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Abstract: All the urban areas of developed countries have hydric distribution grids and sewage
systems for collecting municipal wastewater to treatment plants. In this way, the municipal wastewa-
ter is purified from human excreta and other minor contaminants while producing excess sludges
and purified water. In arid and semi-arid areas of the world, the purified water can be used, before
discharging, to enhance the energy efficiency of seawater desalination and solve the problems of
marine pollution created by desalination plants. Over the past half-century, seawater desalination has
gradually met demand in urbanized, oil-rich, arid areas. At the same time, technological evolution
has made it possible to significantly increase the energy efficiency of the plants and reduce the unit
cost of the produced water. However, for some years, these trends have flattened out. The purified
water passes through the hybridized desalination plant and produces renewable osmotic energy
before the final discharge in the sea to restart the descent behaviour. Current technological develop-
ment of reverse osmosis (RO), pressure retarded osmosis (PRO) and very efficient energy recovery
devices (ERDs) allows this. Furthermore, it is reasonable to predict that, in the short-medium term, a
new generation of membranes specifically designed for improving the performance of the pressure
retarded osmosis will be available. In such circumstances, the presently estimated 13-20% decrease
of the specific energy consumption will improve up to more than 30%. With the hybrid plant, the
salinity of the final discharged brine is like that of seawater, while the adverse effect of GHG emission
will be significantly mitigated.

Keywords: freshwater from the sea; purification of municipal wastewater; osmotic energy; reverse
osmosis; pressure retarded osmosis; process integration; energy efficiency; environmental sustainability

1. Introduction

The total volume of water on Earth is estimated at 1.386 billion km?, with 97.5% being
saltwater, having an average concentration of 35g/L. The remaining water is freshwater, of
which only 0.3% is in liquid form on the surface [1].

Freshwater availability is naturally produced by evaporation from the oceans and
subsequent recondensation and precipitation, as was already observed by Aristotle [2,3].
Unfortunately, it is unevenly distributed on the planet and rarely meets the requirements
for many uses by humans and animals.

In developed countries, the per-capita human consumption of freshwater is about
200 L/d, sometimes even double. Both agricultural and industrial activities also require a
large amount of freshwater [4]. To overcome freshwater scarcity, oil-rich countries started
to build and operate evaporative desalination plants like multi-stage flash (MSF), multiple-
effect distillation (MED), and multi-effect thermal vapor compression desalination (TVC).
Shortly, the production of freshwater from the sea became popular in other developed
countries. Furthermore, the use of semipermeable membranes to reject dissolved salts was
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demonstrated to be a better way for seawater desalination [5]. In 2018, the global share of
the RO for seawater desalination was about 65%, with an increasing trend [6].

The history of industrial desalination dates to the beginning of 1950, with the birth of
the Office of Saline Water (OSW) in the United States of America, which gave the first strong
impulse to develop efficient technologies for industrial production of freshwater from the
sea. In 1963, all the installed capacity of desalination plants was about a thousand m3/d
of freshwater [2]. In 1975, the first automatically controlled MSF desalination plant, with
a production of two thousand m3/h of freshwater (the largest in the world at that time),
was built and put into operation in Italy (with Italian technology), serving the water needs
of the Porto Torres industrial site in Sardinia [7,8]. Subsequently, numerous other plants
were built worldwide, particularly in the emirates bordering the Persian Gulf. According
to the latest inventory (30th Desal Data) published in October 2017 by the International
Desalination Association (IDA) together with Global Water Intelligence (GWI), the global
production of freshwater from the sea was 92.5 billion L/d with 19,372 plants located in
150 countries, against 88.6 billion L/d e and 18,983 plants of the previous year. It is worth
noting that ten years earlier, the production of desalted water was about half. This strong
growth, associated with the introduction of modern and cheaper technologies, resulted in
a significant decrease in the unit cost of freshwater and an equally considerable increase in
the energy efficiency of desalination plants. In recent years, the produced water unit cost
(0.53 to 1.2 US$/m?3) and energy efficiency (2 to 3 kWh/ m?3 of freshwater) have reached
stable values [2,9,10].

On the other hand, environmental problems related to the discharge of very concen-
trated brines and global warming of the planet have arisen [11,12].

It remains that water security is one of the principal global risks, particularly in
developing and underdeveloped countries that have a tremendous and urgent need for
large quantities of freshwater produced at sustainable cost and low environmental impact.
About a third of the world’s population already lives in countries considered to be in
water emergencies. If this trend continues, two-thirds of the earth’s population will be
thirsty in twenty years [2,13]. For this, the international exposition held in Milan in 2015,
“EXPO Milano 2015,” organized and hosted the “Water Forum,” aiming to make public
and private entities aware of this serious issue and stimulate the adaption of the legislation
and new investments capable of tackling the problem adequately [14]. The availability and
sustainable management of water were also featured prominently in the 6th Sustainable
Developments Goals (SDGs) of the 2030 Agenda for Sustainable Development, agreed
to by 193 nations in 2015 [15]. Undoubtedly, desalination is essential to bridge the wa-
ter supply gap expected in the increasingly water-demanding world. The research and
development activity to re-establish the growth of seawater desalination at a sustained
pace is very intense. To this purpose, it is necessary to change the paradigm that brine
and water contaminated by organic compounds are not wastes but sources for additional
freshwater, energy, and useful materials. This may be realized, in the short-medium term,
by accomplishing seawater desalination using processes obtained through the integration
of two or more technologies already consolidated, and through the integration of two or
more already existing systems. An example is the one described in an old article concern-
ing the recovery of Magnesium from the brine of an MSF plant [16]. As highlighted in
the article, with the hybrid process, Magnesium is produced from a solution that has a
concentration approximately double that of seawater. Furthermore, this solution does not
require any pre-treatment as it is the product of pre-treated seawater. The advantages of
sustainability and environmental impact are equally evident as the ocean represents an
inexhaustible and renewable source of Magnesium while mineral resources are limited.
The same goes for other metals of increasing commercial importance, such as lithium [17].
The status and prospects of hybrid processes using brine, thermal waste, and water from
wastewater purification are described in detail in several recent publications [18-22]. These
processes aim to increase the productivity and energy efficiency of desalination, reducing
the environmental impact. To this purpose, it is worth citing the ongoing research and
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technological development activities for improving the performance of the membranes
through the homogenization of the density of the filtering surface, as well as the reduction
of the bilateral polarization effects by modification of their hydrophobicity at the nanoscale.
It seems reasonable to predict that such membranes could be available for full-scale appli-
cation in the short-medium term [23]. When applied to seawater desalination, a different
but not ready applicable way is to use new separation technologies characterized by better
performance and economic feasibility [20,23-31].

Everyone agrees that process integration is the primary way to increase productivity,
diversify the use of raw materials and products, and reduce the cost of desalination in the
context of general sustainability. At the same time, the relentless substantial increase of RO
desalination plants’ market share is a fact. We did not find any evidence on the construction
of new plants of the classic evaporative (MSF), multiple effects distillation (MED), or ther-
mocompression (VTC) types. Of these, the RO-PRO is the one that appears most interesting
both in terms of feasibility on an industrial scale and for future prospects [22,30,32-36]. This
integration can be achieved with different schemes and with different types of impaired,
low salinity water. These options have been analysed using theoretical models to find
the best way of combining RO with PRO [32]. However, the conclusion led to conflicting
results as a consequence of the many assumptions required by the models. As supported
by others [37], we believe that combining the impaired, low salted water with the most
concentrated brine is the best configuration for the RO-PRO hybridization.

In arid, urban places, the freshwater produced by seawater desalination is first dis-
tributed and used, collected through the sewage grid, purified in the wastewater treatment
plants (WWTPs), and finally discharged into the sea at the net of losses. Therefore, there
are two comparable streams, i.e., one of desalted water (PW) and one of very concentrated
brine. These two streams can meet in the PRO section of the hybrid RO-PRO plant to
directly transfer the resulting osmotic power to a portion of the incoming pre-treated
seawater (PSW). RO-PRO integration can be achieved in several ways, just as the renew-
able energy produced within the hybrid plant can be transferred to PSW, with different
equipment [18,38,39]. The results that can be obtained are different and depend on the
specific conditions in which the desalination plant operates. Regarding the location, there
is a vast choice, since, in the world, there are many urban areas where a new seawater
desalination plant exists or is necessary. The most critical and, at the same time, most
favourable situation is that of the urban areas of the Persian Gulf where there is the highest
concentration of desalination plants, both of the evaporative and of the RO type. The
criticality depends on the fact that seawater salinity is significantly higher than the average.
The advantage derives from a wider choice, from the simultaneous presence of plants
based on different technologies and old plants. The results of the research in those condi-
tions of salinity and aridity are undoubtedly conservative. Therefore, once a well-defined
configuration for the hybrid RO-PRO desalination processes was selected, this research
aimed to describe and evaluate its performance in an arid urban area of the Persian Gulf.
More specifically, we aimed to quantify the amount of renewable osmotic energy produced
inside the hybrid desalination plant, integrating already available services and technologies.
Then, we wanted to quantify the difference between the hybrid process’s specific energy
consumption (SEC) by comparison with a modern RO stand-alone desalination process,
along with other beneficial effects. Furthermore, we aimed to quantitatively show how
the energy efficiency of desalination improves, increasing the operating pressure of the
PRO section.

2. Materials, Methods, Processes and Products

The salinity (TDS) of the seawater was assumed to be 43 g/L, following the assumption
that the desalination plant is in an arid and urban area of the United Arab Emirates (UAE)
in the Persian Gulf [39]. This choice is because there is the highest density of desalination
plants (equal to 48% of the world total [40,41]), and it is one of the world’s driest places
exposed to a chronic freshwater shortage [42].
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It is further assumed that the desalting plant is of the RO stand-alone type, having
a recovery factor of 40% and an operating pressure of 70 bar. The plant is equipped with
Pressure Exchangers (PXs) as energy recovery devices with 95% efficiency. Inside the PX, a
balanced flow is maintained (i.e., high and low-pressure flow rates are equal) to maximize
pressure exchange [43,44]. The TDS of the brine is about 7.2%, while its pressure is 70
bar. Freshwater is produced at atmospheric pressure with a TDS lower than 0.02%. The
operating temperature is 30 °C.

Apart from freshwater and very diluted salted solution, the osmotic pressure (7r)
of the seawater and brine cannot be quantitatively calculated by the classical van’t Hoff
equation due to the significant deviation from the ideal behaviour resulting from the high
concentration of the salt. As shown in previous work [45], the following non-simplified
van't Hoff equation can satisfactorily account for this phenomenon up to very high values
of TDS, as well as for the operating temperature (T).

. —RTin(aw) 1)
Vau
Here a,, represents the activity of the water and V;, represents the partial molar volume
of the water in the seawater solution (SW), which could be approximated with the molar
volume of the pure water, V;, (L/mol) at the current T (K). When the value of the universal
gas constant R is equal to 0.0831446261815324, 7t results in bar [46].
Alternatively, Figure 1, obtained by fitting experimental data available in the litera-
ture [47,48] can be confidently used at 30 °C.
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Figure 1. Osmotic pressure of seawater and its diluted and concentrated solutions as a function of
the TDS at 30 °C.

Considering the flow rate PW entering the PRO section, it is assumed to be equal to
85% of the freshwater (FW) produced by the RO of seawater, accounting for evaporation
and possible leaking in the hydric distribution grid, and in the sewage system. It comes
from the activated sludge or similar (WWTDPs) serving the urban area. To justify this
assumption, it is worth considering that this technology is by far the most diffused and
consolidated, with an efficiency higher than 99%. It is also worth emphasizing that when
evaporative desalting plants co-exist in the same area with RO based plants, the unsalted
stream can be even much higher. Furthermore, it is assumed that the TDS of PW is equal
to zero, the operating pressure of PRO is in the range 22-31 bar, and both purified water
and brine at atmospheric pressure do not need any pre-treatment before entering the PRO
plant. In addition, high-pressure and booster pumps efficiencies were considered equal to
85% and 75%, respectively [44].
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Finally, the (SEC) as kWh/m? of freshwater produced by the hybrid RO-PRO desali-
nation process was calculated with the following equation [38].
TOT
pumps

SEC =
Qrw

@)

where Qrw (m®/h) is the constant flow rate of the freshwater produced by the RO section
and P;?L%Tps (kW) is the sum of the power required by each pump.

Figure 2 schematically shows a typical activated sludge WWTP widely used to purify
municipal wastewater mainly contaminated by human excreta. As can be seen, there are
two effluent streams: very wet sewage sludge (SS) and purified water (PW), which is
usually discharged into some superficial water body or directly into the sea. Several books,
scientific papers, and reviews were published and are ongoing on the final disposal of

SS [37,48-56], but much less attention was addressed to better use of PW.

Air
Wastewater l \L \L i
influent Preliminary Primary ‘ Secondary| > z PW
treatments clarifier Aeration tank clarifier Disinfection —>
ss Recycle activated sludge ss
\4 A\ 4
Figure 2. Schematic diagram of a typical activated sludge WWTP.
Figure 3 schematically shows a Traditional Seawater Reverse Osmosis (TSWRO) process.
B RO
SW PSW s FW
———>»  Pre-treatment - >
~
HP/BR

>

Figure 3. Schematic diagram of a traditional RO seawater desalination process TSWRO.

The pre-treatment unit removes particles and suspended solids in the feed stream
that may cause fouling and scaling on the RO membrane surface. The high-pressure
pump (HPP) raises the feed pressure from atmospheric to a value adequately higher than
the osmotic pressure of the final brine. Then, PSW enters the RO system, where FW
flows through the semipermeable membranes while the salts are almost entirely rejected.
The Permeate FW is taken as a product after minor treatment at atmospheric pressure,
while the pressurized retentate or brine, HP/BR, is a waste characterized by high salt
concentration (TDSpine >> TDSseawater). TSWRO initially operated at the lowest possible
pressure to avoid membrane modules” mechanical stress and minimize the energy for feed
pressurization. The recovery, operating in this condition, was low, and the TDS of brine
was not significantly different from the TDS of PSW. With better performing membranes
and new sophisticated Energy Recovery Devices (ERDs), the modern RO desalination
plants adopted more convenient operating conditions to reduce the value of the SEC [57].

In fact, the value of the SEC, and related operating cost, for RO desalination is mainly
determined by the energy required for PSW pressurization [13]. Investment and operat-
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ing costs, as well as other energy-consuming operations (e.g., pre and post-treatments,
construction, maintenance), are not susceptible to further improvements, as they are defini-
tively optimized together with the potential of the plants. For this, the new RO based SW
desalination plants are equipped with a section for recovering most of the energy of the
pressurized brine.

Figure 4 schematically shows an improved seawater desalination process by Reverse
Osmosis (ISWRO). As can be seen, an isobaric Pressure Exchanger (PX) pressurizes a
portion of PSW by using the HP/BR stream. The rate of PSW; is the same as that of
the brine to maximize the performance of PX. Then, the low-pressure brine (LP/BR) is
discharged, whereas the pressurized PSW; is added by a booster pump (BP) to PSW;
and enters the RO modules. Pressure exchangers were introduced in 2001 [57], and their
efficiency is over 96% [58]. The value of the SEC for an industrial desalination plant built
and operated according to Figure 4 is still significantly higher than the calculated theoretical
minimum for seawater desalination (1.06 kWh/m?3) [57]. There is, therefore, ample room
for improvement concerning energy efficiency. Furthermore, a serious environmental
problem is associated with the discharge of highly concentrated brines into the sea [11].

RO
PSWi1 Ry W
e
~
()—P—
L‘ Pre-treatment i HP/BR
LP/BR >
PX
PSW2

Figure 4. Schematic diagram of a typical modern RO seawater desalination process ISWRO with energy recovery from
the brine.

For these reasons, it may be advantageous to consider a natural osmosis process,
known as PRO, that can be carried out with the same membranes and filter modules used
in RO based desalination plants. Figure 5 schematically shows the working principle of

the PRO.
Pressure
8 8
Feed solution
No N

N _
M Draw solution

Figure 5. PRO working principle.
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Brackish
water

As can be seen, the pressurization of a stream of salty water (draw solution) up to a
value lower than its osmotic pressure [26] allows freshwater (feed solution) to flow through
the semipermeable osmotic membrane to mix with the draw solution [59]. The result of
this simple osmotic process is a pressurized stream of brackish water that can be used for
producing renewable energy, as schematically shown in Figure 6 [11,60].

&
e

PSW

PX

Brackish

water
‘ PRO T

Pre-treatment

SW

Pre-treatment

Low Salt Water

Figure 6. Schematic diagram of typical PRO process for the production of renewable osmotic energy.

The necessary condition for the operation of this technology is the presence of two
currents with different salinity, such as river and seawater [61]. Although the PRO stand-
alone process has been conceived as a technology for making renewable energy, currently,
it is not economically competitive compared to other forms of renewable energy available,
as stated by the Norwegian renewable energy company Statkraft [11,62].

It may be viable, using the osmotic energy produced by PRO, to directly pressurize,
by a Dual Work Exchanger Energy device (DWEER), a liquid stream portion of PSW to be
desalted by RO, from the atmospheric pressure up to a pressure close to the pressurized
draw solution in the PRO [11,63]. It is worth underling that, contrary to PX, the DWEER
completely avoids any mixing between the pressurized and the pressuring streams, while
maintaining an efficiency above 95%. In such a way, the quality of the FW is the same
as that produced by the ISWRO stand-alone. Figure 7 schematically shows the hybrid
desalination process obtained by properly interconnecting RO and PRO along with a PX
and a DWEER, and all the required pumps.

As can be seen, in this way, the PSW; stream is partially pressurized by renewable
energy before entering the RO section. In addition, the TDS of the discharged low pressure
brackish (LP/BW) is considerably lower than the LP/BR discharged when using the
process schematically depicted in Figure 4. The draw solution feeding the PRO section is
the medium-pressure brine, MP/BR, leaving PX. Considering the purified water stream,
PW, feeding the same section, it is worthy of highlighting that, in an arid urban area, it
usually comes from the sewage water treatment plant, which receives all the polluted
water from the urban sewage system. At least in principle, this process should be more
energetically efficient than the ISWRO desalination one, and simultaneously, it should
represent the solution to the environmental concerns related to the discharge of very
concentrated brine. Both these effects will be quantified and critically analysed in the
following section.
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Figure 7. Schematic diagram of the selected RO-PRO hybrid desalination process for an arid urban area.

3. Results and Discussion

The volumetric flow rate, temperature, pressure, salinity, and osmotic pressure are
reported in Tables 1 and 2; the first refers to an ISWRO process (Figure 4), while the second
refers to the RO-PRO hybrid process (Figure 7). As can be seen, starting with an arbitrarily
fixed flow rate of a PSW equal to 1000 m3/h, and according to the assumption made in the
previous section, FW is always equal to 400 m3/h, since the recovery factor was equal to
40%, in both cases. Considering the hybrid process, PW is 85% of FW, or 340 m3/h. It is
worth emphasizing that the arbitrary assumption made for the flow rate of FW does not
represent any limitation for the generality of our approach to quantify the value of the SEC
and the concentration of the discharged saline solution in both cases.

Table 1. Material balances and relevant properties of the incoming and the outcoming liquid streams
for the ISWRO desalination process.

Volumetric
Stream Flow Rate, Q T (O P (bar) 7t (bar) TDS (wt%)
(m3/h)
PSW 1000 30 1 32 4.3
FW 400 30 1 - 0.02
LP/BR 600 30 1 58 7.2

Table 2. Material balances and relevant properties of the incoming and the outcoming liquid streams
for the selected RO-PRO hybrid desalination process.

Volumetric
Stream Flow Rate, Q T (O P (bar) 7t (bar) TDS (wt%)
(m3/h)
PSW 1000 30 1 32 4.3
PW 340 30 1 - 0
FW 400 30 1 - 0.02
LP/BW 940 30 1 35 4.6

In addition to what was underlined earlier, it is worth emphasizing that the flow rate
of the discharged stream from the hybrid RO-PRO process is higher than that of the ISWRO
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process. However, the salinity of this stream is quite different: the ISWRO process is about
1.7 times higher, while for the RO-PRO hybrid process it is only 1.07 times higher, thus
solving marine pollution.

Considering the energy efficiency, the blue line in Figure 8 shows the behaviour of the

SEC for the selected RO-PRO process as a function of the PRO pressure (Ppro), from zero
up to an ideal value equal to the osmotic pressure of the LP/BR solution. As can be seen,
the SEC decreases from the value associated with an ISWRO process to that of the hybrid
RO-PRO process having an ideal PRO section. Quantitatively, this trend is given by the
following equation:

(%]

9

SEC (kWh/m?3)
—_ W b

=
(9]

SEC = 9E — 0.6 Pipo — 0.0009 P3g + 0.0004 Ppro + 2.45 ®3)

® [SWRO

A Already feasible
Reported as practicable

X Predictable

B Hybrid RO-PRO selected process
with an ideal PRO section

20 30 40 50 60
Ppro (bar)

Figure 8. SEC behaviour of the selected hybrid RO-PRO desalination process as a function of the operating pressure of PRO.
The dashed line represents the theoretical energy required for desalting seawater with an average TDS of 3.5 wt%.

The SEC was calculated by Equation (2) according to the assumption made earlier on

about the overall efficiency of each pump, of PX, and of DWEER. Overall:

when Ppro = 0, there is no improvement in the energetic efficiency of the desalination.
The value of the SEC would be the same as that of the ISWRO since the hybrid process
would generate no indigenous osmotic power. In this condition, PRO acts as a forward
0smosis section.

If PRO could operate in the other ideal limiting condition (Ppro equal to the osmotic
pressure of LP/BR), the energy efficiency of desalination would increase drastically. In
fact, in this case, much renewable energy would be produced inside the desalination
plant in the form of osmotic pressure and be directly used for the partial pumping of
seawater to the reverse osmosis plant.

With PRO working between 22 and 31 bar (already applicable in conditions [37,38]),
the value of the SEC would be in the range from 12.7% to 24% lower than that
corresponding to that of ISWRO.

With PRO working at 40 bar (foreseeably applicable at short-medium term), the value
of the SEC would be about 30% lower than that corresponding to that of ISWRO.

As a consequence of the redaction of the SEC, the GHG pollution is also mitigated

since the present reduction of CO, produced by the hybrid process is in the range of
0.2-0.45 kg/ m3 of FW. At the short-medium time, it is reasonably predictable as 0.6 kg/ m3
of FW.
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4. Conclusions

In arid urban areas, such as those of the Persian Gulf, seawater desalination is the
only system of supplying the drinking water needed. Currently, this inevitable activity is
associated with high consumption of non-renewable energy and, in many cases, with non-
marginal pollution problems linked to the discharge of excessively concentrated brines
into the sea.

The results of this research highlighted the possibility of mitigating or solving these
problems by the rational use of purified municipal wastewater. Instead of discharging it
directly into the sea, this aqueous current, practically unsalted, can be employed to produce
renewable osmotic energy inside the desalination plant. This energy is used directly, by
a very efficient DWEER, to partially pressurize the seawater fed to the Reverse Osmosis
for producing freshwater. The amount of renewable energy produced by PRO depends
on the water flow from the WWTPs, and from the operating pressure of this section of
the desalination hybrid process. Presently, the reduction of the SEC is between 12.7% and
24% compared to that of ISWRO. At the same time, the problem of discharging excessively
concentrated brines into the sea is practically solved.

The ongoing research and technological development activities aim to improve the
performance of the membranes through the homogenization of the density of the filtering
surface and the reduction of polarization effects by modifying their hydrophobicity.

In the short-medium term, when better-performing membranes will likely be available
for full-scale application, PRO could be operated with a pressure significantly higher than
Art/2. Insuch a case, the reduction of the SEC would be close to 30%, while the atmospheric
pollution related to GHG emission would be further reduced as the CO, produced would
be lesser than now of about 0.6 kg/m? of FW.

The proposed strategy can be applied in all arid urban areas of the world to alleviate
or eliminate the adverse environmental effects of seawater desalination as it is currently
carried out. Nevertheless, what appears more important is the possibility of restarting
a downward trend for the SEC and, presumably, for the unit cost of desalinated water,
after years of stagnation. The latter can only be reliably estimated on a case-by-case basis
through a rigorous economic analysis that considers the investments necessary for the
interconnection of services and the RO-PRO hybridization.
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