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Reverse osmosis is the leading technology for desalination of brackish water and seawater, important for solving the
growing problems of fresh water supply.
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| 1. Introduction

Although about 70% of the Earth’s surface is covered by water, just 2.5% is fresh water 11, and it is estimated that only 1%
of this is easily accessible [&. 40% of the world population currently lives in arid areas or islands where fresh water is
scarce [Bl. Additionally, an increase of droughts worldwide, resilience reduction to climate change from conventional water
resources, and overexploitation have increased dependence on desalination technologies, whose implementation is
affected by economic, environmental, technical, social, and political factors 4 Recent inclusion of water in the stock
market is an example of the challenges to be faced in the 21st century. It is estimated that by 2025 two thirds of the world
population will face shortages of this resource B!, for which governments must establish functional policies addressing
social concerns on water access by the poorest communities 8, while guaranteeing the resource for industrial and
household purposes.

The 2030 agenda of the United Nations seeks to: “guarantee availability and sustainable management of water and
sanitation for all’ I, Different water management strategies, along with decarbonized desalination and improvement of
irrigation systems, are key elements to achieving this goal of sustainable development [&. There is a wide diversity of
technologies for desalination and treatment operations for distinct water types. Energy consumption is shown in Table
1 according to the used type of source. Reducing energy consumption is one of the focuses of researchers &I,

Table 1. Energy consumption for different water sources.

. Energy Use
Water Supply Alternative Technology (kWhim?) Reference

Conventional treatment of surface Physical treatments; coagulation 0.2-0.4 o
water

Water reclamation - 0.5-1.0 (o

Wastewater treatment Filtration, coagulation and / or biological 0.2-0.67 1

treatments

Indirect potable reuse -- 1.5-2.0 [0

Brackish water desalination BWRO 0.8-2.5 (2]

Water Desalination of Pacific Ocean SWRO 25-4.0 [20]
Water

Seawater SWRO 2.58-8.5 B

Source: Reproduced from [2QIL[12]

Seawater and brackish water desalination is one of the most promising processes to solve the world’s water shortages. Its
use has increased 6.8% per year in the last decade, equivalent to an annual addition in fresh water production of 4.6
million m3/day and, although plants with the highest capacity are scarce, they contribute to most of the installed capacity
(141 According to the International Desalination Association (IDA), desalination plant capacity in the world reached 99.8
million m3/day in 2017, with some 18,500 plants installed in 150 countries 121 In China alone, some 142 plants operating



with seawater were installed during 2018 (18, Between January 2019 to February 2020, some 155 new plants were put in
operation, increasing the installed capacity by up to 5.2 million m3/day 141,

A total of 61% of the world’s installed desalination capacity corresponds to seawater, while 30% to brackish water.
Moreover, 62.25% is used for municipal purposes and 30.2% for industrial use. The Middle East and North Africa
contribute 47.5 % to the installed capacity, while East Asia and the Pacific add up to 18.4%, and North America, 11.9% Kl
(28] |t js estimated that the world desalination market will grow at a speed of 9% in the coming years. 74% of this growth
will come from Europe, the Middle East, and Africa (19,

Currently, more than 20 different technologies are used for seawater desalination 29, Nonetheless, only a handful of
these dominate global water production. Commercial desalination processes are grouped into three broad categories:
thermal processes, membrane separations, and emerging technologies. Within thermal processes, multi-effect distillation
(MED) and multi-stage flash distillation (MSF) stand out. Reverse osmosis (RO) is the dominant technology 1€ in
membrane processes, while multi-effect desalination (MED) covers 7% of the installed capacity, and multistage flash
systems (MSF) cover 18%, being the most used technology in large-scale dual-purpose desalination plants (water and
electricity). On the other hand, RO technologies are more used at the middle and small scale in single process plants
(fresh water production) &, being the ones with the highest participation with 69% of the installed capacity in the world.
Other membrane technologies such as nano filtration (NF) contribute 3% to desalination, while electrodialysis (ED) 2%,
and reverse electrodialysis (EDR) 1% 8. In the Middle East, thermal desalination technologies continue to be overriding,
due to their integration with power plants and useful life of more than 30 years 2. Hybridization of thermal desalination
technologies with renewable energy sources is one of the trends in research and development that seeks to improve the
sustainability of these processes 22,

Other emerging technologies such as capacitive deionization, freezing, humidification-dehumidification, and desalination
with gel hydrates are in the preliminary stages of research and development, and have not reached enough maturity for
extensive use. Ultrafiltration, nanofiltration, and ionic filtration are often used as technologies for pre- and post-treatment
processes 24 heing used in small-scale plants and providing less than 2% of the installed capacity in about 940 plants
around the world, mainly of electrodialysis and reverse electrodialysis 2. Electrodialysis is used in industrial applications
for selective removal of ions and for brackish water desalination 23], Desalination through carbon nanopores, inspired by
biological aquaporins, is found in a laboratory phase and is a promising technology for desalination 241,

| 2. Reverse Osmosis (RO)

The first RO desalination process was marketed by Loeb & Sourirajan in 1964 [l Since then, it has had important
advances that have positioned it as the leading technology in desalination operations. It is versatile, thanks to the fact that
water evaporation is not necessary for its separation. It has a relatively low energy consumption compared to thermal
technologies [22l28] has high flexibility to work under different salinity conditions, takes up little space, and is easy to
operate and automate 27028l |nstalled capacity in RO plants is currently more than 60 Mt/day, with an annual growth
between 10% and 15%, and a combined energy consumption of 100 TWh/year 2. RO units are commercially available in
varied sizes, from household applications with capacities of 0.1 m3/day, to sizes for industrial and municipal use with
capacities of up to 900,000 m3/day B9, Figure 3 shows a representation of the rolled membranes in common use for
seawater desalination processes.
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Figure 3. Spiral wound membrane and driving force principles (inset) of RO. Taken from .



This is currently the most reliable technology for seawater desalination at the lowest capital costs 28 and lower energy
consumption; however, it has significant maintenance costs associated with pretreatment operations and membrane
replacement that, combined, contribute 25% of the total operational cost . According to the water quality to be
processed, RO operations can be classified into brackish water plants (BWRO), with salinities between 500 and 10,000
mg/L and seawater plants (SWRO), with salt contents close to 30,000 mg/L. The efficiency of these plants depends on
multiple factors such as operating parameters, membrane type, configuration, and feedwater characteristics 22,

Osmotic pressure is a trait linked to the colligative properties of mixtures and has important impacts on RO systems. High
salinities cause increases in osmotic pressure requiring higher operating pressures. Seawater (35,000 mg/L of salts
dissolved) have an osmotic pressure of 2413 kPa. For the system to operate correctly, 10,342 kPa will be needed to
overcome both the osmotic pressure and pressure drop across the membrane 4. Therefore, rises in salinity produce
higher costs associated with the pumps’ operation and increase the concentration of polarization and fouling of the
membranes, reducing their useful life [B1125],

The first asymmetric cellulose acetate (CA) membrane for RO systems was developed by Loeb and Sourirajan 22 in the
1960s. Then, in the 1970s, Cadotte et al. 23! developed a new membrane, composed of a thin film composite (TFC),
which monopolized the market for many years. Nowadays, and with nanotechnology development, a new type of
composite membrane called the thin film nanocomposite membrane (TFN) has been consolidated 24, Normally, there are
two techniques that can be used to synthesize TFN membranes. The first technique, also the most popular, is based on
the interfacial polymerization (IP) technique in which nanofillers are embedded within the polyamide (PA) layer during the
IP process. The second technique is based on the coating or deposition of the surface in which nanofillers are introduced
on the existing PA layer. Lately, a combination of these two techniques has been used for the manufacture of nanofillers of
TFN membranes 23,

The obtained water quality by RO is relatively lower (400 TDS) compared to thermal technologies (25 TDS) B!, however, it
is considered acceptable for most agricultural, industrial, and human consumption applications. RO can remove all
colloidal material and dissolved solids with a size greater than 1.0 nm from a liquid solution. The process normally
consists of three stages: pretreatment, RO operation, and post-treatment 28!,

The specific energy consumption is also associated with the temperature and water source quality, operating conditions,
process scale and energy source, varying between 1.5 kWh/m3 to 15 kWh/m?3, while the cost of fresh water can vary
between 0.26 US $/m3 up to 1.72 US $/m® B2 According to thermodynamic theory, the minimum consumption for
desalination of seawater with 33,500 mg/L of salt and 25 °C (Pacific Ocean conditions), and assuming 50% recoveries, is
1.1 kWh/m3. The company Affordable Desalination Collaboration (ADC) achieved consumption of 1.58 kWh/m?3, with
recoveries of 42% and flows of 10.2 L/m2h 19 However, when pre-treatment, distribution, and post-treatment

consumptions are included, the consumptions of large-scale plants can increase to values between 3.5 and 4.5 kWh
/m3 37,

Voutchkov and his team 9 estimated the costs of water production and energy consumption of 20 SWRO plants built in
the United States. Table 3 shows results for medium and large-scale plants, (a medium plant is considered to have a
capacity of 40,000 m3/day of fresh water production). Energy consumption contributes between 25 to 40% of the fresh
water cost. The RO system consumes 71% of the energy of the entire plant, so these values must be included in the pre-
treatment energy consumption (10.8% of consumption), feedwater pumping (5.3%), fresh water distribution (5%), and the
consumption of other storage facilities, maintenance, and disposal of brine (7.6%).

Table 1. Typical costs and energy use of desalination systems. Taken from 19,

Classification Cost of Water (US $/m?) Energy Use (kWh/m?3)
Low-end bracket 0.5-0.8 2.5-2.8
Medium range 0.9-1.5 2.9-3.2
High-end bracket 1.6-3.0 3.3-4.0
Average 11 3.1

The SWRO specific energy consumption was reduced from 20 kWh/m3 in the 1970s to 2.5 kWh/m3 by 2010 [77], all
thanks to improvements in the efficiency of the high-pressure pumps, inclusion and advance in energy recovery of
devices, continuous improvement of high-performance membranes, and in the design of the membrane module to reduce



the pressure drop through it. However, there is still room for maneuvering to implement improvements [78], hybridization
with other desalination technologies, multipurpose plants, and coupling with renewable energy are fields of growing
interest that can take this technology along increasing paths of sustainability and resilience.

Seawater desalination costs in the large capacity plants currently installed in the world vary between 0.35 and 1.87
US $/m3, and in the case of brackish water it is between 0.35 and 1.53 US $/m3 241 |n an average SWRO plant, 44% of
the costs are associated with energy use [, Efficiency of the older plants can only be 10% while the more modern ones
reach values of 50%. Motors, pumps and separation systems are the units that contribute the most to system inefficiency
(28] Fyrthermore, RO membranes have made important advances in the last two decades, achieving water production
from seawater and other water at reasonable costs 2. Since the operating pressures for SWRO are between 49.34 and
67.11 atm 1“9 the high-pressure pump is responsible for up to 68% of the desalination energy consumption by RO £,
Advanced exergy analyzes performed on a BWRO desalination plant in the Canary Islands, Spain, found exergy
destructions (usable energy), 92.94% in the feed pump, 70.61% in the high-pressure pump, and 7.83% in the RO system.
About 198.78 kW of exergy is inevitably lost 2],

Use of Energy Recovery Devices (ERD) has allowed a significant reduction in energy consumption of the RO thanks to
the transfer of hydraulic energy from the brine to the feed, reducing consumption of high-pressure pumps. Francis
turbines were the first to be used followed by Pelton turbines. Efficiency of these devices is reduced by the conversion of
hydraulic energy from the brine to mechanical energy in the device and the new conversion to hydraulic energy in the
water B4, In the 1980s, the development of positive displacement devices, known as isobaric chambers, achieved a
considerable increase in the energy transfer efficiency. The DWEER TM from Calder, SalTec DT from KSB company,
OSMOREC, and RO-KINETIC are some examples of ERDs based on positive displacement, while the Pressure
Exchanger (PX) from Energy Recovery Inc., and the iSave ERD from Danfoss are examples of commercial isobaric
chambers based on rotary displacement technologies used in large-scale plants 43, PX devices have been reported to
have energy efficiencies greater than 95% 4. There is little research on the development of ERD devices for small-scale
plants (production less than 50 m3/day). A study carried out with a new HPP-ERD device showed that with an additional
investment of 6.3% in this type of device, it is possible to reduce the fresh water cost produced between 17.8 and 21.9%,
as well as reduce the capital recovery period by 12.3%, using ERD devices designed for these low fresh water
productions 441,
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