment and Desalinated Water Cost

Figure 10 shows the exponential correlation of the cost of 38 installed reverse osmosis
plants versus the installed capacity m3 d−1 of desalination plants using brackish water as
feedwater in Mexico. The resulting equation provides an estimate of the initial investment
cost or plant capacity installed or to be installed in the future.
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Figure 10. Correlation between initial investment and BWRO capacity. EPC = Engineering, procure-
ment and construction.

Table 3 shows the total cost (TC) in USD m−3 of desalinated water for different
temperatures in the brackish feedwater at 20, 23, 26 and 30 ◦C at 5000 mg L−1 with their
different costs and percentages. Specific energy consumption (SEC), conservation and
maintenance (c&m), labor (mp), management (m), and chemicals (ch).

Table 3. Desalinated water cost.

T (◦C)
SEC (60%) c&m (27%) mp (6.5%) m (3.6%) ch (2.9%) TC

kWh m−3 USD kWh−1 USD m−3 USD m−3

20 4.4 1.02 0.2244 0.101 0.024 0.013 0.011 0.374
23 4.3 1.02 0.2193 0.099 0.024 0.013 0.011 0.366
26 3.9 1.02 0.1989 0.090 0.022 0.012 0.010 0.332
30 3.5 1.02 0.1785 0.080 0.019 0.011 0.009 0.298

4. Conclusions

The results presented in this study confirm that temperature is a parameter that
directly influences SEC, operational pressure, salt rejection, diffusivity, and polarization
factor, thus determining desalination process costs. It is recommended to monitor this
parameter in the pre-treatment stage of desalination plants in order to control the water
product cost, as well as enhance the feasibility of RO desalination in low-income countries.
For example, it is advisable to try to maintain T > 26 ◦C. If the T value decreases more than
that level, it would be advisable to increase temperature monitoring.

The spray cooling system was able to decrease the temperature of the solar cells by
about 6.2, 13.3 and 11.5 ◦C for the winter, spring and summer seasons, respectively. The
PV module presented up to 14.25% higher efficiency under spray-cooling conditions in
the winter. However, the PV efficiency was significantly higher in the spring than in the
winter (up to 14% higher), demonstrating that solar cell temperature control is a viable
alternative to improve power generation in PV panel systems. To improve these findings, it
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is advisable to carry out studies with 45 ◦C > T > 30 ◦C, compared with other cooling PV
panel methods and perform coupled spray-cooling PV panel and RO desalinization tests to
assess the water production costs.

Currently, the installation of small-scale RO desalination plants that operate through
the use of PV systems is considered economically viable. Arid areas suffering from water
scarcity within the state of Sonora, as well as elsewhere in the world, can take advantage of
solar resources to increase water availability.
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Nomenclature

Variables
Symbol Description Units
Am Effective membrane area m2

AP PV panel area m2

ch Chemicals cost USD m−3

Cf Salt concentration on the feed solution mg L−1

Cm Salt concentration on the membrane surface mg L−1

Cp Salt concentration on the permeate solution mg L−1

Cwp Heat capacity of cooling water J kg−1 K−1

c&m Conservation and maintenance cost USD m−3

D Solute diffusivity m2 s−1

dh Hydraulic diameter m
E Energy consumption of desalination plant kW
Gs Total solar irradiation W m−2

Jv Volumetric permeate flux m s−1

kmt Mass transfer coefficient on the membrane surface m s−1

m Management cost USD m−3

mp Labor cost USD m−3

MB Solute molecular weight kg kmol−1

Pp Electric power generated by the PV panel W
Q Water cooling flow m3 s−1

Qp Permeate volumetric flow m3 s−1

q Heat removed from the panel by the water W
Re Reynolds number -
Sc Schmidt number -
SEC Specific energy consumption -
Sh Sherwood number -
SR Salt rejection %
T Temperature ◦C, K
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TC Total cost USD m−3

TICSEC Total investment cost of specific energy consumption USD m−3

TICc&m Total investment cost of conservation and maintenance USD m−3

TICmp Total investment cost of labor USD m−3

TICm Total investment cost of management USD m−3

TICch Total investment cost of chemicals USD m−3

Ti Temperature of cooling water at PV module inlet K
Tf Temperature of cooling water at PV module outlet K
TP PV module mean temperature. K
t Time elapsed during the test s
∆Tlm Logarithmic mean temperature difference between PV module K

and cooling water
U Global heat transfer coefficient for cooling water heat exchange W m−2 K
VA Solvent molar volume at normal boiling point m3 kmol−1

v Water velocity in membrane module m s−1

Greek Symbols
Symbol Description Units
Γ Concentration polarization modulus -
η Electrical efficiency of PVT module %
ϕ solvent association factor -
µ Fluid viscosity Pa s
ρ Density of water kg m−3
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