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Chapter 1
Reverse oSmosis

1.1 INTRODUCTION

Fresh water is essential for human life [1, 2]. Securing fresh water is one of
the most important issues for humankind. However, human population has
increased steadily, and millions of people are concentrated in metropolitan
cities [3, 4]. The amount of natural freshwater is insufficient to meet the
demands of the population [5]. Thus, fresh water must be produced from saline
water resources to extend the capacity of the water supply. Desalination is
defined as a methodology that removes/separates minerals and ions from saline
water to obtain fresh water [6]. Therefore, the type and amount of dissolved
minerals and ions in the feed water are very important for determining the
appropriate desalination methodology. For example, seawater contains many
minerals and ions that are very minute in size. Therefore, it is not sufficient to
separate seawater to produce freshwater by using a simple filtration step such
as microfiltration (MF) or ultrafiltration (UF). Thus, the characteristics of each
desalination methodology should be considered to determine the appropriate
method for each feed water type.

Desalination is usually conducted using two methodologies for separation:
thermal-based desalination and membrane-based desalination. Before
advances in membrane desalination technology, thermal-based desalination
was widely utilized because it has many advantages, such as easy adaptability
and producibility of high-quality freshwater. Humans have been supplying
freshwater from saline water using thermal-based desalination for thousands
of years. To satisfy the production capacity with increasing human population,
this traditional method has been developed for advanced thermal desalination
technologies such as multistage flash (MSF) and multi-effect distillation

© 2023 The Authors. This is an Open Access book chapter distributed under a Creative Commons
Attribution Non Commercial 4.0 International License (CC BY-NC 4.0), (https://creativecommons.org/
licenses/by-nc/4.0/). The chapter is from the book Seawater Reverse Osmosis (SWRO) Desalination:
Energy consumption in plants, advanced low-energy technologies, and future developments for
improving energy efficiency, Seungkwan Hong, Kiho Park, Jungbin Kim, Abayomi Babatunde Alayande
and Youngjin Kim (Authors).
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(MED) [7]. Over the past several decades, with the development of membrane
technology [8], membrane-based desalination has attracted the attention of
many researchers due to its many advantages, such as easy scale-up and low
energy consumption [9]. Many membrane-based desalination technologies,
such as forward osmosis (FO), reverse osmosis (RO), capacitive deionization
(CDI), and electrodialysis (ED), have been developed [10]. Among these
membrane-based desalination technologies, RO has been regarded as one of
the most widely utilized desalination technologies for freshwater production
[11-14]. The increased preference for RO is obvious for seawater desalination. It
can be clearly identified that the capacities of installed RO plants for seawater
desalination were much higher than 65% of the overall installed capacities for
seawater desalination in 2013 [15]. The overall price of desalination systems
has been reduced. Therefore, it is expected that desalination capacity will
continuously increase [9]. Under these circumstances, RO systems are a major
technology for the utilization of seawater desalination.

Low energy consumption is the most attractive advantage of RO systems
for seawater desalination [16, 17]. The main reason RO systems consume
lower energy than thermal-based desalination is that phase transition is not
required for the separation from feed water to permeate water (freshwater)
and concentrated brine. Meanwhile, the energy consumption and the required
operating pressure in the RO system are directly correlated with the feed
water concentration [11, 12]. Therefore, it is important to consider the feed
concentration for RO system design.

The water resources on Earth are classified according to the feed
concentration. Brackish water, which is defined based on its range of salinity
between seawater and freshwater, includes river water, groundwater, and
surface water [18]. The concentration of brackish water was the lowest among
the other water resources. Thus, the energy consumption required for the
separation of brackish water was the lowest. The low energy consumption
makes brackish water desalination technologies attractive because freshwater
can be supplied at an affordable price [11, 12, 19, 20]. However, brackish water
resources are insufficient to supply all human populations [9, 21]. Thus, it is
inevitable to find more abundant water resources for a sustainable supply to
human society.

Hypersaline water is defined as saline water containing higher
concentrations than seawater, so it has a very high osmotic pressure because of
its high concentration. The high osmotic pressure becomes a technical barrier
for treating hypersaline water by RO because a very high operating pressure
should be applied to the feed solution. This pressure required for hypersaline
water treatment often exceeds the pressure limitation of commercial SWRO
membranes of less than 81 bar [22, 23]. In addition, the high energy consumption
for the treatment of hypersaline makes the hypersaline water desalination
infeasible technology because it is not economically favorable compared to
other water resources such as brackish water and seawater [24-26]. However,
many SWRO plants discharge large amounts of highly concentrated brine,
causing significant environmental problems [27]. Therefore, the requirement
of brine treatment systems for zero liquid discharge (ZLD) has increased, and



Reverse osmosis 3

hypersaline water treatment by RO has been investigated by many researchers
[22, 25, 28]. In addition, since shale gas produced water [29, 30], landfill leachate
[31], and flue gas desulfurization wastewater [32] contain very high salinity,
effective technologies for the treatment of these types of high-salinity water
should be developed. Recently, many new RO processes, such as draw solution
assisted RO [33], osmotic-enhanced dewatering [29, 34|, and osmotically assisted
RO [35] have been developed. These processes can change from a single-stage
RO system applying high pressure to a two-stage RO system with low pressure.
Therefore, these processes can be effectively used to treat hypersaline water.
Nevertheless, the high energy consumption and high cost are major barriers
that prevent hypersaline water desalination from being widely utilized as a
main water resource for water supply.

Seawater accounts for more than 97% of all water resources on Earth.
In water-scarce regions such as the Middle East and North Africa (MENA),
seawater desalination is regarded as a permanent solution for water scarcity
problems [36, 37]. In these regions, the need for desalination is tremendously
increasing [38], and desalinated water is not only used for drinking but also
for irrigation and industries [39]. It has been reported that recently installed
large-scale SWRO plants can produce freshwater at prices lower than $0.5/m3
[40], which is significantly lower than the price of thermal-based desalination
and much lower than the price of SWRO plants 30 years ago (higher than $2/
m?3) [9]. This has led many policymakers and stakeholders to invest in SWRO
technology for desalination systems [9, 36, 37]. However, although the energy
efficiency of SWRO is the highest among other desalination technologies
with high technological maturity [41], it is still necessary to reduce the energy
consumption further because the overall desalination capacity installed
worldwide is more than 90 million m3/day [36], and it is expected that the
overall energy consumption in all desalination plants will continue to increase
consistently. The specific energy consumption (SEC) of the SWRO process
has been decreased from 20 kWh/m3 (in 1970) [42] to only 2.5 kWh/m?3 (in
2010) [21, 43] by developing high-efficiency energy recovery devices (ERDs) [11,
44-46|, energy-efficient high-pressure pumps [47-50], and high-performance
RO membranes [51-54]. However, the energy consumption of the SWRO
process might be reduced further given that the theoretical minimum energy
for separation of seawater with a salinity of 35 000 mg/L is approximately
1.07 kWh/m? at 50% recovery [21, 45]. In addition, the SWRO process uses a
very energy-intensive system [36]. Therefore, it is crucial to minimize the energy
consumption of the SWRO system to reduce energy loading in the energy
supply system. Recently, global energy crisis has emerged as a major issue, and
under these circumstances, low energy consumption in seawater desalination
has become very important, and many researchers and engineers have been
working to develop innovative ways to minimize the energy consumption of the
seawater reverse osmosis (SWRO) process. In addition, the electrical energy
required to operate most SWRO plants is supplied by fossil fuels [37]. As power
generation by fossil fuels is correlated with greenhouse gas emissions [55, 56|,
the energy efficiency of SWRO plants needs to be improved for sustainable
water supply by desalination systems.
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In summary, RO systems for seawater desalination are the most viable
technologies for sustainably securing freshwater resources; however, the most
recent significantissue in RO systems is energy minimization. RO was developed
as an advanced technology for desalination, and research and development to
improve the RO system will continue in the future. Recent developments in RO
systems have focused on improving energy efficiency for desalination in various
feed solutions. In this book, we comprehensively cover the energy consumption
issues in the SWRO system from a fundamental understanding to the analysis
of the improvement strategy for energy minimization in the future. In Chapter
1, the definitions of osmotic pressure and RO are included to explain the
SWRO system. Chapter 2 presents a detailed configuration of existing SWRO
plants and the characteristics of each unit process. From the intake to the
discharge, all the system units for the SWRO plants are covered in this chapter.
In Chapter 3, the methodology for calculating the energy consumption in the
SWRO process in a large-scale system is explained. Current energy trends in
the SWRO plants, and the manner in which the energy consumption in the
SWRO has been reduced are described in Chapter 4. In Chapter 5, the main
factors affecting energy consumption are identified from the actual SEC data
from the installed SWRO plants, and future strategies for further improvement
of energy efficiency are introduced. The actual applicability and future potential
of each strategy are discussed in Chapter 6. State-of-the-art technologies for
each improvement strategy are also introduced.

1.2 DEFINITION AND OSMOTIC PRESSURE

A semi-permeable membrane allows solvent molecules to freely permeate the
membrane, whereas solute molecules do not. When two solutions containing
different solute concentrations are separated by a semi-permeable membrane,
the net water flux across the semi-permeable membrane is in the direction
from the highly concentrated solution to the low-concentration solution by
osmosis [57]—the net water flux decreases as the level difference between
the two solutions increases. Eventually, there is no net water flux across the
membrane at equilibrium, as shown in Figure 1.1. In this situation, the osmotic
pressure difference can be measured by the pressure difference arising from
the level difference between the two solutions. The osmotic pressure difference
becomes larger if the concentration difference between the two solutions is
larger. To produce water permeate flux from the highly concentrated solution
to the low-concentration solution, a pressure higher than the osmotic pressure
difference should be supplied to the solution containing a high concentration.
In other words, the osmotic pressure is a hurdle (for water molecules in the
highly concentrated solution) to permeate in getting into the low-concentration
solution. In an RO system, the osmotic pressure of saline water is very significant
because it can be used as a barometer to theoretically estimate the energy
required for the separation of water molecules from saline water. Therefore,
the osmotic pressure of any saline water should be determined to estimate the
theoretical minimum energy required for the separation of freshwater from
saline water.
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Figure 1.1 Schematic diagram of osmotic pressure and RO.

1.3 PRINCIPLE OF RO

The spontaneous water flux direction in the membrane system is from a
highly concentrated solution to a low-concentration solution without any
pressure applied to these solutions. As mentioned above, to reverse the
spontaneous water flux direction, a hydraulic pressure higher than the osmotic
pressure difference between the highly concentrated solution and the low-
concentration solution should be supplied to the highly concentrated solution.
This principle can be utilized to produce freshwater from saline water with a
high-performance semi-permeable membrane, as shown in Figure 1.2, and this
is usually called RO.

REVERSE OSMOSIS

Fresh water

J
=
= Membrane
J
J
J
- J
o S
S J
-
J J

Salt molécule Water molecule

Figure 1.2 Freshwater permeation across the semi-permeable membrane in RO.
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Many key terms utilized in RO are summarized in this chapter; it is
recommended that readers familiarize themselves with these terms as they
relate to current RO systems.

Recovery: Recovery is the ratio of the amount of water permeated through
the RO to the amount of total water fed into the RO system. A high recovery
indicates that the RO system can produce a larger amount of fresh water from
the same amount of feed water. Because the feed water should be pre-treated
to supply the RO system, a high-recovery RO system may be more economical.
In addition, the capacity of the water produced from an RO system can be
enhanced if the RO system is operated for higher recovery.

Permeate: The permeate denotes the water transferred through the RO
membrane. The permeate is usually fresh water in an RO desalination system.

Rejection: Rejection is the ratio of the solution concentration of the
permeate stream to the concentration of the feed stream. This is one of the
main performance indicators of RO membranes. If the rejection is very high,
the RO system can produce a very high-quality permeate with a very low salt
concentration.

Retentate (concentrate): The retentate is water rejected from the RO
membrane. The retentate consisted of salt and water retained in the RO system.
Because the permeability of the semi-permeable membrane is much lower than
that of water, the retentate has a higher concentration than the feed solution.
The concentration and amount of the retentate stream are determined by the
rejection of the RO membrane and the recovery of the RO system.
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Chapter 2
SWRO desalination plants

2.1 OVERALL PROCESS

Recent seawater reverse osmosis (SWRO) desalination plants are standardized
high-efficiency plants. Typical processes of an SWRO desalination plant are
illustrated in Figure 2.1. However, specific designs can vary depending on the
feed quality, required product quality, and recovery. An SWRO desalination
plant is composed of three parts: pre-treatment, RO process, and post-treatment.

Pre-treatment units were employed to remove large particles and solids before
the SWRO process. In seawater, various ions/particles/solids/organic matter
are dissolved or suspended. Undissolved solids frequently cause fouling (except
scaling) on the surface of RO membranes or damage RO membranes. Thus, it is
crucial to remove the foulants before the RO process to maintain and secure the
RO performance. The pre-treatment process removes undissolved solids in the
feed and supplies foulant-free feed to the RO system. The process is composed of
intake, dissolved air flotation (DAF) (optional), dual-media filtration (DMF) or
MF/UF (microfiltration/ultrafiltration), and cartridge filter (CF).

The RO system can remove dissolved ions from the pre-treated feed and
produce freshwater. Chemical species and ions are dissolved in seawater (i.e.,
total dissolved solids (TDS)), and the concentration of TDS generally ranges
between 30 000 and 40 000 mg/L [58]. However, the TDS range can be 45 000
to 48000 mg/L in the Arabian Gulf. TDS should be rejected through the
membrane to obtain fresh water from seawater, and this can be achieved using
semi-permeable RO membranes. However, the feed has an osmotic pressure of
20-30 bar due to high TDS, and the osmotic pressure should be overcome to
separate water and salts across the SWRO membranes. Thus, the pre-treated
feed is pressurized by a high-pressure pump (HPP) and fed to the SWRO
membranes.

© 2023 The Authors. This is an Open Access book chapter distributed under a Creative Commons
Attribution Non Commercial 4.0 International License (CC BY-NC 4.0), (https://creativecommons.org/
licenses/by-nc/4.0/). The chapter is from the book Seawater Reverse Osmosis (SWRO) Desalination:
Energy consumption in plants, advanced low-energy technologies, and future developments for
improving energy efficiency, Seungkwan Hong, Kiho Park, Jungbin Kim, Abayomi Babatunde Alayande
and Youngjin Kim (Authors).
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Pre-treatment RO system Post-treatment

SWRO HPP BWRO Permeate tank Pump
| -l

HPP
%»BP Remineralization Product
e ‘ & disinfection
l—.

SWRO system BWRO system

Figure 2.1 Scheme of SWRO desalination process. A feed is pre-treated by several
processes, including DAF (optional), DMF/UF, and CF. The pre-treated feed is sent to an
RO system composed of an SWRO system and a BWRO system (optional). The permeate is
processed by remineralization and disinfection, and the product is distributed.

When the hydraulic pressure of the feed is higher than the osmotic pressure,
water is produced on the permeate side, and the rejected feed is sent to the
outlet. Multiple SWRO membrane modules (e.g., six-eight modules) are
installed in a pressure vessel (PV) and recover 40-50% of feed as permeate. The
rejected feed is called concentrate/brine, and an energy recovery device (ERD)
recovers hydraulic energy and delivers it to the part of the feed associated with
a booster pump (BP). The SWRO permeate can be used directly, but further
desalination can also be performed using brackish water reverse osmosis
(BWRO) membranes.

Post-treatment is necessary to stabilize and disinfect water. As divalent ions
(e.g., Ca?and Mg?*) are highly rejected through SWRO membranes, desalinated
water has low hardness. In addition, both the pH and alkalinity are low. Thus,
desalinated water is remineralized with useful minerals to secure the water
distribution system from corrosion and maintain water quality. Furthermore,
disinfection using chlorine of ultraviolet (UV) irradiation is required to prevent
biological activity and contamination.

Because each compartment is associated with one another, the application
of new desalination technologies to the current system would be a challenge.
In addition, engineers in the industry prefer to use conventional technologies
rather than unproven technologies. However, the design of SWRO desalination
plants has advanced further with decades of experience.

2.2 SWRO INTAKE

The intake system of the SWRO plant is a critical and significant aspect of the
process. The intake unit may occupy more than 20% of the capital cost while
still occupying a significant portion of the operating expenses [59]. A good
intake system would not only meet the water quality required for the SWRO
plant but would have less impact on the ecosystem. The types of SWRO intake
include open water intake and subsurface intake. The selection of intake
type is based on a thorough assessment of sea conditions and environmental
concerns.
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2.2.1 Open water intakes
Open water intake is the most widely used intake type because of its high
intake volumes, suitable for large SWRO plants, providing an opportunity
for co-location with power plants. They can be easily installed at any location
without serious consideration. Open intake is classified as surface open intake
or submerged open intake.

Surface open intake incorporates active screen systems to eliminate debris,
aquatic life, and trash from reaching the SWRO line. Traveling water screens
are furnished with both revolving and wire mesh panels, with panel mesh
sizes varying from 9.5 to 13 mm. The spinning of wire mesh panels allows
high-pressure water to remove accumulated debris from the screens. Smaller
mesh sizes can be used seasonally or regionally to remove eggs and larvae,
but this could cause operational difficulties as debris and marine life increase
significantly.

The feed is collected by a submerged open intake 2-6 m above the seabed.
Passive displays are mounted in the submerged open intake (fine: 0.5-10 mm,
coarse: 50-300 mm). There is no movement or velocity limit, which is a
behavioral barrier that keeps aquatic life and sediment out of intake pipes.
The intake head can be fitted with a coarse velocity cap. The carriage pipe
is then used to store water offshore. Open intake can easily be scaled up or
down to meet capacity requirements. However, impingement/entrainment
and heavy organic load make it vulnerable. Because the RO membrane is
sensitive to various types of foulants, SWRO plants with open water intake
systems normally have more complex pretreatment processes. As a result,
pretreatment units that can manage any water quality must be built to remove
silts, organics, and microbes that cause clogging and fouling of plant equipment
and membranes. Pretreatment failure may affect the quality of the permeate.

2.2.2 Subsurface intakes
Subsurface intake collects seawater through sea wells (e.g., vertical, horizontal,
slant, or radial), infiltration galleries, or other locations below the seabed.
Subsurface intake is more suitable when geological conditions are below the
seabed owing to their natural filtration ability. Natural filtration in subsurface
intake is similar to sand filtration during physical and biological removal.
Subsurface intake can remove microorganisms such as bacteria, algae, and
biopolymers (proteins and polysaccharides) from the intake water. Thus, the
intake system can reduce clogging and fouling of SWRO pretreatment units/
membranes. The feed isrelatively clean and thusrequiresless chemical treatment,
such as antiscalants and coagulants. Furthermore, subsurface intakes pose less
risk to environmental and marine life because the productivity of the ocean
is believed to decrease with increasing depth [60]. Therefore, environmental
problems such as impingement and entrainment encountered in open water
intakes are mitigated by subsurface intakes.

However, subsurface intakes are not without challenges. For example,
subsurface intakes require extremely favorable hydrogeological conditions,
which are usually challenging to find in the vicinity of SWRO plants. It
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is commonly used for small SWRO plants. Debris is retained on the ocean
floor in the well area, and beach erosion could hinder the performance of the
subsurface pretreatment due to the corrosion of the filtration layer over time.
Subsurface waters are lower in dissolved oxygen (DO) (between 0 and 1.5 mg/L)
and high in hydrogen sulfide, which are not rejected by the RO membrane [61,
62]; hence, additional cost would be required to reaerate produced water. The
release of low DO brine would cause oxygen depletion, causing harm to marine
life around the brine discharged area, and significant maintenance efforts are
required for periodic dredging or replacement of the upper portion of the intake
filtration media.

2.3 PRE-TREATMENT

2.3.1 Dissolved air flotation
In the SWRO process, dissolved air flotation (DAF) is used as a clarification
technique to remove solid particles before passing the effluent to either DMF
or UF units. The principle of DAF involves the attachment of air bubbles to
particles or flocs and then moves them to the surface of the water. The DAF
system is usually divided into two compartments, the contact and separation
compartments (Figure 2.2). It is paramount to allow collision of solid particles
and bubbles in the contact compartment. The attachment of air bubbles to solid
particles is called floc-bubble aggregation. Floc-bubble aggregates, and the
remaining free bubbles are transferred to the separating compartment where
free bubbles and floc-bubble aggregates float to the surface of the water. As the
concentration of floc-bubble aggregates increases on the surface of the water,
sludge is formed, collected, and removed. Clarified water at the bottom of the
DAF unit (sometimes called a subnatant) was collected and transferred to DMF
or UF for further pretreatment.

Bubbles (10-100 pm) are generated by saturating pressurized recycle flow
with air. The rapid release of pressure via nozzles or special valves at the
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Figure 2.2 Dissolved air flotation unit.
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bottom of the influent entrance spontaneously produces bubble nuclei due
to the difference in pressure between the nozzles/valves and supersaturated
water. The steady-state size of a bubble depends on the saturator pressure
or air injection flow rate. High injection pressure results in small bubbles;
however, a pressure point is reached where the increase in injection pressure
does not correspond to a reduction in bubble size [63]. Bubbles are formed in
the DAF unit via nucleation (homogeneous and heterogeneous) and growth.
Homogeneous nucleation is a process of bubble formation within water when
the difference between the surrounding pressure and dissolved air pressure
is more than 100 bar [64]. The critical bubble diameter (d.) in homogeneous
nucleation is projected using Equation (2.1):

4o

dea = AD (2.1
where o represents the surface tension of water and AP represents the pressure
difference across the nozzle orinjection valve. However, homogeneous nucleation
is not expected in a DAF unit. On the contrary, heterogeneous nucleation is the
process of bubble formation within pre-formed air gas pockets in the vicinity of
surface cracks and imperfect solid particles. Heterogeneous nucleation occurs
during the supersaturation of water [65]. Consequently, the bubbles grow by (1)
uptake of air from water, (2) hydrostatic pressure decrease due to the upward
movement of bubbles, and (3) merging or coalescence of bubbles.

Floc-bubble aggregates are formed by the entrapment of bubbles in a large
floc, the growth of bubble nuclei on or with the floc, and collision and merging
with the floc. The electrical charge interactions and attractions with van der
Waals forces must be reduced for particles to attach to bubbles effectively.
This is because most of the suspended particles are negatively charged, and
bubbles are also thought to be negatively charged because of the ability of
anions in water to attach more easily to the air bubble. For the particles to
float, the charge of the particles must be neutralized, and the hydrophobicity
must be increased [66]. Prior physical/chemical pretreatment of DAF influent
by the addition of cationic surfactants or polyelectrolytes enhances floc-bubble
aggregation [67-69].

The fundamental mechanism of solid particle removal in DAF is flotation.
Unlike the sedimentation tank, DAF is more effective at removing low-density
particles that cannot be removed from the sedimentation tank. Thus, DAF
is more appropriate as a pretreatment for the SWRO process for algal-laden
seawater rich in organic matter. Moreover, DAF does not necessarily require
the formation of large flocs to achieve optimal performance. Therefore, a lower
coagulation dose and shorter flocculation time compared to the sedimentation
process are required. Nevertheless, coagulation is an important pretreatment
step in DAF. Coagulation helps to transform the negative charge of particles
to enable bubble attachment. Examples of seawater coagulants used for
pretreatment are ferric chloride, aluminum sulfate, and polyaluminum chloride.
Similarly, design parameters such as the hydraulic loading rate, solids loading
rate, and air-to-solids ratio are essential for the optimum performance of the
DAF system. This predicts the quantity of water and air that should be supplied
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to the DAF system simultaneously for efficient treatment and operation. The
hydraulic loading rate is expressed in terms of the relationship between the
DAF surface area and the total flow rate (influent and recycling). On the
contrary, the solid loading rate is expressed with respect to the relationship
between the DAF effective surface area and the total amount of solids entering
the DAF unit. DAF can be operated efficiently at higher surface loading rates
(SLRs). As in the sedimentation overflow rate, hydraulic loadings were used
to represent the rate and size of the DAF unit. A conventional DAF unit is
designed with hydraulic loading between 5 and 25 m/h, while newly designed
units have hydraulic loadings between 15 and 30 m/h or more.

Owing to the flotation mechanism in DAF, it is very effective for removing
low-density solid particles. In the SWRO process, DAF is applied because of its
suitability for removal in algae-laden water [70, 71]. The occurrence of harmful
algal blooms (HABs) in the Gulf of Oman and the Arabian Gulf in 2008-2009
resulted in the closure of numerous SWRO plants. This intensified the necessity
for DAF as a pretreatment unit in the SWRO process for the removal of algae
and algal-related organic matter. The use of DAF technology has increased
dramatically since 2009, with almost all newly installed plants equipped with
DAF units. In a report by Veolia, the use of DAF in the Fujairah II SWRO
plant enabled the successful operation of the plant, even under severe HAB
occurrences [72]. Gallou et al. reported 99% removal of algae by coagulation-
AquaDAF™ followed by DMF in Al-Dur, Bahrain [73].

Appropriate pretreatments prior to DAF treatment would increase its
effectiveness in handling algae, turbidity, organic matter, and color. The optimal
coagulation dose and pH adjustment can affect the particle charge, and thus, the
bubble can quickly attach to them. It is important that the coagulants used for
pretreatment do not increase the hydrophilicity of the particles. Flocculation in
DAF s quite different from flocculation during sedimentation. In sedimentation
pretreatment in the SWRO process, the goal is to have a large floc that can
easily settle to the bottom of the sedimentation tank. On the contrary, the floc
in DAF is expected to be smaller for quick flotation. The preferable floc sizes
were within 25-50 pm. Overall, DAF had superior solid particles and turbidity
removal over sedimentation.

The DAF requires high energy and maintenance costs. Saturated pressurized
recycle flow and aeration significantly contribute to the power cost of the
unit. The average energy consumption was reported to be 0.05-0.075 kWh/
m?3 of water treated [74]. Another recent work presented estimated SEC under
varying recycling rate and aeration saturation pressure conditions, with a value
ranging from 0.01 to 0.06 kWh/m3 [75]. Although certain levels of algal cell
concentration and turbidity are present in seawater year-round, occurrences
that can be classified as HABs are seasonal events during the spring and fall
seasons. Extreme cases such as those of the Gulf of Oman and the Arabian
Gulf in 2008-2009 are infrequent. This affects the overall efficiency of DAF as
higher efficiency is obtained in heavy-laden algae water compared to low-algae-
level waters. Hence, research attention is needed to increase the efficiency of
DAF regardless of algae concentration and to reduce the energy required for
bubble formation.
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2.3.2 Dual media filtration

A wide area of the filtration bed is used in the depth filtration process. The
efficiency of the depth filtration is determined by the size and density of the
medium. Backwashing is an efficient way to improve the performance of depth
filtration owing to the density of the medium. Therefore, depth filtration is a
better option for seawater desalination than surface filtration pretreatment. The
principle is to implement DMF with different densities to boost the efficiency of
depth filtration (e.g., filtration speeds, operational runs, and minimal backwash
water usage). This concept is called DMF (Figure 2.3).

For high suspended solids and turbidity reduction, various SWRO plants
use DMF as a primary pretreatment for seawater/brackish water feed. DMF is
a mechanical process that removes turbidity, organic matter, color, and odor
by straining, sedimentation, impaction, interception, adhesion, adsorption,
flocculation, and sometimes biological growth. Sand, calcites, anthracite, and
activated carbon are some of the media used in DMF units. Calcite medium is
widely used because it is abundant in nature, inexpensive, and helps to improve
pH levels by neutralizing water. Because it is lighter than sand and has a high
carbon content, anthracite is commonly used in DMF systems to remove
suspended solids and turbidity while resisting chemical attack. Activated
carbon media can eliminate large amounts of organic matter, ammonia, and
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Figure 2.3 Layout of DMF.
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disinfectants. Because of the high cost of anthracite, it is usually mixed with a
sand bed. Anthracite ranging in size from 1.5 to 2 mm, with an average size of
0.5 A mm, is placed on top of the sand bed.

DMF incorporates both depth and surface filtration techniques. DMF is
more efficient than surface filtration alone. This is because the entire depth
is used, provides better quality performance, and has a high flow rate. DMF is
more cost-effective because it can be used with chemical coagulation, lowering
the overall process cost of the system. Additionally, in the presence of high
organic matter concentrations or turbidity spikes, coagulants are needed to
reduce the footprint and ensure adequate permeate consistency (SDI 5). In the
DMEF unit, either inline or full-scale coagulation was carried out. Coagulants,
such as ferric chloride, are widely used in SWRO plants.

Media properties, such as size distribution, shape, density, and porosity, are
crucial in determining the filtration performance of DMF. The amount of head
loss that accumulates during a filtration run is affected by the size of the media.
The smaller the media, the smaller the pore opening, allowing water to permeate
and aids foulant removal. The efficiency of the DMF unit improves if the pore
opening is minimal. Small pore openings increase head loss through the media.
The size of the medium was specified as the effective size. The effective size is
defined as the size of the openings that allow 10% of the medium by weight to
pass. The uniformity of the media is represented by the uniformity coefficient.
The uniformity coefficient is measured as the size opening that allows 60% of
the medium to pass through, divided by the size opening that allows 10% of
the medium to pass through. The uniformity coefficient describes the spectrum
of media sizes, whereas the effective size describes the average media size.
The ideal uniformity coefficient of DMF is less than 1.7. Media shape is also
important because it affects the fixed-bed porosity, filtrate head loss, filtration
efficiency, and ease of filtration. The DMF backwash efficiency is dependent on
the shape, density, and porosity of the media.

Backwashing of DMF removes the suspended materials that accumulate on
the filter media during filtration. The ease with which DMF can be washed
by backwashing contributes to the cost-effectiveness of the process. However,
unlike the single filtration method, which is cleaned easily by backwashing,
cleaning the DMF by backwashing can be more difficult at times. This is
because the top layer of DMF is normally fine and can be identical in size to the
attached materials. The fine topmost layers could be washed with suspended
materials without caution. Increased head loss through the media up to the
available lower-level limit, degradation of filtered water quality, and exceeding
the maximum time limit are all indicators of backwashing in DMF. DMF is
usually backwashed with water or water aided by air scouring after 24-36 h
in SWRO pretreatment measures. Supplied air may be applied before water
backwashing, or both air and water may be applied concurrently in air-scouring
supported backwashing.

Although the DMF method uses fewer resources, it has a low level of organic
and biofouling mitigation. If the organic load and turbidity of the SWRO intake
water are high and not removed prior to the DMF unit, the DMF unit will
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become clogged, resulting in short filter runs and a filtrate with a high risk of
fouling the SWRO membrane. Unfortunately, in an environment with a high
organic and microbial load, DMF pretreatment is insufficient to produce water
of adequate quality to minimize fouling on SWRO membranes [76]. The filtration
rates should be shortened to ensure the adequate use of DMF with high organic
and microbial loads. A shorter rate would result in less clogging of the media
(this is still subject to the physical properties of feedwater) [77]. Nevertheless,
the shortening of the filtration rate requires a corresponding increase in the
active surface area of the media. This could lead to an increase in the footprint
and construction costs of the SWRO pretreatment system. Plant operators have
attempted to improve the performance of DMF by improving the coagulation
strategies.

Several studies have examined the efficiency of DMF under various
conditions in the literature [78-82]. Overall, the use of coagulation prior to
DMF showed improved performance in terms of turbidity and organic removal
compared to DMF alone, validating the need for some pretreatment steps for
DMEF unit stability.

2.3.3 Membrane-based pretreatment

The SWRO process has seen improvements in all aspects of the process,
including the RO membrane, module design, process optimization, and
pretreatment. Pretreatment is an essential component of the SWRO process.
This is because, regardless of how far other areas of the SWRO process have
progressed, their performance is still heavily reliant on feed quality due to
potential issues, including membrane fouling caused by poor feed quality.
Fouling in the SWRO process can be avoided by using an effective pretreatment
process. Furthermore, with a given hydraulic pressure, a high-quality feed will
sustain the permeate flux. Therefore, the need for implementing appropriate
pretreatment processes is a viable way to increase the energy efficiency of SWRO
desalination. Traditional pretreatment technologies, such as coagulation/
flocculation, disinfection, DAF, and DMF, have been previously used in SWRO
plants to pretreat seawater feed. However, these methods have not been able
to overcome the difficulties of membrane fouling. This has led to the recent
implementation of advanced pretreatment technologies, such as MF, UF, and
nanofiltration (NF).

2.3.3.1 Microfiltration

MF pretreatment using membranes with pore sizes in the range 0.1-0.35 um [83]
was introduced as a pretreatment unit in the SWRO process as a submerged MF
process usually installed in the SWRO process owing to its fouling resistance
and ability to withstand different seawater feed conditions. The MF process
can effectively remove particulate matter and microbes from the feedwater,
thus preventing fouling on the RO membrane. Unfortunately, during MF
pretreatment, a large amount of foam is formed because of the protein content
of marine microbes [84] and the MF membrane is easily fouled. Therefore, for
the efficient and effective operation of the MF system, an adequate pretreatment
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step such as coagulation/chlorination is necessary for better removal of organic
and inorganic materials to mitigate fouling on the MF membrane [85, 86].
Significant efforts have been made to improve MF membranes to enhance flux,
rejection, and reduce fouling and cost. These efforts are centered on improving
MF membrane hydrophilicity, incorporating into the membrane matrix, or
using inorganic materials [87].

2.3.3.2 Ultrafiltration

The UF process has gained more applicability in the SWRO process than the MF
process. This is due to its higher operational flexibility and considerable balance
between water transport and foulant rejection in difficult water conditions.
The UF membrane pore size is smaller than that of the MF membrane, with
pore sizes ranging from 0.01 to 0.05 um [83]. UF can eliminate a wide range
of pollutants present in seawater feed, such as algae, bacteria, fungi, silt, and
some organic matter. The fouling potential of the RO membrane by permeate
from the UF system is lower than that of the MF system. However, as in the
MF system, the efficiency of the UF system is improved by coupling the UF
system with conventional pretreatments such as coagulation, DMF, or DAF.
A consistent UF permeate of <3 SDI can be achieved by coupling UF with the
appropriate coagulant during HAB [88]. A lower SDI of 0.5 was reported when
the UF system was coupled with coagulation [89]. Inappropriate pretreatment
is detrimental to the UF membrane because foulants can accumulate on the
membrane surface and within its pores. The impact of foulants on the UF
membrane can be minimized by developing new UF membrane materials or
modifying the UF membrane surface.

2.3.3.3 Nanofiltration

Even though significant improvements in feedwater quality have been achieved
using MF and UF systems, RO membrane fouling is still a significant problem in
the SWRO process, especially with difficult feedwater. In addition, MF and UF
have poor ionic species rejection. Hence, the permeate of these processes has
numerous low-molecular-weight organics and scaling fouling potentials. Thus,
the NF unit was introduced. An appropriate NF membrane has a molecular
weight cut-off (MWCO) below 1000 Da and can effectively reject both charged
and uncharged ions [90]. Today, the research trend is to use NF pretreatment
instead of MF and UF. Although NF requires higher pressure due to the tightness
of the NF membrane pores, NF, however, produces a lower saline permeate.
Lower feed salinity passed on to the RO membrane would, in turn, reduce
the pressure required to transport water across the RO membrane. Therefore,
utilizing NF for SWRO pretreatment reduces the RO pressure requirement due
to low salinity and organic foulants and increases RO recovery and water flux
[91, 92]. However, effective and consistent operation of the NF process can
only be achieved by adequate pretreatment of raw feedwater; similar to the
RO unit, the NF system is susceptible to fouling. Therefore, to ensure proper
pretreatment, the NF system is coupled with other membrane processes, such
as MF or conventional pretreatment processes, to improve the quality of NF
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feedwater conditions. Similarly, recent developments in membrane materials
(inorganic, ceramics, etc.) have been shown to be alternative membrane
materials for the NF process. This is because these new membrane materials
can tolerate harsh feedwater conditions, and have self-cleaning properties
(stimuli-responsive materials).

2.3.3.4 Inline coagulation using advanced coagulation process

Owing to the propensity of membrane-based pretreatment for fouling, adequate
pretreatment is required. A common practice is to combine a membrane-
based pretreatment unit with a conventional coagulation process. However,
conventional coagulation is often followed by flocculation and sedimentation
tanks to remove flocs and sludge before the membrane unit. This increases
the footprint of the SWRO process. Therefore, the introduction of inline
coagulation eliminates the need for a sedimentation process, thus reducing
the SWRO footprint. Recently, an advanced coagulation process has been
introduced in the SWRO process. Inline advanced coagulation technology
using liquid ferrate at low concentrations is an excellent technology because of
the combined oxidation, disinfection, and coagulation properties. This inline
technology saves both capital and operating costs that would otherwise be spent
on energy and chemicals. The addition of oxidation aids in removing organic
components from the feedwater without the need for physical separation.
As organic and biological components can be mineralized, the effluent from
this phase would have limited environmental effects. Superior microbial and
organic removal was documented when an advanced coagulation pretreatment
process was combined with a membrane process [93, 94].

2.3.4 Cartridge filter
Cartridge filters (CFs) are pressure filtration devices used for the removal of
suspended solids and chemicals for which total concentrations are less than
100 mg/L. Filtration by CFs is mostly outside-in; therefore, filters need to be
mechanically strong to accommodate changes in pressure during filtration
operation. Hence, the CFs are enclosed within a housing/casing to withstand such
pressure changes. In the SWRO process, CFs are often used as a pretreatment
step before the RO system. These filters are available in various lengths and
diameters, and materials (e.g., pleated membranes, woven, and non-woven).
CFsare categorized into two types: surface and depth cartridge filters. Surface
CFs remove contaminants, mainly by size exclusion. Here, contaminants larger
than the pore size of CF are restricted from entering the filter media. Depth
CFs, on the other hand, remove contaminants by Brownian transport. Here,
the multiple layers and thickness of the filter provide a tortuous path for the
contaminants, and eventually, they are trapped within the filter. With depth CF,
contaminants are often smaller than the pore size of the filter. Regardless of the
CF type, contaminants are either collected on the filter surface or within the
pores until the filter clogs. Filters are sometimes designed to possess cleaning
cycles; however, in the case of heavy fouling, the filters can be chemically
cleaned (if recommended by the manufacturer) or replaced.
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2.4 RO SYSTEM EQUIPMENT

The feed after the pre-treatment unit is fed into the RO system to produce
freshwater. A schematic of the RO system is shown in Figure 2.4. Because
water permeation in the RO system is conducted by pressurization, the main
body of the RO system consists of a HPP for pressurization and a PV for
membrane housing. It is desirable to recover the remaining pressure energy
in the concentrate stream to maximize the energy efficiency of the RO system.
Thus, an ERD should be installed between the outlet stream of the concentrate
and the inlet stream of the feed to transfer the remaining pressure energy from
the concentrate to the feed; then, the concentrate stream is discharged from the
RO system after the ERD. Owing to the imperfect recovery of the remaining
pressure and the pressure drop during the RO system, the feed stream after
the ERD is insufficient to operate the RO system continuously. The insufficient
pressure on the feed stream is compensated for by a high-pressure pump,
usually called a BP. This is the basic structure of an RO system. Hence, the
energy consumption of the RO system is determined by a HPP and BP. To run
the RO system effectively, it is imperative to use a HPP and an ERD with high
energy efficiency.

2.4.1 High-pressure pump

A positive displacement pump can achieve an energy efficiency of over 90%;
hence it can be utilized as a high-pressure pump in seawater desalination systems
requiring high energy efficiency. In some cases, the positive displacement
pump can even show a very high pump efficiency of approximately 97% [36].
Many small desalination plants have taken advantage of the high efficiency
of positive displacement pumps [36]. Although a positive displacement pump
has some disadvantages, such as complex structure and difficulty in operation,
its high energy efficiency provides substantial merit for minimizing the energy
consumption of desalination plants. Thus, the use of positive displacement
pumps was recommended for many new desalination plants in the Canary
Islands [95, 96], as well as technologies such as batch RO [97, 98] and CCD [99].
However, a positive displacement pump cannot be easily used in large-scale
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Figure 2.4 Schematic of RO system.
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desalination systems of over 1000 m3/day. The main reason for this is that a
large positive displacement pump is costly, increasing the water production
cost immensely.

On the contrary, centrifugal pump is widely utilized in many large-scale
desalination plants such as the Sydney Water, Perth I and II, Adelaide SWRO
desalination plants in Australia, and many desalination plants in Spain and the
Middle East [36]. Centrifugal pumps can be easily and cheaply manufactured
for a large volume of feed supply compared to a positive displacement pump,
which is the main reason for its wide utilization in large-scale desalination
plants. Although centrifugal pumps have lower pump efficiency than positive
displacement pumps [100], the advantage of using a centrifugal pump is quite
beneficial for the economics of operating desalination plants. In addition, the
energy efficiency of a centrifugal pump can be improved by expanding its size
because a multistage centrifugal pump design in the large-size desalination
plants could be operated more effectively than the single-stage pump. The
practical limitation of a centrifugal pump is its efficiency of approximately
90% [36]. In many recently constructed large-size desalination plants with over
100 000 m3/day capacities, high-efficiency, large-size centrifugal pumps are
used, and the efficiency of the pumps is higher than 85% [36].

2.4.2 Energy-recovery device

Many of the SWRO plants are operated under 40-50% recovery because of the
limitation of the maximum sustainable pressure on the SWRO membrane (<83
bar) [101]. Thus, a high amount of concentrate is discharged at high hydraulic
pressure. Such hydraulic pressure in the concentrate is recovered by the ERD
application and can reduce the energy consumption of the RO system. The
development of ERDs has been one of the main contributors to energy reduction
in SWRO plants in recent decades [11].

Different types of ERD can be applied depending on the design of the
SWRO plants. ERDs are classified into two groups: turbine (or centrifugal)
and isobaric ERD. Turbine ERD includes a Francis turbine (FT), Pelton
turbine (PT), turbocharger (TC), and isobaric ERD, which includes dual work
exchanger energy recovery (DWEER) and pressure exchanger (PX). However,
most SWRO plants employ ERD in PT, DWEER, or PX.

PT recovers the hydraulic pressure of the concentrate by rotating the shaft
connected between the wheel and the HPP (Figure 2.5a). PT is relatively easy to
operate at a relatively low cost, and its size is more compact than isobaric ERDs
[102]. However, as the hydraulic energy of the concentrate is converted into
mechanical energy and again to hydraulic energy, the energy efficiency of PT is
lower than that of isobaric ERDs. As a result, the use of PT was the mainstream
ERD application in the early 2000s, but its application dramatically decreased
with the development of isobaric ERDs.

DWEER directly delivers the hydraulic pressure of the concentrate to the
feed by operating the pistons (Figure 2.5b). At the two sides of the device,
one is filled with the feed with low pressure, and the other is filled with the
concentrate with high pressure. The hydraulic pressure is exchanged when
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(a)

(High pressure) (High pressure)

. Feed Concentrate

Feed Concentrate

- (Low pressure) (Low pressure) -

(c)

Feed Concentrate
(High pressure) (High pressure)
Feed Concentrate

(Low pressure) (Low pressure)

Figure 2.5 Types of ERD: (a) PT, (b) DWEER, and (c) PX.

the pistons move back and forth. The direct exchange of hydraulic pressure
improves the energy efficiency of the DWEER over turbine ERDs. However,
moving parts in DWEER would require intensive maintenance, which is not
favorable for operators.

The PX is equipped with a rotor to deliver the hydraulic pressure of the
concentrate to the feed directly (Figure 2.5c). The rotor rotates when it is filled
with low-pressure feed, and the low-pressure feed in the rotor is exposed to the
high-pressure concentrate. The feed is then pressurized by the concentrate and
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sent to the feed line of the RO system. The unpressurized concentrate is pushed
by low-pressure feed and discharged. It has been reported that PX exhibits
superior energy efficiency compared to other commercial ERDs, leading to
low-energy SWRO desalination. Despite having the highest energy efficiency,
high-salinity concentrates can be mixed with low-salinity feed. The increase in
feed salinity slightly increases the SEC and lowers the permeate quality.

Different types of ERD have been employed in SWRO desalination plants.
In particular, high-energy-efficient ERDs are adopted, as they are fundamental
in reducing the SEC of RO systems. Currently, as PX is highly energy-efficient,
low-cost, and stable, it has been widely applied to SWRO desalination plants.
However, PX might be substituted by a new type of ERD if several improvements
are launched moving forward.

2.5 RO MEMBRANES

RO membranes are the main equipment used in SWRO desalination. This
allows water molecules to permeate but rejects salts toward the permeate side.
As a result, the performance of RO membranes determines the performance of
the RO system (e.g., water quantity and quality). Different RO configurations
can be adopted based on the characteristics of the membranes. Thus, the
selection of RO membranes is critical, depending on the target design.

The performance of RO membranes is indicated using water permeability
(A) and salt permeability (B). Because membrane manufacturers provide the
performance of membranes under test conditions, water and salt permeability
should be calculated using several mathematical equations by utilizing
Equations (2.2) and (2.3):

Jw = A[(P = B,) — (CPF xm¢ — )| (2.2)
Js = B(CPF xC; - C,) (2.3)

where ], and J; are the water and salt fluxes, P;and P, are the hydraulic pressures
for the feed and permeate, respectively; 7; and 7, are the osmotic pressures for
the feed and permeate, respectively; C;and C, are the concentration for the feed
and permeate, respectively; and CPF is the concentration polarization factor.
Thus, several SWRO and BWRO membranes were calculated and are listed
in Table 2.1. The water permeability values for the SWRO membranes were
approximately 1-2 L/m?h bar, and those for BWRO membranes are 3-6 L/
m? h bar (Figure 2.6).

RO membranes can be classified as depending on water and salt permeability.
High-rejection membranes are those with low salt permeability values. It
rejects salts with high efficiency, but the water permeability is relatively low.
In contrast, high-flux membranes exhibit high water permeability, but their salt
permeability is low. Although high water permeability and low salt permeability
are preferred to improve the efficiency of desalination, it is difficult to achieve
both objectives.
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Table 2.1 A and B values for commercial SWRO and BWRO membranes.

Type of RO Manufacturer Model Water B (L/m2 h)
membrane permeability,
A (L/m2 h bar)
SWRO LG Chem SW400GR 1.25 4.36 x 102
SW400R 1.52 5.20 x 102
SW400ES 2.36 1.04 x 10!
DuPont Water ~ SW30XHR-400i 0.99 4.22 x 102
Solutions .
SW30HRLE—-400i 1.25 5.82 x 102
SW30XLE—-400i 1.52 6.94 x 102
Toray TM820K—400 0.98 3.11 x 102
TM820C—-400 1.10 6.22 x 102
TM820M—-400 1.19 5.34 x 102
TM820E—-400 1.28 7.11 x 102
TM820V-400 1.56 6.79 x 102
CSM RE8040-SHN 400 1.08 6.34 x 102
RE8040-SHA 400 1.25 7.28 x 102
RE8040-SHF 400 1.63 1.12 x 10!
BWRO LG Chem BW400R 3.30 1.48 x 10!
BW400ES 5.36 1.48 x 10!
DuPont Water BW30-400 3.29 1.92 x 10!
Solutions
LE—400 5.86 1.25 x 10!
ECO-400i 5.89 1.21 x 10!

Basic performances for SWRO membranes were obtained in the condition of 32 000 ppm NacCl and
5 ppm boron at 25°C (77°F), 800 psi (55 bar), pH 8, and 8% recovery. Those for BWRO membranes
were evaluated with 2000 ppm NaCl at 25°C (77°F), 225 psi (15.5 bar), pH 7, and 15% recovery.

Several RO modules are equipped with thicker spacers to reduce the
fouling propensity. Fouling can be easily formed when the feed channel (i.e.,
space between membrane leaves) is narrow. Generally, 28 mil (0.71 mm)
spacers are employed in membrane modules, but 34 mil (0.86 mm) spacers
can be used to mitigate fouling formation. RO modules with 34 mil spacers
can be employed in the region where the feed sources contain high foulants,
such as organic matter.

Because the key of SWRO technologies is RO membranes, advanced RO
membranes should be developed to satisfy the low SEC requirement and
high water quality. In addition, high-pressure resistant membranes should be
developed to meet the needs of membrane brine concentrators.
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Figure 2.6 Water and salt permeability of SWRO and BWRO membranes.

2.6 RO CONFIGURATIONS

RO configurations determine the major performance of SWRO desalination
plants. In this regard, RO configurations should be designed based on the
targeting performance of SWRO desalination plants. Although various RO
configurations have been adopted for different plants, the classifications of the
RO process are not clearly summarized. In particular, the concept of pass and
stage design has often been misunderstood in numerous studies. In addition,
the overall RO system is explained only by a part of the RO configuration. Thus,
RO configurations should be classified systemically.

The RO pass design should first be defined to present the overall RO
configuration. When the RO system is composed of SWRO membranes, the
RO system is classified as a single-pass RO system. The desalination process
was performed using SWRO membranes only, and the permeate underwent
post-treatment as a product. Furthermore, if the RO system is composed of
both SWRO and BWRO membranes, the RO system is considered a two-pass
RO. After the permeate is produced from the SWRO membranes, the BWRO
membranes further desalinate the SWRO permeate. Depending on the features
of the streamlines, a two-pass RO can be classified further.

After the RO pass design is defined, specific designs for the SWRO and BWRO
systems can be classified (Figure 2.7). Most SWRO systems are composed of
single-stage systems, but two-stage systems can be adopted for several plants.
Further designs can be implemented to improve the performance of SWRO
systems, such as pressure-center design and internally staged design. In contrast,
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RO system

SWRO system BWRO system

Figure 2.7 Composition of RO system. The SWRO system is a necessary part of the RO
system, while the BWRO system is an optional process for improving water quality.

BWRO systems in SWRO desalination plants are generally configured as two-
stage, and variations of two-stage BWRO, such as cascade, are widely adopted.

Owing to the application of multiple designs in a single SWRO desalination
plant, it is necessary to define the type of RO system as (1) RO pass, (2) SWRO,
and (3) BWRO configurations. However, the RO configuration is often referred
to as the RO pass configuration. For example, single-pass RO refers to an RO
system composed of single-stage SWRO, and two-pass RO refers to an RO
system composed of single-stage and two-stage BWRO (Table 2.2).

2.6.1 RO pass configuration

The majority of RO pass designs are single- or two-pass RO for SWRO
desalination plants. Single-pass and two-pass RO systems are also referred to
as one- and double-pass RO systems, respectively. However, single- and two-
pass RO systems are more general terminations for configurations. Various
types of single- and two-pass RO systems have been developed and applied to
satisfy water quality and energy efficiency.

Table 2.2 Summary of general termination for RO configurations.

Feed Overall RO SWRO configuration BWRO configuration
configuration

Seawater Single pass Single stage N/A
Two stage Two stage N/A
Full two pass Single stage Two stage (or cascade)
Partial second pass Single stage Two stage (or cascade)
Split partial second Single stage Two stage (or cascade)
pass

For overall RO configuration, it is preferred to name the overall pass configuration first (if the number
of pass is multiple) and then specify stage configuration.
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Figure 2.8 Scheme of RO pass configurations: (a) single-pass, (b) split partial second-pass,
(c) partial second-pass, and (d) full two-pass RO.

2.6.1.1 Single-pass RO

Single-pass RO is only composed of an SWRO system without a BWRO system
(Figure 2.8a). In single-pass RO systems, permeate is directly produced from
seawater across SWRO membranes, and thus its TDS is relatively higher (e.g.,
300-500 mg/L) than two-pass RO systems. Furthermore, the recovery of single-
pass RO systems is higher than that of two-pass RO systems. This is because
the SWRO permeate was not lost by the BWRO system. Owing to its simple
configuration, single-pass RO can be widely used to produce freshwater for
living in the environment and drinking. However, the TDS of the permeate
would be higher in the region where high-salinity seawater is the source of feed
(e.g., the Arabian Gulf). Thus, the application of a single-pass configuration is
limited in terms of permeate quality.

2.6.1.2 Split partial second-pass RO (or split partial two-pass RO)

Split partial second-pass RO utilizes the front, and rear SWRO permeates
separately to improve permeate quality with energy efficiency. When SWRO
membranes are located in a PV system, the water flux and feed salinity are
distributed differently. The feed salinity is relatively low, and the water flux is
high in the front elements of the SWRO process. In contrast, the feed salinity
is high, and the water flux is low at the rear elements. As a result, the permeate
TDS is low for the front elements and high for the rear elements [17]. In this
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regard, it is thermodynamically energy-efficient to improve the final water
quality by desalinating high-salinity permeate only and mixing it with low-
salinity permeate. This concept is applied to the configuration of split partial
second-pass (SPSP) RO. The SWRO front permeate (i.e., low salinity) is sent to
a product tank directly, while the rear permeate (i.e., high salinity) is sent to the
BWRO system for purer permeate production (Figure 2.8b).

2.6.1.3 Partial second-pass RO (or partial two-pass RO)

Partial second-pass RO treats a part of the SWRO permeate through the BWRO
system to improve permeate quality (Figure 2.8c) [17]. The SWRO permeate
is divided into two streams: one is sent to the product tank, and the other
passes the BWRO system. Product quality can vary depending on the ratio
of the partial streams. If the ratio of the stream sent to the BWRO system is
higher, the TDS of the product is lower. Thus, the ratio is often higher during
the summer to meet the permeate quality, as the TDS of the SWRO permeate
is higher with an increase in temperature. However, as a part of the SWRO
permeate is taken without splitting, the energy efficiency of partial second-pass
RO is lower than that of split partial second-pass RO.

2.6.1.4 Full two-pass RO

Full two-pass RO wholly supplies the SWRO permeate to the BWRO without
splitting the stream. Thus, the TDS of the SWRO permeate is significantly
lowered by the BWRO system, and the TDS of the final product is low. In this
regard, a full two-pass RO is employed when the permeate is highly pure (Figure
2.8d). Owing to its low TDS level, the product of full two-pass RO would not
be adequate for drinking water production. Thus, the low-salinity product must
serve as drinking water with remineralization or be utilized as industrial water
demanding pure water. Though rarely, the permeate of full two-pass RO can be
treated further by BWRO (i.e., full triple-pass RO) when extremely high-purity
water is produced for industrial use [11].

2.6.2 SWRO system configuration

2.6.2.1 Single-stage SWRO

SWRO is generally composed of a single-stage configuration (Figure 2.9a).
Multiple PVs are installed in an SWRO train, and the concentrate from the train
is disposed of after its hydraulic energy is recovered. Because SWRO equipment
and devices are standardized for single-stage SWRO operations, the configuration
is a basic choice for SWRO design. However, the SWRO system configuration
can be modified to overcome the limitations of the single-stage operation.

2.6.2.2 Two-stage SWRO

Two-stage SWRO can increase the recovery of the SWRO system by producing
additional permeate from the second stage (Figure 2.9b). At the rear SWRO
elements, the osmotic pressure of the feed almost reaches the hydraulic pressure
of the feed. Because the net driving pressure (NDP) is low, a low amount of
permeate is produced from the element. Thus, SWRO as a single stage is limited
for high-recovery operations. However, when additional hydraulic pressure is
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Figure 2.9 Scheme of SWRO system configurations: (a) single-stage and (b) two-stage SWRO.

applied to the feed, the permeate can be produced from the SWRO element
because of the higher NDP. By elevating the hydraulic pressure through the
inner boost pump between the first- and second-stage SWRO, the second-stage
SWRO produces additional permeate. The ratio of permeate for the first and
second stages is 2:1 as a rule of thumb [103, 104]. However, high-pressure-
resistant SWRO membranes and equipment should be employed to overcome
hydraulic pressures higher than 80 bar. As commercial SWRO membranes are
designed to overcome a hydraulic pressure of 80 bar, a higher capital cost is
required for the SWRO design. A two-stage SWRO design is often employed for
retrofitting old plants to increase plant capacity.

2.6.2.3 Pressure center design

The energy efficiency of HPPssignificantly affectsthe overall energy consumption
of SWRO, as it is the dominant energy-consuming unit. To achieve low-energy
consumption in RO systems, high-efficiency HPPs should be employed in the
systems. Notably, the mechanical efficiency of the pump is highly associated
with its capacity, and the efficiency is improved when the capacity of the HPP
is increased. Thus, a pressure-center (or three-center) design is developed to
lower the energy consumption of the RO system by increasing the capacity
of HPPs and BPs. In particular, the pressure-center design combines several
SWRO trains to the main feed line to supply pressurized feed simultaneously
using larger-sized HPPs (Figure 2.10). In addition, the design allows the SWRO
system to produce varying amounts of permeate more effectively by integrating
multiple SWRO trains. This leads to a more flexible operation of the RO system
in accordance with the water demand. In contrast, the combination of multiple
SWRO trains was not beneficial in terms of the maintenance of the RO system.
While each SWRO train can be repaired separately in a conventional system,
all SWRO trains must be stopped to repair a single SWRO train. Despite its
advantages in SEC reduction and disadvantages in maintenance, several SWRO
desalination plants have adopted the design of SWRO systems to reduce SEC.
Because the design was developed by an Israeli company, IDE Technologies,
the design has been mainly applied to Israeli plants [11, 105-107].
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Figure 2.10 Scheme of pressure-center design: (a) typical RO trains and (b) RO trains with
pressure-center design.

2.6.2.4 Internally staged design

Internally staged design (ISD) utilizes different RO membranes in a PV to
acquire performance benefits (Figure 2.11) [17, 108]. When RO membranes
are placed in a PV, high-rejection membranes and high-flux membranes are in
the front and rear, respectively. The arrangement exhibits several operational
benefits compared to RO systems employing single-type membranes.

ISD can reduce the fouling propensity by decreasing the water flux at the
front elements. Front RO elements are easily fouled with organic and colloidal
particles owing to high-flux operation. However, when the front RO membranes
are high-rejection membranes (i.e., low water permeability), the membranes are
operated at lower fluxes. In other words, fouling is mitigated by ISD.

(a) (b)
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Figure 2.11 Scheme of internally staged design (ISD) in RO process: (a) normal design and
(b) ISD.
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More diverse RO performance can be obtained by utilizing different
types of membranes. Achievable RO performance is limited when single-
type membranes are used. In addition, RO systems equipped with different
membranes can exhibit wider RO performance. The use of an optimized
membrane arrangement allows the RO system to operate with higher energy
efficiency under the control of operating conditions.

With the operational benefits, it has been reported that Las Palmas III,
Mazarron, and El Coloso SWRO plants adopted ISD to SWRO systems [109].
However, the complexity of maintenance still needs to be addressed to utilize
ISD [108].

2.6.3 BWRO system configuration

2.6.3.1 Single-stage BWRO

Brackish water has a TDS of 500-15 000 mg/L. However, BWRO plants
typically treat feeds of 500-10 000 mg/L [102]. Because there are various sources
of brackish water, it can be classified with more detailed criteria: water with a
TDS of 500-2500 mg/L is classified as low saline and that with a TDS of 2500-
10 000 mg/L as high saline. Notably, the osmotic pressure of brackish water is
not as high as that of seawater and is still lower than that of seawater even when
it is concentrated up to 90% in low-salinity brackish water. Because of the low
osmotic pressure, BWRO systems can be operated at a low hydraulic pressure,
and the system recovery can be increased substantially. When the feed is low-
salinity brackish water, a single-stage (or -pass) system can be adopted (Figure
2.12a) [102]. However, high recovery cannot be achieved through single-stage/
pass BWRO systems, even though brackish feed has low osmotic pressure.

2.6.3.2 Two-stage BWRO

Two/multistage systems are common in BWRO applications to achieve high
recovery. The target recovery is 70-90% with a water flux of 20-40 L/m? h,
depending on feed salinity and characteristics [17], and the value is still higher
than that of single-stage (-or pass) operation. The staged system generally
follows a 2:1 array for a two-stage configuration (where the ratio of the PV
number for the first and second stages is 2:1) and 3:2:1 for the three-stage
configuration [102].

However, BWRO systems differ depending on the salinity of brackish water.
For low-salinity brackish water, two/multistage BWRO systems are commonly
used as well as single-stage BWRO systems, and no BPs are installed between
the first and second stages (Figure 2.12b). This is because the hydraulic pressure
is sufficiently high to overcome the osmotic pressure of the feed. In contrast,
when the feed is high-salinity brackish water, two-stage BWRO equipped with
BPs between the stages is applied to further produce permeate from the second
stage (Figure 2.12c).

Two/multistage BWRO systems can also be implemented in SWRO
desalination plants to improve the water quality. In two-pass SWRO systems,
the first pass comprises SWRO membranes and the second pass of BWRO
membranes [11, 17]. As the feed for the second pass is a low-salinity brackish, it
is usually configured as a two-stage BWRO system without inner BPs.
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Figure 2.12 Scheme of BWRO configurations: (a) single-stage, (b) two-stage (low-salinity
water), (c) two-stage (high-salinity water), (d) multistage/cascade (low-salinity water), and
(e) permeate circulation process (PCP).

2.6.3.3 Cascade BWRO

To achieve higher water quantity and quality, several SWRO desalination
plants use a cascade BWRO system similar to multistage systems (Figure
2.12d). The cascade system can be varied, but it is usually a set of BWRO
systems where the first-pass permeate is treated by a BWRO multistage system
(2-4 stages) to increase water recovery. Furthermore, the permeate produced
from the rear BWRO stages is further treated by another set of BWRO stages
to reduce TDS.
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2.6.3.4 Permeate circulation BWRO

In contrast, a permeate circulation process (PCP) has been applied to BWRO
systems (i.e., second pass) of Shugaiq I SWRO desalination plants where the
BWRO rear permeate is circulated back to the feed to improve water quality
(Figure 2.12e) [11, 110]. Likewise, BWRO integrated with SWRO has been
extensively adopted, even in SWRO desalination plants.

BWRO systems can be utilized for both treating brackish water and improving
the water quality of SWRO systems. In other words, the role of BWRO will
increase in the future desalination market, regardless of feed salinity. Because
the main benefit of BWRO is a high-recovery operation, BWRO systems should
be developed further to maximize their recovery while ensuring permeate
quality.

2.7 POST-TREATMENT

The permeate of SWRO membranes is usually depleted in minerals and thus
has a high corrosion potential. This makes SWRO permeate aggressive to the
components of water distribution systems such as pipes, pumps, and tanks
(when tankers distribute water). The aggressiveness of the SWRO permeate is
controlled by increasing its hardness and alkalinity. However, in some cases
where the intake is from the subsurface, there might be a need to remove
carbon dioxide and hydrogen sulfide because subsurface intake water is high in
carbon dioxide and hydrogen sulfide, which are not removed during the SWRO
process.

In some SWRO plants producing potable water for industrial and domestic
purposes, a portion of the pre-treated feed is blended with the SWRO permeate
for many reasons, such as water stability, corrosion control, capital operating
expenditure, and footprint reduction. The blending proportion is dependent
on both the treated water quality and pretreated water quality. Blending can
also be done with water from other sources, such as groundwater and potable
water. Overall, blending improves the stability and taste/dietary components
of SWRO-treated water. Blending seems to be an easy post-treatment strategy
to overcome most of the challenges posed by SWRO permeates; however,
there are concerns regarding the potential addition of anions such as bromide
and iodide, which could cause disinfection byproducts in the treated water.
Therefore, proper assessment of both the pretreated and post-treated water
is essential to determine the ratio of blending for water quality control. The
pretreated water to be blended with SWRO permeate must also be evaluated
for microbial and chemical contaminants and duly removed before blending
with SWRO permeate as they have the potential to compromise the safety
of the treated water [111]. Blending should not allow the introduction of
pathogenic microorganisms into the treated water. In the case where potable
water from other sources is used to blend SWRO permeate, caution should
be exercised in selecting piping materials to eliminate the possible leaching of
contaminants from pipe materials [112]. Generally, blending is not sufficient
for SWRO permeate stability; thus, the alkalinity and hardness of the water
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need to be increased. Nevertheless, appropriate blending reduces the quantity
of chemicals required for corrosion control and stability.

SWRO plants have diverse post-treatment strategies depending on the use
of the permeate as regulated by the authorities. However, conventional post-
treatment steps in the SWRO process include stabilization and corrosion
control, disinfection, and air stripping and degasification (especially of CO,
and H,S gases).

2.7.1 Stabilization and corrosion control

Permeate stabilization is believed to be one of the most essential aspects of the
SWRO desalination process. Corrosion prevention would significantly reduce
the frequency of pipes, pumps, and other distribution unit replacements and,
in turn, reduce the operating costs of the process. However, stabilizing SWRO
permeate could be demanding, as the chemical and dosage requirements differ
from plant to plant. Therefore, each plant needs to be evaluated to assess its
control needs when designing a permeate stabilization strategy. Over the years,
SWRO plant operators have used three parameters to improve the stability of
the SWRO permeate. These parameters included pH, alkalinity, and calcium
carbonate adjustment. Each parameter has its own characteristics that can
help improve the stability of the permeate within the process and during
distribution.

2.7.2 pH adjustment

The pH of the SWRO permeate is mostly a factor of bicarbonate alkalinity and
other elements such as calcium, sulfate, chloride, DO, total dissolved solids,
and boron content. The pH of the permeate can be adjusted using sodium
hydroxide, potassium hydroxide, carbon dioxide, lime, or soda ash. The pH of
the permeate affects the metal ion dissolution potential and the precipitation of
insoluble compounds. This means that metal material pipes can be prevented
from corrosion by lowering their dissolution. The precipitation of insoluble
carbonate on the surface of the pipes could serve as a coating agent to prevent
corrosion. Insoluble carbonate was precipitated at an elevated pH (>8.4). The
possibility of biofilm formation in the distribution pipes is lower if the permeate
pH is adjusted to >9.0. pH adjustment may not be suitable for permeates with
high hardness (>150 mg/L CaCOj). Inappropriate pH could cause problems
such as copper pitting, trihalomethane production (pH > 8.1), disinfection
byproducts (pH > 7.8), CaCO; sealing (pH > 7.9), and growth of ammonia-
oxidizing bacteria (pH < 8).

2.7.3 Alkalinity adjustment

The buffering capacity of the SWRO permeate is measured by its alkalinity. The
corrosion tendency and susceptibility to pH changes by SWRO permeate are
reduced at elevated alkalinity. Therefore, the alkalinity of the water is adjusted
so that it can induce the precipitation of insoluble compounds on the surface
of the water distribution units. The coating of distribution surfaces could help
prevent corrosion and subsequently increase the lifespan of such distribution
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components. The alkalinity of the permeate is directly linked to the pH of
water, bicarbonate, carbonate, and hydroxide ions. Alkaline water can easily
produce H* and OH~ ions to neutralize the effect of pH change, thus stabilizing
the water. Although alkalinity adjustment improves the buffering capacity of
the permeate, there are still some challenges of operation and maintenance
costs and high carbonate scaling on pipelines.

2.7.4 Hardness (CaCO;) adjustment

Hardness (CaCO3) adjustment is often done to control the corrosion ability
of the permeate. The goal of this approach is to develop a CaCOj film on the
surface of the distribution unit. Usually, pH and alkalinity adjustment create
an environment suitable for the precipitation of Ca and CO;. The precipitation
of these compounds is achieved by introducing CO,, CaCOj, soda ash, and lime
into the water. The major challenge of this approach is that CaCOjs films are not
formed on the pipes alone but also in all the distribution units, such as pipes,
pumps, and boilers. Similarly, this post-treatment strategy could also lead to
sulfate precipitation.

2.7.5 Disinfection

The SWRO-treated water is temporarily stored before distribution. The
treated water experiences microbial contamination. Therefore, disinfection is
conducted to deactivate residual microbes in the treated water and protect it
from subsequent microbial contamination during storage and distribution. The
selection of disinfection chemicals depends on costs, safety, and availability [113].
Post-treatment disinfection is achieved with liquid or gas chlorine, production
of hypochlorite on-site, calcium hypochlorite, and bulk hypochlorite. Chlorine
disinfection is mostly used in SWRO processes. If the SWRO permeate is
not contaminated with organic matter during remineralization, disinfection
byproducts are not generated during the disinfection process. However, if the
treated water is contaminated with disinfection byproduct precursors such as
dissolved organics, chlorination would result in the generation of disinfection
byproducts. Similarly, chlorine disinfection could also help in the removal
of H,S because of the ability of chlorine to react selectively with sulfides.
Chlorine dosages between 5 and 10 mg/L is sufficient to preserve the water
from microbial attack.

2.7.6 Aeration and degasification

When SWRO intake is from the subsurface or well, it is characterized by low
DO and high H,S. DO and H,S are not eliminated during the desalination
process, thus making their way to the permeate. Therefore, in this case,
the permeate must be aerated and degassed before distribution. Aeration is
performed to increase the DO content of the permeate, remove volatile organic
compound contaminants, degas H,S, and remove CO,, consequently reducing
the corrosion ability and increasing pH. The SWRO permeate is aerated either
by allowing the permeate to fall through air or by injecting air into the permeate.
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2.8 DISCHARGE

All SWRO plants, irrespective of their size, need to discharge their waste/
concentrate. The discharge from the SWRO plant is usually from different
sections of the SWRO process. These sections include waste from pretreatment
units such as sludge (from sedimentation tank and DAF), backwash water,
concentrate from membrane units (UF, NF, and RO), metals from corrosion
and waste from processes, and membrane cleaning [114]|. This discharge is
characterized by physical properties (salinity, 65 000-85 000 ppm, temperature,
5-10°C of ambient seawater temperature, suspended solids and coagulants,
antiscalants, metals, and cleaning chemicals [61, 115].

2.8.1 Conventional discharge strategy

The aim of conventional discharge is to release SWRO brine through an open
pipe directly into the ocean deep without any detrimental impact on marine
life. Because the density of seawater is a function of its salinity, SWRO brine
tends to sink and dilute slowly on the seabed. Therefore, discharge pipes are
often placed in locations where the discharge can be easily and quickly mixed
with the receiving seawater. Sometimes, the pipes are equipped with diffusers
(nozzles used to increase the mixing of the concentrate to prevent stagnation
on the ocean floor). Alternatively, the effluent from the SWRO plant is mixed
with the treated discharge from the sewage plant to dilute the brine. However,
owing to the environmental impact of direct discharge into the ocean, SWRO
effluents are generally treated before discharge to meet the discharge regulations
of the region.

When designing or deciding the proper discharge site in the open ocean
discharge, it is important that the concentrate is not discharged in locations
with stressed and endangered marine ecosystems. It is equally important to
discharge concentrate in locations where there is a strong underwater current
for the accelerated mixing of the concentrate.

2.8.2 Discharge to injection wells

Injection well systems are considered environmentally benign discharge
methods, and an injection zone is available that can accept the discharge without
any significant perturbation to marine life. Injection wells are of two types:
shallow and deep wells. The deep-well system is usually hundreds of meters
below the land surface, and the discharge is expected to remain underground
permanently. Generally, the injection well discharge method is characterized
by injecting SWRO waste into an underground aquifer isolated from other
water aquifers. It is important that the aquifer has the capacity to collect such
waste through the life of the SWRO plant (usually 25-30 years) [116].

2.8.3 Discharge to offshore galleries and trenches

The SWRO concentrate and waste are discharged into the infiltration trenches.
Infiltration trenches are mostly perforated pipes buried parallel to the beach.
This discharge method is used in small-scale desalination plants. One advantage
of infiltration trenches is their ability to slowly diffuse SWRO brine offshore
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without any significant impact on marine life. Large-scale SWRO desalination
plants can use the beach gallery method because the brine can be discharged
via the top of the gallery, unlike in infiltration trenches, where pipes are run
horizontally along shallow sediments.

2.8.4 Zero liquid discharge (ZLD)

Owing to increasing concerns of indiscriminate discharge and its impact
on the environment, regulatory bodies are implementing stricter discharge
requirements that are often difficult to meet by conventional discharge methods
[117]. Therefore, it is a matter of urgency to use discharge strategies that will
satisfy the requirement for discharge and, perhaps during the process, improve
the performance and the efficiency of the entire process. ZLD is considered
one of the safest discharge methods, without any significant adverse effects on
the environment. This method is beneficial for SWRO plants located in inland
regions. ZLD can be achieved using evaporation ponds, crystallizers, and spray
dryers.

In the evaporation pond discharge method, the SWRO effluent collected in
an impervious lined shallow earthen basin can slowly evaporate by utilizing
energy from the sun. The impervious lining is essential to prevent waste from
contaminating underground aquifers. After the water is completely evaporated,
the remaining solid waste is collected and disposed of. The major drawback
of this approach is the requirement for a large expense of land, which could
significantly increase the plant’s capital costs. This method is also limited to
dry and semi-arid regions.

Crystallizers are cylindrical vessels that can be heated by either a steam
source or a vapor compressor to produce a crystal/precipitate. Crystallizers
can be used to achieve ZLD in SWRO discharge without the need for frequent
cleaning and excessive scale development.

Spray dryers are an alternative to crystallizers for producing salt crystals from
SWRO brine. The advantage of spray dryers over crystallizers is that in spray
dryers, the product shape, size distribution, and density can be controlled [118].

2.8.5 Dilution of concentrate using forward osmosis process

The forward osmosis (FO) process is a promising SWRO concentrate diluting
technology owing to its ability to use an osmotic pressure gradient to draw
water. In the FO process, a high saline SWRO concentrate is used to draw
water from the domestic wastewater and in so doing, the SWRO concentrate
is diluted by the automatically treated wastewater. Although this approach has
not yet been commercialized for discharge, it is a promising discharge method
suitable for meeting the discharge requirements.
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Chapter 3

Energy consumption in
SWRO operation

3.1 MEMBRANE TRANSPORT MECHANISM IN A SMALL-SCALE
SYSTEM

3.1.1 Solution-diffusion theory
Porous membranes such as ultrafiltration (UF) or microfiltration (MF) have
larger pore sizes than the size of the solute molecules. Therefore, the transport
mechanism of the porous membrane is dominated by size exclusion or sieving.
The pore flow model is typically used to describe the transport mechanism in
UF and MF membrane systems [119, 120]. The separation performance of UF
and MF systems can be estimated using the pore flow model.

Unlike porous membranes, the transport of salt and water molecules in
a dense membrane such as an RO membrane is described by the solution-
diffusion model. In the solution-diffusion model, the transport mechanism
is determined by dissolution in the dense membrane material and diffusion
through the membrane [121]. The separation in the dense membrane is governed
by (1) the solubility differences of the salt and water in the membrane, and (2)
the difference in the diffusion rates of the salt and water through the membrane.
The solution-diffusion model is shown in Figure 3.1.

Thus, the permeability through the membrane is calculated based on the
solubility and diffusivity. The general expression for the flux in the solution-
diffusion model is given as follows [121]:

y, du
Ji=-Yigh (3.1)

where p is the chemical potential of component i, and Y is the coefficient
of proportionality linking the chemical potential driving force to the flux.

© 2023 The Authors. This is an Open Access book chapter distributed under a Creative Commons
Attribution Non Commercial 4.0 International License (CC BY-NC 4.0), (https://creativecommons.org/
licenses/by-nc/4.0/). The chapter is from the book Seawater Reverse Osmosis (SWRO) Desalination:
Energy consumption in plants, advanced low-energy technologies, and future developments for
improving energy efficiency, Seungkwan Hong, Kiho Park, Jungbin Kim, Abayomi Babatunde Alayande
and Youngjin Kim (Authors).
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Figure 3.1 Schematic diagram of the solution-diffusion model in an RO membrane.

The differential term of the chemical potential is expressed in terms of the
concentration gradient and pressure gradient, as follows:

d,LLi = RTd 11’1(’7,’6‘,’) + U,'dp, (32)
where c; is the molar concentration of component i, 4; is the activity coefficient,

v;1s the molar volume of component 7, R is the gas constant, T'is the temperature,
and p is the pressure. Then, the flux term is expressed as follows:

RTY; dc; dc;
_ 120 _p, 54 _
¢; dx dx (3.3)
RTY,/c; can be replaced by the diffusion coefficient D,. By integrating Eq.
(3.3) over the membrane thickness (1), the flux term is obtained as follows [121]:

Ji=

Di Cio(m) — Cil(m
j, = DilCu )z ) (3.4)

where ¢, and c;,, are the concentrations of component i at positions o
and [ in the RO membrane, respectively. ¢;,, is expressed using the sorption
coefficient, K;, as follows:

Ciom) = KiCio, (3.5)
Cimy = Kicir. (3.6)

By considering the effect of pressure on the chemical potential in an
incompressible fluid, ¢;,, can be expressed as follows [121]:

_vi(po - pl)
RT]. (3.7)

Substituting Egs. (3.5), (3.6), and (3.7) into Eq. (3.4) yields the following:

~ DK; —0i(Po — 1)
1 RT ]‘ (3:8)

Cim) = KiCy €Xp

Ji

Cio — Cj1 €XP
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At osmotic equilibrium, the water flux is zero. Thus, the correlation between
¢, and ¢; can be obtained as follows:

v, AT
il = Cio : . 3.9
Ci=¢C exp[ RT ] (3.9)
Then, Eq. (3.8) can be arranged as follows:
D;K;c;, —U; (Ap — A?T)
i S — ]- - D | ) .
J ; p RT (3.10)

where AP is the pressure difference across the RO membrane (p, - p;). Eq.
(3.10) can be rewritten as follows based on the approximation that 1 — exp(x)
is close to x:

_ DiKiciovi(Ap — Ar)

J: IRT , (3.11)

This equation can be simplified as follows:

Ji = A(Ap — Am), (3.12)
D:K.c; v:

A — 1 v , .
“IRT (3.13)

where A is a permeability constant equal to the term D,K;C;,v,/IRT.

3.1.2 Permeate resistance

As described in the previous section, the water permeation mechanism through
the RO membrane can be expressed in a simplified manner based on water
permeability. The salt flux can also be described using the same mechanism
but utilizing only the concentration difference. The flux equations are usually
expressed based on the driving force and membrane permeability as follows
(122, 123]:

Jw = A(AP — AT), (3.14)
Js= B(Cm - Cp)> (315)

where ], is the water flux, A is the water permeability of the RO membrane,
AP is the applied pressure on the feed solution, A7 is the osmotic pressure
difference between the feed solution and the permeate, J; is the salt permeability,
B is the salt permeability of the RO membrane, C is the concentration, and the
subscripts m and p denote the membrane surface on the feed solution side and the
permeate, respectively. It should be noted that the concentration at the surface
of the membrane is significant for estimating the water and salt fluxes precisely.
Concentration polarization should be considered to estimate the surface
concentration of the membrane, which will be discussed in the next section.

The water and salt permeabilities are estimated from the intrinsic membrane
transport properties (P,, for water permeation and P, for salt permeation) as
follows [124]:

Py, My,

= RT’ (3.16)
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Py
B= I (3.17)
where L is the membrane thickness, M,, is the molecular weight, R is the gas
constant, and T'is the absolute temperature. A and B have a trade-off relationship,
and thus the selectivity of the RO membrane can be estimated based on the
empirical correlation between the values of A and B as follows [125]:
] p+l
gL RT] A%, (3.18)
A\ M,

where fand ) are the correlation parameters, which are determined empirically.

3.1.3 Concentration polarization

Based on the equations derived from the solution-diffusion model, the water
and salt permeation in the RO system seem to be linearly correlated with
the driving force. However, nonlinear relationships of the water and salt
permeation are found in actual RO systems with increased driving force. The
main reason for this nonlinear behavior is the concentration polarization on
the surface of the membrane. Because a semi-permeable membrane has high
selectivity for salt permeation, most of the salt molecules are retained at the
surface of the membrane, while the water molecules can permeate through
the membrane. Thus, the concentration at the surface of the membrane is
polarized, and the surface concentration is higher than the bulk concentration.
This means that the effective osmotic pressure should be estimated based on the
surface concentration rather than the bulk concentration. If the concentration
polarization is not considered, the effective osmotic pressure in the RO system
will be underestimated. As a result, it will not be possible to calculate the
water flux and energy consumption in the RO system precisely. Therefore, the
consideration of concentration polarization is very important in membrane
desalination systems such as RO.

Measuring the concentration at the membrane surface is not practical.
Therefore, the estimation of the surface concentration is conducted using a
modeling approach. The modeling of concentration polarization is usually
derived based on the boundary layer film theory [126].

A detailed schematic diagram is shown in Figure 3.2. Three salt flux terms
at the surface of the RO membrane should be considered in the concentration
polarization modeling: the diffusive flux, convective flux, and salt flux [127].
Assuming a steady state, these flux terms can be arranged as follows [128]:

D dC(x)

T‘FIWC(W) = JwCp, (3.19)

where D is the diffusion coefficient. The first and second terms on the left-hand
side of this equation are the diffusive flux and convective flux, respectively,
and the term on the right-hand side is the salt flux. In the boundary layer film
theory, a concentration gradient between the bulk concentration and surface
concentration appears along the boundary layer thickness (6). Therefore, the
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Figure 3.2 Schematic diagram of concentration polarization and the detailed salt fluxes
on the surface of the RO membrane.

boundary conditions of this differential equation can be defined as C = C, at
x=6and C=C,, at x = 0. Then, Eq. (3.19) can be solved as follows:

Jub)_ Cn—GCy
D) C-C°

In the boundary layer film theory, the ratio D/é can be replaced by the mass
transfer coefficient (k) in each film [129]. The concentration polarization model
can be derived as a function of the water flux, mass transfer coefficient, bulk
concentration, and permeate concentration.

]w]_cm_cp

k) C:—C,

It is difficult to estimate the mass transfer coefficient theoretically. In very
limited cases, an analytical solution for the mass transfer coefficient can be
obtained. For example, assuming that the laminar boundary layer is formed
and the Schmidt number is unity, the Blasius solution can be used to obtain the
mass transfer coefficient [130]. However, the practical situations are not simple.
In an RO membrane module, a spacer is usually included to create turbulent
flow inside the membrane channel because turbulent flow is helpful for reducing
the effect of concentration polarization inside the membrane channel. Thus,
the flow regime cannot be limited to the laminar flow region. To overcome
these limitations, the empirical correlation of the Sherwood number is widely

exp

(3.20)

exp (3.21)
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utilized [128, 131]. The Sherwood number can be expressed as a function of the
Reynolds number and Schmidt number, as follows:

sh = Fdn

= aRe’Sc’, (3.22)
where d,, is the hydraulic diameter of the membrane channel, and the empirical
coefficients a, b, and ¢ are dependent on the flow regime and module structure.
Many studies have been conducted to estimate these empirical coefficients.
By selecting appropriate empirical coefficients according to the operating
conditions, a more effective estimation of the concentration polarization can

be realized. A list of coefficients is presented in Table 3.1.

3.1.4 RO fouling

Fouling and scaling are usually correlated with the water permeability of the
RO membrane. The foulants and scalants deposited on the RO membrane
hinder water permeation across the RO membrane, which usually increases
the water permeability. Thus, RO fouling negatively influences the SEC.
Although a general estimation methodology for the effect of the extent of RO
fouling on the water permeability is not easily obtained, these effects should
be considered and applied to the water permeability of the RO membrane. The
water permeability of a virgin RO membrane is only applicable at the start of
the RO operation.

Table 3.1 Sherwood number correlation coefficients and validated conditions.

Module type Sherwood number Validated conditions Ref.
correlation

Flat sheet d 0.33 .
Sh—1.62[Re -Sc- L] Laminar flow (Re < 2100) [134]
Sh = 0.34Re*7>Sc 10* < Re < 105 [135]
Sh = 0.023Re"3Sc Re > 105 [135]
Sh = 0.2Re">Sc"* Re <50 [132]
Sh =1.964Re*4°Sc"% 0.7 <Re< 1.7 [136]
Sh = 0.023Re"°Sc%% 300 < Sc < 700 [137]
Sh =0.0149Re"8c"% Sc > 100 (138]
Sh=0.107Re**Sc** 0.5<Sc<10 [139]

Spiral-wound Sh = 0.023Re**"°Sc"% Re > 2100 (140]
Sh = 0.2Re®57Sc040 Common commercial spacer [132]
Sh = 0.16Re*Sc"* L/D = 8, spacer angle = 90° [132]

Hollow fiber Sh = 0.2Re*°Sc* 40 < Re < 1000 [141]
Sh = 0.17Re"°Sc*% 20 < Re < 200 (142]

Source: Koutsou et al. [132] and Shibuya et al. [133].
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3.1.4.1 Particulate/colloidal fouling

Particulate or colloidal fouling refers to membrane fouling caused by the
deposition of particles or colloids on the membrane surface. Generally, these
types of foulants are organic and inorganic particles suspended in the source
water, which includes a wide variety of matter such as debris, silt, colloidal silica,
iron, aluminum, polysaccharides, and natural organic matter (NOM). These
solids exist in an insoluble form. Particulate and colloidal foulants are usually
grouped together, but they can be classified according to their size. Particulate
matter is defined as particles with sizes of greater than 1pm, and colloidal
matter comprises particles within the size range of 1-0.001 um (Table 3.2) [143].

Because particulate compounds are relatively large, they are the easiest
foulants to remove. These solids cannot pass through the RO membrane and
are completely retained and concentrated on the feed side. As a result, they form
a thick cake layer, which degrades the process performance. However, most
of these foulants can be removed by implementing well-designed conventional
pretreatment processes such as flocculation/sedimentation and granular media
filtration prior to the RO step.

Colloidal foulants are smaller than their particulate counterparts. These
foulants can generally be further classified into organic and inorganic foulants.
Organic colloidal foulants include proteins, hydrocarbons, polysaccharides,
and NOM, whereas inorganic colloidal foulants include colloidal silica, iron,
aluminum, and manganese [144]. Although colloids do not usually exist in
large coagulated forms like particulate matter, these colloids can be present in
undissolved forms in the source water in the RO step. When colloidal particles
are concentrated through separation by the RO membrane, they join together
to form a sediment and cake layer on the surface of the membrane [145].

In addition to considering the effect of physical parameters such as size,
the chemical interaction between the foulants, membrane, and hydrodynamic
conditions of operation should be considered as important variables for
particulate and colloidal fouling. Both foulants are known to carry negative
surface charges in the pH range of natural seawater, in which case RO membranes
with similar affinities are less susceptible to fouling. Likewise, highly hydrophilic
and less rough RO membranes are less susceptible to the same problem [146].
Hydrodynamic conditions such as the crossflow velocity and operating pressure
can also significantly affect the propensity for fouling. The higher the crossflow
rate is, the more difficult it will be for foulants to settle on the membrane surface,
and thus they will be removed with the retentate stream. When a high-pressure
RO system is in operation, the applied pressure pushes the foulants toward the
membrane, thus hindering back diffusion as well as inducing compression of the
existing fouling cake layer.

Table 3.2 Size and composition of particulate and colloidal matter.

Foulant Approximate size Composition

Particulate matter >1 pm Debris, clay, silt

Colloidal matter 1-0.001 pm Colloidal silica, iron, polymers, plankton
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3.1.4.2 Organic fouling

Organic fouling is caused by organic substances dissolved within the feed
solution, which may be naturally occurring or artificial compounds. Some
common organic materials include humic acid (HA), bovine serum albumin
(BSA), sodium alginate (SA), algae, polysaccharides, transparent exopolymer
particles (TEPs), antifoaming agents, and polyacrylic polymers [147]. Similar to
particulate and colloidal foulants, these organic molecules and microorganisms
are easily rejected by RO membranes and conventional pretreatment processes
because of their relatively large size. However, difficulties in operation can occur
in the RO step and pretreatment processes because of the sticky characteristic
of organic foulants. This characteristic allows the organic compounds to be
adsorbed onto the membrane surface (Figure 3.3). The deposition of particulate
or colloidal matter is quite different from that of the cake layer. The sediment of
organic foulants forms a gel layer, and microorganisms are easily deposited on
the gel layer to form a biofilm [148].

It is important to understand the foulant-foulant and foulant-membrane
interactions to elucidate the mechanism of organic fouling in detail. The initial
interaction between the bulk foulants and membrane surface causes the organic
foulants to be deposited on the surface of the RO membrane. The extent and rate
of gel layer formation are determined by the hydrophilicity and surface charge
between the organic compounds and the RO membrane. When the gel layer on
the membrane surface is covered to some extent, the intermolecular adhesion
between the bulk foulants and the foulants on the membrane, that is, the
foulant-foulant interaction, becomes the dominant force. This foulant-foulant
interaction is the main factor in estimating the thickness and compactness of
the gel layer. The gel layer formed at the surface of the RO membrane increases
the hydraulic resistance, which impedes the water permeability of the RO
membrane [149].

Applied P
* V * Microorganism
. o . - o o Organic foulant
e o o @ lon
RO Membrane
Organic foulant Gel layer formation Biofilm formation
Water flux Water flux Water flux

Figure 3.3 Membrane fouling by organic foulants.
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Organic fouling is mainly attributed to TEPs. These foulants are organic
compounds that are released by microorganisms, and they mainly consist of
polysaccharides and amino sugars. In open seawater, which is utilized as typical
feed water in the SWRO process, biodegradable organic matter, commonly
known as algal organic matter (AOM), is excreted by marine algae during algal
blooming periods, and TEPs comprise the high molecular weight fractions of
those AOM compounds. TEPs serve as a nutritional platform for bacteria and
other microbes to thrive owing to the extremely adhesive characteristics of the
TEP. Furthermore, the same adhesive characteristics of the organic fouling layer
and TEPs hinder effective washing or backwashing of the fouled membrane
surface. It is thus crucial to operate adequate pretreatment processes before the
RO process to minimize damage to the RO membrane.

3.1.4.3 Biofouling

Biofouling is regarded as one of the greatest challenges in RO processes.
Biofouling is formed in the stage subsequent to organic fouling, as shown in
Figure 3.4. Microorganisms can easily accumulate on the gel layer that has
previously been deposited on the RO membrane surface. The organic compounds
around their cells are known as extracellular polymeric substances (EPS) [150].
Because of the surface-active properties of EPS, EPS will remain as a matrix
around the microbes, acting as a kind of blanket for microbes to sit inside, and
this blanket-like layer is commonly known as a biofilm. In addition, the biofilm
formed on the surface of the RO membrane surface traps colloidal particles and
suspended solids in the feed water, forming a layer several micrometers thick
that is highly resistant to permeate flow [149].

Figure 3.4 Bio-fouled spiral-wound RO membrane.
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Washing and backwashing the surface of the RO membrane is important
to reduce the burden required to compensate for the loss of productivity
due to biofilm formation, but this is not a straightforward task when dealing
with biocontamination. The main components of the EPS, such as TEP,
are polysaccharides, which means that the EPS also has a highly adhesive
characteristic. Thus, each microorganism is surrounded by its own capsule of
EPS during the initial formation of biofouling [151]. However, the EPS capsules
coagulate with each other very quickly to form micro-colonies, and these
micro-colonies become irreversibly linked with the membrane surface where
the EPS capsules have adhered [152]. At this point, the initiation of washing
or backwashing can only nominally achieve biofilm removal. The difficulty
in controlling biofilm formation can also be observed through pretreatment.
Because biofilms are a product of microbes, pretreatment methods or biocide
injections can be utilized to remove the biofilm up to a 3.log reduction level to
minimize the number of microbes reaching the RO membrane. Nevertheless,
because the pretreatment process cannot guarantee 100% removal, the
remaining 0.1% of microorganisms can enter the system, and given sufficient
time, they can multiply and form a biofilm on the entire membrane surface.

Another important feature of biofilms is their ability to move to different
locations. In the final stages of biofilm development, microorganisms are
separated from the microbial community and dispersed into the surrounding
environment, as shown in Figure 3.5. Several other mechanisms, such as
quorum sensing or environmental signals, can influence the migration, but
the exact cause has not yet been identified [153]. Nevertheless, the separated
individual cells or clusters settle at different locations on the RO membrane
surface, repeating the biofilm growth cycle.
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Figure 3.5 Different stages of membrane biofouling.
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Figure 3.6 Different stages of scale formation.

3.1.4.4 Scaling

In the process of water/salt separation by the RO membrane, the salt
concentration in the feed water increases significantly in the RO train. When
the salt concentration exceeds the saturation limit or the solubility product
of the individual salt species, it will precipitate and form a mineral scale on
the membrane surface (Figure 3.6). This particle deposition on the surface
of the RO membrane due to supersaturation is called scaling. Scaling is a
significant problem in systems that operate under high recoveries. This trend
was confirmed by the fouling phenomena observed at the surface of the RO
membrane modules inside the PV. Autopsies of multiple modules confirmed that
RO modules at the end of the PV suffered from more severe scaling problems
than those at the front of the PV because the rear RO modules are in contact
with a higher concentration than the front RO modules.

Various salts, such as calcium carbonate, calcium sulfate, barium sulfate,
sodium chloride, magnesium, iron oxides, and silicate, are associated with scale
formation on RO membranes. The major scalants are calcium carbonate (CaCO5)
and magnesium hydroxide (Mg(OH),), which are alkaline hardness scales, as
well as calcium sulfate (CaSO,), which is a non-alkaline hardness scale. Calcium
carbonate is the most prevalent type of scalant. Initially, calcium carbonate exists as
calcium and bicarbonate ions in the feed water. The formation of calcium carbonate
scaling is highly influenced by the temperature and pH of the water solution,
hardness of calcium, and alkalinity of bicarbonate. Because the bicarbonate in the
solution is converted into carbonate under high pH conditions, which increases
the possibility of calcium carbonate precipitation, the feed water pH can be
adjusted to a low range of 4-6 to prevent scale formation [154]. Calcium sulfate,
commonly known as gypsum, is another major cause of scaling in the RO process.
Calcium sulfate has a low solubility in water under average temperature conditions
of approximately 25°C and becomes more insoluble at high temperatures. As with
calcium carbonate formation, the rate of gypsum precipitation increases at higher
pH ranges because more sulfate species can be converted to sulfate ions [155].

Scale formation is closely related to the concentration polarization because
the increased surface concentration due to the concentration polarization
induces nucleation of the scaling as a result of the high degree of supersaturation.
The degree of concentration polarization depends on several factors, but
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the most influential factors are the crossflow velocity, operating flux, and
rejection. Among these factors, the crossflow velocity is very significant for
controlling concentration polarization because it can be easily adjusted during
RO operation. With a low crossflow velocity, more time is required for the
scalants to settle on the surface of the RO membrane, thereby increasing the
concentration in the immediate vicinity of the membrane. Conversely, operating
the system at a high crossflow velocity exposes the RO membrane to a greater
amount of scalants, increasing the probability of scalants settling on the surface
of the RO membrane. Therefore, the optimal crossflow velocity is critical for
the reliable maintenance of RO systems. The effects of the operating flux and
rejection on the concentration polarization influence the scale formation in a
similar manner. A high operating water flux results in faster concentration of
the solution near the surface of the RO membrane on the feed side. A higher
water flux intensifies the difference in concentration between the boundary
layer at the surface of the RO membrane and the bulk feed solution. The higher
the rejection of the membrane, the more solute will be retained on the surface
of the RO membrane, which in turn leads to concentration of the boundary
layer [156]. Concentration polarization also accelerates the formation of a cake
layer or gel layer on the membrane surface. As the phenomenon progresses,
problems such as solute adsorption, scaling, fouling, and pore blocking in the
case of porous membrane systems ensue, resulting in the overall degradation
of process performance parameters such as the water flux and salt rejection.

3.2 MEMBRANE TRANSPORT MECHANISM IN MODULE-SCALE
OPERATION

In small-scale RO systems, the size of the RO membrane is very small, and
the corresponding amount of water permeate is also very small. Therefore, the
difference in concentration between the feed stream and outlet stream is almost
negligible. In large-scale systems using large RO modules, the size of the RO
membrane area is very large. Therefore, the concentration of the feed stream
in the RO membrane module increases along the length of the RO module
because of the large amount of water permeate. The outlet stream from the
RO module contains a higher concentration than the feed stream. This means
that the osmotic pressure in the RO module has a distribution, which causes
an uneven water flux distribution inside the RO module. To describe these
concentration and flux distributions, mass balance equations inside the RO
module should be designed and merged with the RO model developed in the
small-scale system. As shown in Figure 3.7, the overall mass balance equation
inside the RO module can be obtained by considering the inlet flow, outlet flow,
and water and salt fluxes as follows [16, 33, 157]:

d]\4F _ uF,inWH o uF,outWH
dt g e 2
where My is the overall mass of the feed solution; ¢ is the time domain; u is the

linear velocity; p is the density; W, H/2, and Ax are the channel width, height,
and length, respectively; and the subscripts F,in, F,out, and w denote the feed

Prout — Jw(WAX)py — Js(W Ax), (3.23)
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inlet, feed outlet, and water, respectively. Assuming a steady state, the rate of
accumulation term becomes zero. By dividing all of the terms by W-H/2 - Ax, the
differential term of the linear velocity is obtained as follows:

duepe) _ Jwpw s
d«  H/2 H/2’ (3:24)
dug dee — Jwrw s
max T ax T TH/2 HI2 (3:25)
The density of the feed solution is affected by the feed concentration. Eq.
(3.25) can be rearranged as follows:
duF dPF dCF _ ]wpw o ]s
de “Ydce dx  H/2 H/2 (3:26)
Similarly, the salt mass balance of the feed solution can be obtained as
follows [16, 33, 157]:
WHAx dCF i ul:,inWH Coi — uF,outWH
2 dt 2 2
At steady state, the differential term of the feed concentration can be
obtained by dividing all terms by W-H/2- Ax as follows:

d(uzCr) u dCr dug s

PE

Crout — Js(WAX). (3.27)

AUrbr) _ C —
dx Far O dx H/2’ (3.28)
dcF ]s duF
= -C
U dx H/2 T dx (3.29)

By combining Egs. (3.26) and (3.29), Eq. (3.26) can be arranged as follows
[16, 158]:

duF d,OF ]s duF ]wpw ]s
_ _ _ _ 3.30
P i +dCF[ H/2 S dx H/2 H/2' (3:30)
e T [y dpp]
dur  H/2 H/2| dG (5.31)
d pe — Cr dor .
dCr

Egs. (3.29) and (3.31) are merged to obtain the explicit differential term
about Cp.

_CFIWIOW - CF]S [1_ dpF]

dCF _ ]s _ UFH /2 UFH /2 dCF (3 32)
de  upH/2 o —C dpr
" dCx

If the concentration of the solution is low, the feed solution density can be
approximated as pp = p,, + Cp. This assumption is very helpful for simplifying
Egs. (3.31) and (3.32) [16, 158, 159].

due v
dx  H/2 (3.33)



Energy consumption in SWRO operation 51

dCF _ ]s CF]W
de uFH/2+uFH/2 (3.34)

In addition, the pressure of the feed solution is reduced by the friction loss in
the channel. The pressure drop caused by the friction loss should be considered
in estimating the water flux inside the RO module. The pressure drop inside the
RO module can be obtained using the pipeline friction correlation as follows [160]:

dPF _ 2p fuz

dx 7

(3.35)

Then, the linear velocity, concentration, and pressure change of the feed
solution along the RO module length are calculated using differential equations
(3.33), (3.34), and (3.35). The linear velocity change inside the RO module is
directly correlated to the water flux in the RO module. Thus, the permeate
water production rate in the RO module and RO system can be estimated for
the applied pressure. The recovery is also calculated based on the permeate
water production rate and feed flow rate. The differential equation for the feed
concentration can be used to estimate the salt passage across the RO membrane.
The salt rejection in the RO system can then be calculated. Using the derived
model equations, all of the important performance indicators for RO, such as
recovery and rejection, can be obtained.

However, these model equations are derived based on a 1-D simulation. It
is assumed that the velocity and concentration profiles along the membrane
width are uniform. Even though this assumption is quite reasonable for various
industrial RO modules such as spiral-wound types, a more detailed explanation
and modeling approach are needed to estimate the velocity profile on the
surface of the spacer. In this case, 2-D or 3.D simulations should be developed.
Nevertheless, the 1-D simulation is a relevant modeling approach for a module-
scale RO system.

3.3 ENERGY CONSUMPTION MODEL IN THE RO PROCESS

A high-pressure pump (HPP) is required to raise the pressure of the feed stream
in the RO system. Electrical energy must be supplied to run the HPP. In other
words, most of the energy consumption in an RO system is electricity. Thus,
hereinafter, the electrical energy consumption is simply denoted as the energy
consumption. The energy consumption of the HPP is usually dependent on
the feed flow rate and pressure. To calculate the energy consumption of an RO
system, the feed flow rate and applied pressure should be carefully estimated.
From the model equations suggested in Sections 3.1 and 3.2, the applied
pressure and linear velocity of the feed stream can be calculated. To satisfy
the target recovery of the desired RO system, the applied pressure and linear
velocity are adjusted. The linear velocity is directly correlated to the volumetric
flow rate. The SEC of the RO process is calculated based on the volumetric flow
rate and pressure of the feed stream.

In addition, the energy recovery device (ERD) should be considered when
estimating the energy consumption of the RO system. Because the retentate
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stream after the RO module still contains a large amount of pressure energy
[161], the pressure energy should be recovered to reduce the overall energy
consumption of the RO system. Thus, the extent to which the pressure energy
in the retentate can be recovered should be calculated. The energy efficiency
of ERDs has been developed for systems from turbine-type ERDs such as the
Pelton turbine to isobaric ERDs such as pressure exchangers [11]. Recently,
the energy efficiency of pressure exchangers has exceeded 95% [162]. Because
the common SWRO system is operated at a recovery of 50%, the retentate
stream is almost half of the feed stream. The energy remaining in the retentate
stream is quite large; therefore, a high energy efficiency of the ERD is very
important. Therefore, the installation of highly efficient ERDs in RO systems
is indispensable for minimizing the SEC. Because ERDs are not perfect, the
pressure loss should be supplemented by an additional pump. To compensate
for the pressure loss caused by the ERD efficiency and pressure drop in the RO
module, a booster pump (BP) is placed after the ERD. A flow diagram of the RO
process with an ERD and HPP is shown in Figure 3.8.

The RO energy consumption model can be derived from the applied pressure
(Pgo) and feed flow rate (F;..q) as follows [16, 17, 33, 159]:

Fee F 1
Ero = —9 (Pyo — P)) = —L2—(Pro — B)) (without ERD), (3.36)
npump 7]pump RO

where 7,,,, is the pump efficiency, ryo is the RO recovery, F, is the freshwater
production rate, and P, is the ambient pressure. This equation is for the RO
system without an ERD. In the case of an RO system with an ERD, the recovered
pressure energy should be calculated. The amount of energy recovered in the
ERD is obtained using a pressure balance equation [159].

E

1
nerpF, | — —1|(Pro — Paic — P)) = —>(Pero — By), (3.37)
Ro Ro
RO Train
: Product
(pure water)
g '
Feed Tank
‘ High-pressure - 3
BP High-pressure
feed brine
< < < —— CC EEEN
—— R 55 — =
Low-pressure Low-pressure brine

feed
ERD

Figure 3.8 Flow diagram with a pump, ERD, and RO module in the RO process.
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where nggp is the ERD efficiency, Py, is the pressure drop due to friction loss in
the RO module, and Py, is the increased feed pressure achieved by recovering
the pressure energy in the retentate stream. The left-hand side of Eq. (3.37) is
the recovered pressure energy, and the right-hand side is the increased amount
of pressure energy in the feed stream. The energy consumption of the RO
system with an ERD is then derived as follows:

Ego = ., (Pro — Perp)
"““l;p . (3.38)
= P [Pro — nero(l — ko) (Pro — Pric — Py) — Py]  (with ERD).
M pump’RO

Finally, the SEC of the RO process can be obtained by dividing the energy
consumption of the RO system by the freshwater production rate as follows:

ERO 1

SECgo = = (Pro — B)) (without ERD), (3.39)
Fp npumerO
Ero 1 .
SECro = = [Pro — Merp(1 —1ro) (Pro — Pric —0 P)—B] (with ERD).
Fp npumerO

(3.40)

Note that the SEC of the RO system with an ERD is dependent on the
recovery. A high-recovery RO system has a small retentate stream. For example,
an RO system with 80% recovery discharges only 20% of the total amount
of feed stream into the retentate stream. Thus, the pressure energy recovered
from the retentate stream is not significant in the high-recovery RO system.
Some installed desalination plants with high recovery (over 80%) do not use
ERDs because they cannot provide any significant benefit to the desalination
plant. In the SWRO system, however, the recovery is approximately 40%-50%;
therefore, ERD utilization is very important.
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Chapter 4

Recent trends in the SEC
of SWRO

4.1 SWRO PLANTS WORLDWIDE

4.1.1 Data collection

Information on the design specifications and specific energy consumption
(SEC) of RO plants was collected from 61 large-size SWRO desalination
plants (with capacities greater than or equal to 10 000 m3/d) commissioned
after 2000 [11]. Numerous sources were utilized for the analysis, such as
academic journals, books, company catalogs, and national reports. Because
each reference presented similar but slightly different data, the data were cross-
checked against other references if available. Academic journals were regarded
as the most reliable data source, and reports authored by personnel of a specific
SWRO plant were also preferred. In addition, the use of operational data was
preferred over design values.

4.1.2 Data processing
Countries were classified into four regions: the Americas, Asia/Pacific, Middle
East North Africa (MENA)/Mediterranean (excluding the Arabian Gulf),
and the Arabian Gulf. The Arabian Gulf region is separate from the MENA/
Mediterranean region, as the feeds for this region have high salinity and high
temperature, different from those in other MENA/Mediterranean countries.
The commissioning year was determined based on the operation year with the
corresponding capacity, and the capacity was rounded to the nearest tenth.
The average values were used for feed data (e.g., TDS and temperature), but
unobtainable data were assumed using the feed characteristics at the intake
points or those of the nearest SWRO plants. However, the feed characteristics
fluctuate in regions with significant seasonal variation, which reduces the
accuracy of the analysis. The feed TDS values were rounded to the nearest

© 2023 The Authors. This is an Open Access book chapter distributed under a Creative Commons
Attribution Non Commercial 4.0 International License (CC BY-NC 4.0), (https://creativecommons.org/
licenses/by-nc/4.0/). The chapter is from the book Seawater Reverse Osmosis (SWRO) Desalination:
Energy consumption in plants, advanced low-energy technologies, and future developments for
improving energy efficiency, Seungkwan Hong, Kiho Park, Jungbin Kim, Abayomi Babatunde Alayande
and Youngjin Kim (Authors).
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hundredth, and the temperatures were rounded to the nearest whole number.
The product TDS from single-pass systems was adopted without classifications,
but that from two-pass systems was differentiated as before- and after-
remineralization. When TDS data were presented as conductivity, they was
converted to mg/L using the relationship 1000 ps/cm = 640 mg/L.

The average values rounded to the nearest whole number were used for the
recovery. The recoveries of SWRO and BWRO were distinguished, but the
overall recovery of the plant was expressed for SWRO if detailed data were
unavailable. When the recovery value was not obtainable, values of 45% and
909% were assigned for the SWRO and BWRO processes, respectively. The types
of energy recovery devices (ERDs) were classified as Pelton turbine (PT), dual
work exchanger energy recovery (DWEER), and pressure exchanger (PX) in the
analysis regardless of the various models from different companies. Finally, the
SECs of the plant and RO system were differentiated, and the average values
rounded to one decimal place were utilized.

4.1.3 Trends in datasets

The data associated with the commissioning years (Table 4.1) were utilized
to investigate the trends in SWRO applications. An increasing number of
SWRO applications and their capacities can indicate an increasing demand
for desalination over the years. Moreover, the development of high-efficiency
ERDs can be represented in the reduction in SEC over time. Finally, the trends
in RO configurations can be analyzed through the required water quantity and
quality in the SWRO process.

Different types of graphs were used to illustrate the relationships between
factors. If auxiliary lines were provided, the trends in the data were clearly
observed. Thus, the prediction interval (PI) was generated with 95% confidence,
which addresses the prediction accuracy of the targets and thus the trends
in the datasets [163, 164]. Further, ellipses were created for groups with 95%
confidence to visually present the correlation among the data [165].

4.2 INCREASING LARGE-SCALE SWRO APPLICATIONS

SWROs provided only 10% of the global seawater desalination capacity
in 1999 [281]. In this period, SWRO technologies were immature (i.e., low
energy efficiency) and applied in small-size desalination plants. However,
SWRO desalination has conquered the mainstream of the desalination field
in the 2000s. With successful experiences in SWRO operation with low SEC,
numerous large-size SWRO desalination plants have been built (Figure 4.1).

The application of SWRO has increased dramatically in the MENA/
Mediterranean region. The use of desalinated water is inevitable owing to
the dry weather and lack of freshwater sources in these regions, and SWRO
has been widely adopted owing to its high energy efficiency compared with
thermal-based methods (e.g., MSF or MED). SWRO applications are common in
Spain and Israel, where SWRO plants utilize seawater from the Mediterranean
Sea. Saudi Arabia also operates SWRO plants by supplying seawater from the
Red Sea.
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Figure 4.1 Plant capacities of SWRO desalination plants commissioned in different years.
SWRO plants have been installed aggressively since 2000.

However, SWRO applications are relatively uncommon in the Arabian
Gulf region, despite its largest global market share. Instead, thermal-based
methods are dominant over membrane-based methods because of the high
salinity of the seawater in the Arabian Gulf. Seawater in the Arabian Gulf is
characterized by high salinity and high temperature, which is unfavorable for
SWRO operation. In addition, heated seawater from power plants is re-utilized
for freshwater production by thermal-based desalination methods. However,
SWRO applications are increasing rapidly, even in the Arabian Gulf, with
improvements in the efficiency of desalination equipment such as ERDs and
SWRO membranes.

The market growthinthe Asia/Pacificregionissignificant owingtoincreasing
industrial water demand and water shortages due to climate change. In East
Asia, the amount of surface water supply fluctuates owing to dramatic seasonal
variations in the amount of precipitation and the temperature, and SWRO has
been adopted to produce a constant supply of freshwater for industrial use. The
Oceanian region also produces a large amount of water through desalination.
Australia, for example, has suffered a severe drought referred to as ‘Millennium
Drought’ [282] and installed ‘the big six’ desalination plants to ensure water
supply. Thus, the number and capacity of desalination plants in these regions
indicate the importance of desalinated water.

4.3 USING ERDS WITH HIGH ENERGY EFFICIENCY

ERDs are the key components in significantly reducing the SEC of RO systems
compared with other desalting technologies. This has resulted in a dramatic
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Figure 4.2 SEC of SWRO desalination plants with the improvement in ERDs.

improvement in the energy efficiency of SWRO plants over time. Because ERDs
are crucial in reducing the SEC of an RO system, efforts have been made to
improve the ERD efficiency (Figure 4.2). During the 2000s, PTs were developed
that had improved energy efficiencies compared with Francis turbines (FTs).
The PT is attached to a shaft connected to the HPP. However, turbine-type
ERDs are not highly efficient owing to their dual energy conversion, in which
hydraulic energy in the concentrate is converted to mechanical energy to
revolve the shaft and to hydraulic energy in the feed [283, 284]. Isobaric ERDs,
such as DWEERs or PXs, were thus developed to further increase the energy
efficiency of the ERD. While DWEERs are applied in several plants, PXs are
more dominant in applications owing to their higher efficiency [161, 285].
Recent SWRO desalination plants are assumed to adopt a PX as the ERD unless
specific reasons for a different choice are provided. Figure 4.2 demonstrates
how ERD development has shifted from PT to DWEER to PX over time as well
as the SEC reduction achieved through this development.

4.4 INCREASING PRODUCT WATER QUANTITY

More than half of the feed is discharged as concentrate in typical low-recovery
SWRO operations. Thus, efforts have been made to increase SWRO recovery by
utilizing a two-stage SWRO configuration. In the 2000s, several plants adopted
two-stage SWRO configurations in which the concentrate of the first-stage
SWRO is fed into the second-stage SWRO. Because of the increased recovery,
two-stage SWRO plants can reduce their land size as well as the flow rate of
the concentrate [286].
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Figure 4.3 SEC of SWRO plants according to the SWRO stage configuration. Two-stage
designs are adopted to increase the overall recovery.

However, two-stage SWRO configurations have higher SEC because of
the extremely high-pressure operation in the second stage (Figure 4.3). In
particular, a hydraulic pressure of up to 100 bar is applied in the second stage
to produce freshwater from the high-salinity concentrate from the first stage
[180, 286]. This also leads to high capital expenditure (CAPEX) and operating
expenses (OPEX), as equipment resistant to high hydraulic pressures should be
employed. Because the trend in SWRO application is toward lower SEC rather
than increased recovery, two-stage SWRO configurations are not preferred in
SWRO designs.

However, as the demand for zero-liquid discharge is increasing in SWRO
desalination, the application of two-stage SWRO could become more frequent
in the future. Additionally, high-recovery operation is more important for
BWRO than SWRO, and thus BWRO systems are configured with multiple
stages.

4.5 IMPROVING PRODUCT WATER QUALITY

To satisfy the demand for high-quality product, two-pass SWRO configurations
have been widely adopted. SWRO plants have adopted two-pass RO, where the
feed is treated by SWRO (i.e., first-pass RO) and the permeate from the SWRO
is further desalinated through BWRO (i.e., second-pass RO) [17]. However,
additional energy consumption is required to operate the high-pressure pumps
in the additional BWRO process [17].
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Figure 4.4 SEC of SWRO plants according to the overall RO pass configuration. Two-pass
designs are used to improve the water quality.

In this regard, two-pass RO inevitably consumes more energy than single-
pass RO for similar conditions. However, two-pass RO configurations exhibited
lower SEC than single-pass RO configurations in the early 2000s (Figure 4.4).
This is because of the types of ERDs used in those plants. During this period,
the ERDs for two-pass RO were mostly isobaric types, whereas those for
single-pass RO were generally turbines. When the SEC is compared for these
configurations equipped with the same type of ERD, single-pass RO is more
energy efficient.

Although two-pass RO is recognized for high-quality water production,
triple-pass RO configurations have rarely been reported for SWRO plants
for industrial water production [275]. Despite the use of multiple passes, the
application of single-pass RO remains steady. Further development of SWRO
membranes could improve the product quality of single-pass RO and broaden
its application.

4.6 APPLYING MULTIPLE PRETREATMENT METHODS FOR HARMFUL
ALGAL BLOOMS

Harmful algal blooms (HABs) can cause significant fouling problems in SWRO
processes because the occurrence of HABsincreases the algae and organic loads
in the SWRO feed. HABs adversely affect the SWRO process by clogging the
pretreatment units and deteriorating RO membranes. As a result, the permeate
quality is reduced due to increased algal growth, algal organic matter (AOM)



68 Seawater Reverse Osmosis (SWRO) Desalination

and algal toxin production, and clean-in-place and maintenance cleaning must
be performed more frequently.

The incidence of HABs in the Arabian Gulf and the Gulf of Oman between
2008 and 2009 led to the closure and operational restriction of some SWRO
plants in the region. Efficient and effective pretreatment methods can mitigate
the occurrence of fouling resulting from HABs. This would minimize the
increase in the transmembrane pressure and thus the membrane cleaning
frequency.

The pretreatment method depends on the characteristics of the feed and the
required permeate quality. Coagulation coupled with DMF is a conventional
pretreatment method to overcome the operational challenge of HABs by
removing turbidity and suspended solids [102, 287]. Owing to the ineffectiveness
of DMF alone, new pretreatment methods have been introduced, such as UF
plus DAF, to remove colloids and dissolved organics. DMF alone does not have
the ability to satisfy the silt density index (SDI) standard for SWRO operation
during HABs.

The current practice typically involves the use of DAF before DMF or
pretreatment using UF. DAF is very effective for removing foulants with high
buoyancy in water (such as algal cells), turbidity, color, and oils. DAF became
more popular after the occurrence of HABs in the Arabian Gulf and Gulf of
Oman between 2008 and 2009, and the number of DAF installations in SWRO
plants has continued to grow [288]. Similarly, UF pretreatment has been
reported to achieve high removal of particulate and colloidal materials that can
cause fouling from the SWRO feed. UF pretreatment has also been extensively
incorporatedinto SWRO plants worldwide [289,290]. Compared to conventional
pretreatment processes (e.g., coagulation, flocculation, sedimentation, and
gravity filtration), although no significant energy savings were observed when
conventional pretreatment was replaced by UF pretreatment, a significant
improvement in permeate flux and recovery and reduced chemical use were
reported with the UF pretreatment process [291].

Figure 4.5ashowstheimpact of HABs on the choice of pretreatment processes.
The impact of HABs became apparent after the incidents of 2008—2009 in the
Arabian Gulf and Gulf of Oman, which forced most desalination plants in the
region to close, particularly those that operated a DMF process without the
incorporation of a DAF unit. Although it is believed that UF pretreatment can
eliminate most of the particulate matter and some of the colloidal matter, UF
systems are still susceptible to fouling during HABs and the permeate from
such systems would have a high fouling potential on the SWRO membrane. For
instance, desalination plants that operated conventional DMF and UF during
the HAB of 2008 were unable to withstand the overwhelming impact of the
blooms [292]. This led to the introduction of the DAF pretreatment process
as a pretreatment option during HABs owing to its proven ability to remove
turbidity, oils, and greasy matter.

DAF was rarely used in SWRO plants before the challenges of HABs, but
it has continued to gain attention owing to its effectiveness in algal-laden
seawater. The effectiveness of DAF was further validated when SWRO plants
without DAF systems were shut down while those with DAF systems continued
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Figure 4.5 Pretreatment process modifications due to HAB occurrence: (a) single

pretreatment processes and (b) cumulative pretreatment processes commissioned
per year.

to operate during the blooms [293]. Thus, the number of SWRO plants that have
installed multiple pretreatment processes, such as DAF in combination with
DMEF or UF, has continuously increased (Figure 4.5b).

DAF coupled with DMF or UF are comparable pretreatment methods for
SWRO plants with a production capacity of less than 100 000 m3/d. However,
a greater percentage of SWRO plants use UF pretreatment coupled with DAF,
while a lesser proportion use DMF coupled with DAF (Figure 4.6a). Interestingly,

@30 . () ¢
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Figure 4.6 (a) Pretreatment processes of SWRO plants based on capacity: (@) number
of SWRO plants employing various pretreatment methods and (b) comparison of the
importance of DAF in different regions.
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as the capacity of the plants increases above 100 000 m3/d, the number of plants
with DMF/DAF and UF/DAF coupled systems is similar. The more frequent
use of DMF in higher capacity SWRO plants is due to the robustness of the
process and its cost effectiveness in terms of maintenance. The efficiency of
DMEF can easily be augmented by using adequate coagulation during HAB.

In the Arabian Gulf, most SWRO plants have DMF/UF pretreatment
coupled with DAF (Figure 4.6b). In particular, SWRO plants subjected to
UF pretreatment adopt DAF as a compulsory process. This is because the UF
membrane is highly susceptible to fouling, similar to other membrane processes.
Thus, a pre-pretreatment step is necessary to reduce fouling on the membrane,
unlike with DMF. DAF can be a great option for UF because of its ability to
reduce biofouling on the UF membrane, especially during HAB occurrence.

4.7 PERFORMING RETROFITTING AND EXPANSION

The energy efficiency of a single SWRO plant can be improved by upgrading the
ERD or increasing the pump capacity (Figure 4.7). The Dhekelia SWRO Plant
(Cyprus) changed its ERD from FT to PX, which contributed to a reduction in
the SEC from 6.2 to 5.3 kWh/m3 [228, 229]. The Las Palmas III SWRO Plant
(Canary Islands, Spain) has upgraded its facility several times. The capacity
was expanded from 36 000 m3/d (1989) to 86 000 m3/d (2011), and the types
of ERDs were retrofitted from FT to PX. Owing to the improvement in pump
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Figure 4.7 Reduction in SEC obtained by retrofitting ERDs and increasing capacity. The
bubble size represents the relative capacity of the plant.
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and ERD efficiencies, the SEC was reduced from 6.7 to 4.1 kWh/m?3 [226, 227].
Similarly, several studies have reported a reduction in the SEC of RO systems.
Tordera SWRO Plant (Spain) reduced the SEC of its RO system from 3.1 to
2.6 kWh/m3 by changing the ERD [181, 248, 250], and Palmachim SWRO Plant
(Israel) reduced its RO SEC from 2.9 to 2.5 kWh/m?3 through an ERD retrofit
and capacity expansion [209, 270-272]. The demand for low SEC values and
increased water production has resulted in the retrofitting and expansion of
SWRO plants.

4.8 UTILIZING RENEWABLE ENERGY

An average of 37 barrels of fossil fuel is used for SWRO desalination coupled
with a power plant to desalinate 1000 m3 of seawater. This results in the release
of an average of 10 tons of CO, into the atmosphere [294]. Such emission levels
have a significant impact on the climate, which in turn may lead to more water
shortages and increased scarcity.

Future energy trends in SWRO plants are likely to focus on green and low
carbon footprint desalination through the use of renewable energy. Renewable
energy sources are considered the main means of addressing the greenhouse
gas emissions associated with SWRO plants. Although greenhouse gases
are produced during renewable energy generation, they are produced at a
significantly lower level. Interestingly, a majority of SWRO desalination plants
are located in the MENA region, where renewable energy sources are abundant.
Thus, several SWRO desalination plants in the MENA region utilize renewable
energy for water production (Figure 4.8).

Saudi Arabia aggressively utilizes photovoltaic energy to operate SWRO
desalination plants. Al Khafji Plant, with a capacity of 60 000 m3/d, is one of
the largest SWRO plants that utilizes renewable energy. Because the plant is
equipped with an energy storage system (ESS), photovoltaic energy can be
directly utilized to operate the plant or stored in the ESS during the day. The
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Figure 4.8 Scheme of SWRO desalination plant utilizing renewable energy.
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Table 4.2. Specifications of pilot plants in the Masdar program [229].

Ccompany Technology Capacity (m3/d)
Abengoa RO, membrane distillation (MD) 1080

Suez RO, ion exchange (IX) 100
Sidem/Veolia RO (using solar energy) 300

Trevi Systems Forward osmosis (FO) 50

Mascara Renewable Water RO (using solar energy) 30

plant is then operated with stored energy at night. In addition, a plant with a
capacity of 125 000 m3/d paired with a 4 MW photovoltaic energy system will
be installed in Neom city. Likewise, a wider application of photovoltaic-energy-
based SWRO plants is expected in Saudi Arabia.

Jordan has focused on the installation of renewable-energy-driven SWRO
desalination plants with limited water sources. Because Jordan has a small
coastline of 26 km in Agaba, seawater desalination has not been the main
source to obtain freshwater, unlike in other Middle Eastern countries. Owing
to the increasing demand for freshwater, the Agaba SWRO Plant was installed
in Jordan, which produces freshwater through photovoltaic energy.

Various types of renewable energy SWRO technologies have been explored
in the United Arab Emirates. In 2013, Madsar, the Abu Dhabi Future Energy
Company, launched a desalination pilot program that aimed to develop
desalination technologies using renewable energy. Five participating companies
operated pilot plants to validate the feasibility of different desalination
technologies (Table 4.2).

Renewable energy can be utilized in other regions if the feasibility of utilizing
renewable energy is established. An SWRO plant in Sydney has been reported
to consume less than 3.9 kWh/m? with a capacity of 250 000 m3/d. However,
this can be reduced further to 3.2 kWh/m?3 by utilizing the energy produced
from a wind farm. Although renewable energy does not lower the amount of
energy required for SWRO operation, it can decrease the energy demand from
conventional energy sources.

It is necessary to supply SWRO desalination plants using renewable energy
sources to achieve a water—energy nexus. SWRO paired with renewable energy
facilities is expected to be a future trend in SWRO desalination. However, the
feasibility of renewable energy use should be critically assessed in implementing
this technology.
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Chapter 5

Factors affecting the SEC of
SWRO plants

5.1 SPECIFIC ENERGY CONSUMPTION OF PRE- AND
POST-TREATMENT

Although the specific energy consumption (SEC) of pre-treatment will differ
depending on the method (e.g., granular media filtration or membrane filtration),
its contribution to the overall SEC of SWRO desalination plants is trivial. In
contrast, the RO system accounts for the highest percentage (~71%) of energy
use in an SWRO desalination plant [295]. Thus, the overall SEC of a plant is
strongly affected by the SEC of the RO system.

Figure 5.1 shows the relationship between the SEC of a plant and that of the
corresponding RO system based on the dataset in Table 4.1. The difference in
the SEC of the plant and RO system is approximately 1 kWh/m?3 regardless of
the type of ERD. In other words, the SEC for both pre- and post-treatment is
nearly 1 kWh/m3, which is not significantly affected by the RO system design.
However, it should be noted that several plants require a higher SEC for intake
or product pumping depending on their location. For example, several SWRO
plants in Chile consume high amounts of energy for water pumping to supply
desalinated water beyond the Andes Mountains.

As the RO system is the dominant energy-consuming unit, it is critical to
analyze the factors associated with the SEC of the RO system. The factors
affecting the SEC of the RO system also significantly influence the SEC of the
plant. Feed characteristics, such as salinity and temperature, can affect the SEC
of RO because they are related to the minimum energy required for operation.
In addition, the SEC of RO can be determined by the target conditions,
including the permeate quality and quantity. The SEC is further influenced by
the efficiency of the equipment (e.g., the HPP, BP, and ERD).

© 2023 The Authors. This is an Open Access book chapter distributed under a Creative Commons
Attribution Non Commercial 4.0 International License (CC BY-NC 4.0), (https://creativecommons.org/
licenses/by-nc/4.0/). The chapter is from the book Seawater Reverse Osmosis (SWRO) Desalination:
Energy consumption in plants, advanced low-energy technologies, and future developments for
improving energy efficiency, Seungkwan Hong, Kiho Park, Jungbin Kim, Abayomi Babatunde Alayande
and Youngjin Kim (Authors).
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Figure 5.1 Effect of the SEC of the RO system on that of the plant. Because the RO system
is the most energy-intensive unit, the SEC of the plant is strongly related to the SEC of the
RO system. PT: Pelton turbine; DWEER: dual work exchanger energy recovery; PX: pressure
exchanger; PI: prediction interval.

5.2 FEED CONDITIONS

5.2.1 Feed salinity

As a high-salinity feed contains high osmotic pressure, high hydraulic
pressures must be applied for the production of freshwater. Thus, an increase
in the feed salinity will increase the SEC of the RO system and the plant [296].
Figure 5.2 shows the effect of feed salinity on the SEC, and the trend agrees well
with common sense. In fact, if the temperature effect is included, a stronger
relationship would be presented for the impact of salinity on the SEC. When
the feed salinity and temperature are both low, a high SEC is observed despite
the low salinity. However, a high temperature will lower the SEC under high-
salinity conditions (above 40,000 mg/L); thus, the SEC is underestimated.
Overall, an increase in the salinity significantly increases the SEC of SWRO
desalination plants.

5.2.2 Feed temperature

While the change in feed salinity influences the SEC associated with the
osmotic pressure, the change in temperature affects the apparent properties
of RO membranes. With an increase in the water temperature, the key
parameter values of RO membranes, such as the water permeability (A) and
salt permeability (B), increase [17]. At high water permeability, the SEC will
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Figure 5.2 Effect of feed salinity on the SEC of SWRO desalination plants. Turbine ERD
refers to PT systems, while isobaric ERD includes DWEER and PX.

be reduced because of the low hydraulic pressure operation required for water
production if the other conditions are maintained. Although an increase in
temperature will slightly elevate the minimum energy required for separation,
its effect on increasing the SEC is relatively trivial compared to SEC reduction
due to low-pressure operation [296].

Figure 5.3 does not confirm the claim that an increase in temperature
can reduce the SEC of plants. A weak correlation is observed between the
temperature and SEC owing to the salinity effect. However, several datasets
include cases in which the feed conditions are high temperature with high
salinity or low temperature with low salinity. Because the SEC is affected by
the salinity and temperature, the effect of temperature on the SEC is not clearly
shown in Figure 5.3. Although the effect of temperature has been investigated,
it should be analyzed further by excluding the effect of salinity.

5.2.3 Overall feed conditions

Although the effects of salinity and temperature on SEC have been investigated
separately, a comprehensive analysis of their effects should be performed. Thus,
a mesh plot was created that presents the SEC dependence on the salinity
and temperature simultaneously (Figure 5.4). As the increase in salinity and
increase in temperature influence the SEC inversely, a saddle point is generated
on the mesh (Figure 5.4a). This means that the SEC cannot be accurately
described by analyzing the single factors alone. Thus, Figure 5.4b and 5.4c were
regenerated considering the mesh plot as trends. Given that the mesh does not
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Figure 5.3 Effect of temperature on the SEC of SWRO desalination plants.

spread much in Figure 5.4b, the effect of temperature is not noticeable with the
increase in salinity. In addition, the mesh in Figure 5.4c spreads significantly
at high temperatures owing to the existence of various feed salinities. It is thus
necessary to estimate SEC as a function of both salinity and temperature.

5.3 EQUIPMENT EFFICIENCY

5.3.1 ERD efficiency
The SEC of SWRO desalination plants, with different types of ERDs, was
analyzed (Figure 5.5). SWRO plants using PTs as the ERD reported SEC values
of 3.5-5.5 kWh/m3. However, isobaric ERDs (e.g., DWEER and PX) consume
less energy compared to turbine ERDs (e.g., PT). SWRO plants with DWEER
reported SEC values of 3.5-4.6 kWh/m?3, while those with PXs had SEC values
of 3.0-5.3 kWh/m?3. High SEC values are observed for several SWRO plants
with PX systems owing to feed conditions or inferior membrane performance.
Plants with PXs accompanied by advanced technologies in membranes and
other equipment operate with low SEC. Interestingly, it has a plant with a PX
that has been reported to consume less than 3 kWh/m?3 for the whole plant
[217, 218|. This is due to the low energy consumption of the RO system, which
consists of single-pass RO accommodating high-performance membranes and
employs PX as the ERD. Similarly, the SEC of the RO system greatly influences
the SEC of the plant, and thus the SEC can be lowered with the development
of ERD technologies.
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Figure 5.4 Effects of feed conditions on the SEC: (a) overall feed conditions, (b) salinity,
and (c) temperature.

5.3.2 Pump efficiency
The SEC of SWRO plants can also be influenced by the efficiency of the HPP
and BP. The size of the pump has been reported to be positively correlated with
the pump efficiency [102]. As a result, larger-sized SWRO plants can reduce the
RO SEC through improved pump efficiency. The correlation between the plant
capacity and SEC is shown in Figure 5.6. Based on common sense, the SEC
should decrease with increasing capacity.

However, high-capacity SWRO plants do not always exhibit a low SEC.
SWRO desalination plants consist of several pump stations. The configuration
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of multiple RO racks is advantageous for maintenance or emergency operations.
Because the size of the pump is determined by the capacity of the pump
station, the plant capacity is not strongly related to the SEC. In contrast, the
relationship is apparent for SWRO plants with capacities of less than or equal
to 100,000 m3/d. This is because fewer pump stations are installed in these
plants, and thus the effect is lessened.

It is advantageous to increase the size of the pump station to decrease
the SEC of SWRO desalination plants. A new RO configuration has been
proposed to increase the size of the pump station by integrating multiple pump
stations. This configuration is referred to as the pressure center design, and
the equipment of the RO system (e.g., the HPP, BP, and ERD) is placed in the
middle of the train to increase its size. A large amount of feed is supplied by
a larger pump, which can be more energy efficient than a typical design [295].
IDE Technologies Ltd. developed this design, and several large-size SWRO
plants (Ashkelon, Hadera, and Sorek) have adopted it [107, 204, 209, 268, 269].

5.4 TARGET CONDITIONS

5.4.1 Permeate quality

The permeate quality can be improved by applying a two-pass RO design,
where the feed is treated by both SWRO and BWRO. Depending on the pipe
connections between the SWRO and BWRO, two-pass RO is classified as full,
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Figure 5.6 Effect of plant capacity on the SEC of SWRO desalination plants. It should be
noted that the size of the pump station determines the pump efficiency.

partial, or split partial two-pass (or second-pass) RO. However, two-pass RO
exhibits a higher SEC because it produces high-quality permeate. This can be
explained by the higher minimum energy required for separation to produce
purer water. Single-pass RO produces a permeate quality of 300-500 mg/L
with a relatively low SEC (Figure 5.7). On the contrary, two-pass RO produces
permeate with improved quality and higher SEC. The permeate quality from
two-pass RO is 15-130 mg/L before remineralization and 115-300 mg/L after
remineralization. In particular, the SEC is significantly higher when full two-
pass RO is utilized to produce permeate with TDS of less than 50 mg/L (before
remineralization).

The RO pass configuration will determine the SEC and permeate quality. The
SEC values for different RO pass configurations are illustrated in Figure 5.8.
Single-pass RO consumes relatively less energy than two-pass RO. However,
several single-pass RO plants exhibit higher SEC values than two-pass RO
plants, particularly when the single-pass RO plants started operation in the
early 2000s. This is because low-efficiency desalination technologies were
installed in these SWRO plants, including turbine ERDs and low-performance
membranes. Furthermore, the SEC for two-pass RO varies based on the partial
ratio of the second-pass RO. Split partial second-pass (SPSP) RO consumes less
energy than other two-pass RO systems because the split design generates less
mixing entropy. SPSP RO treats the SWRO rear permeate only and mixes it
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Figure 5.7 Effect of permeate quality on the SEC of SWRO plants. Two-pass RO consumes
more energy to produce purer permeate.

with the SWRO front permeate to produce the final product [17]. In contrast,
full two-pass RO exhibits the highest SEC among two-pass RO systems because
of the larger volume treated by BWRO.

5.4.2 Permeate quantity
Recovery refers to the ratio of the permeate flow rate to the feed flow rate.
A high-recovery operation is beneficial for minimizing the amount of feed
required to produce a certain amount of permeate, and thus it can reduce the
overall intake and pre-treatment volumes [297]. As a result, a high-recovery
operation can reduce the costs of intake and brine disposal. However, the range
of SWRO recovery is limited by the salinity of the feed, which is associated
with the osmotic pressure. During the RO process, the osmotic pressure is
constantly increasing, and the osmotic pressure reaches the hydraulic pressure
through permeate production [17]. Permeate is no longer produced when the
osmotic pressure reaches the hydraulic pressure [29, 33, 108]. Because SWRO
recovery is limited by high osmotic pressure, SWRO plants cannot achieve high
recovery with a high-salinity feed (Figure 5.9). The hydraulic pressure should
be increased to achieve higher recovery; thus, several SWRO plants apply two-
stage SWRO configurations.

Two-stage SWRO plants exhibit higher SEC than single-stage SWRO owing
to the high-recovery operation in two-stage SWRO. The SEC of SWRO plants
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is depicted with their corresponding SWRO recovery in Figure 5.10. When the
recovery of single-stage SWRO plants ranges between 40% and 50%, the SEC
of these plants is relatively low. This can be attributed to an optimal recovery
for the SWRO operation, which minimizes SEC [108]. In contrast, the optimal
recovery for two-stage SWRO plants is approximately 60%. This is because the
optimal recovery for the first stage is 40%, and an additional 20% recovery is
obtained from the second stage. Interestingly, when SWRO plants are operated
with a recovery less than or greater than the optimal value, the plants exhibit
relatively high SEC. Therefore, it is critical to operate SWRO plants with the
optimal recovery to minimize the SEC and costs.

5.5 SUMMARY AND FUTURE DIRECTIONS

With the crisis of water and energy, the SEC is considered a critical factor in the
operation of SWRO desalination plants. Thus, factors associated with the SEC
are systemically analyzed to understand the energy use in SWRO desalination
plants. Based on this analysis, future directions are suggested to lower the SEC
of SWRO plants.

 Dilute feed salinity: Feed conditions such as salinity and temperature
are associated with the thermodynamic minimum energy for separation.
Thus, SWRO desalination plants exhibit different SEC values even when
the same equipment and design are adopted. The SEC increases with an
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increase in feed salinity but decreases with an increase in temperature.
In other words, the SEC is reduced when the salinity is lower and the
temperature is higher. However, feed conditions are specific and site-
dependent, and higher energy consumption may be required to control
these factors. In contrast, recent dilution methods, such as forward
osmosis (FO), can reduce the feed salinity with low energy by diluting
seawater using water reclaimed from wastewater. Such a dilution method
could lower the SEC of SWRO desalination plants if the energy required
to operate FO is smaller than the energy saved in SWRO. Thus, the
feasibility of dilution technologies should be investigated by considering
the net amount of energy reduction.

* Reduce irreversible work: The SEC of SWRO plants has been reduced
significantly with the development of highly efficient equipment. The
utilization of ERDs allows SWRO desalination plants to reach an SEC of
3 kWh/m?3. Currently, PX systems are the most energy-efficient ERD, with
over 95% mechanical efficiency. The development of advanced ERDs
would certainly lower the SEC, but the impact may not be significant.
In addition, the pump efficiency can be improved when the pump size
is larger. Consequently, a pressure center design has been developed to
increase the pump size. However, it would not be a reasonable suggestion
toreduce the SEC by increasing the pump size owing to the need for several
pump stations, difficulties in maintenance, and other operational issues.
Nevertheless, the SEC of the RO system can be reduced by decreasing
the irreversible work in high-pressure pumps. Although both reversible
and irreversible works are required by the pumps, the irreversible work is
not involved in the desalination process. Therefore, reducing such wasted
work can lower the SEC of RO systems and consequently that of plants.

« Harvest osmotic energy: SWRO desalination plants should produce
water that satisfies the required quality and quantity, and more energy
is consumed to meet stricter requirements. Two-pass RO is utilized to
produce high-quality permeate, and different types of two-pass RO
configurations are employed depending on its purpose. Considering
various RO pass configurations, the development of new RO configurations
may not significantly improve the energy efficiency. On the contrary, two-
stage SWRO is used to increase the overall recovery of the RO system,
and it is important to operate SWRO at the optimal recovery to reduce
the SEC. In summary, the reduction in SEC is focused on permeate
production in terms of quality and quantity. However, it should be noted
that the concentrate contains an abundance of osmotic energy, and this
energy can be utilized to reduce the SEC of SWRO desalination plants if
harvested. Pressured retarded osmosis (PRO) and reverse electrodialysis
(RED) are promising technologies for harvesting osmotic energy from
the concentrate, but their feasibility should be investigated further in
combination with SWRO desalination plants.

Considering that the SEC of SWRO desalination plants is higher than the
thermodynamic minimum energy, it should be possible to further reduce the
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SEC. It is expected that further SEC reduction can be achieved by improving
current technologies or developing novel technologies. These technologies may
include lower feed salinity, reduced irreversibility of pumps, and recovery of
osmotic energy from the concentrate (Figure 5.11).
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Chapter 6

Advanced technologies for a
low-energy SWRO process

6.1 THEORETICAL ENERGY CALCULATION OF THE SWRO PROCESS

6.1.1 Exergy analysis for theoretical minimum energy

The energy consumption for the separation of seawater to obtain fresh water
changes depending on the separation methodology and process equipment.
For example, thermal-based desalination usually requires high specific energy
consumption compared to membrane-based desalination. However, regardless
of the separation method, the minimum hurdle for the separation, which is
usually called the theoretical minimum energy, can be clearly identified, because
it is only affected by the information of the feed and product streams. The
energy efficiency of any desalination process can be calculated from the actual
energy consumption to the theoretical minimum energy ratio. Therefore, the
theoretical minimum energy is a criterion for evaluating the energy efficiency
of the desalination process. The methodology for calculating the theoretical
minimum energy is the Gibbs free energy equation for mixing [21, 45, 298|,
and an exergy analysis of feed and product streams [46, 299-302]. The detailed
equations for calculating the theoretical minimum energy using these two
methods are as follows:

Method 1: By, = f “d(AGy) = f _RTInaydn, = f 1,3, dn, 6.1)
Method 2: Enin = > Xeou — Y Xiin 6.2)
X =(h—h)-Ty(s—5) Zw i — 1l (6.3)

© 2023 The Authors. This is an Open Access book chapter distributed under a Creative Commons
Attribution Non Commercial 4.0 International License (CC BY-NC 4.0), (https://creativecommons.org/
licenses/by-nc/4.0/). The chapter is from the book Seawater Reverse Osmosis (SWRO) Desalination:
Energy consumption in plants, advanced low-energy technologies, and future developments for
improving energy efficiency, Seungkwan Hong, Kiho Park, Jungbin Kim, Abayomi Babatunde Alayande
and Youngjin Kim (Authors).
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where G,;, denotes the Gibbs function for mixing, R is the gas constant, T is
the temperature, a,, is the activity of water, n,, is the number of moles of water,
IT, is the osmotic pressure of seawater, Vv, is the molar volume of water, X £ out
and X rm are the flow exergy of the outlet and inlet streams, respectively, # is
the specific enthalpy, s is the specific entropy, u is the chemical potential, w is
the mass fraction, and superscripts * and ° denote the restricted dead state and
the global dead state, respectively.

6.1.1.1 Method 1

In method 1, the theoretical minimum energy is obtained from the osmotic
pressure of the feed solution. The correlation between the osmotic pressure and
theoretical minimum energy is derived from the Gibbs free energy of mixing
[21, 298]. An illustrative case is suggested to derive the theoretical minimum
energy required for separation (Figure 6.1). The pure solvent and solution are
placed in a solution chamber with a semi-permeable membrane in between.
Owing to the existence of the osmotic pressure difference, higher pressure,
which is the same as the osmotic pressure difference, should be supplied on the
solution side to avoid net water flux across the membrane. At the equilibrium
state, it is considered that pressure P on the pure solvent and pressure P + 7
on the solution are applied. Based on solution thermodynamics, the chemical
potentials in the pure solvent and solution at the equilibrium state can be
expressed as follows [303, 304]:

1i(P) = pu4(xa, P+ ) (6.4)

where 1, is the chemical potential of material A, x is the mole fraction, and
the superscript * denotes pure species. To express the chemical potential of the

Membran .

T—

Pure solvent

-

uy(P)

Figure 6.1 Chemical potential at the equilibrium state of the pure solvent and solution
located on both sides of the RO membrane.
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mixture, the chemical potential with pure species and activity coefficient are
used as follows [303, 304]:

fa(x4, P+ 1) = pig(P+7) + RT In(7y4x4) (6.5)

where R is the gas constant, T is the absolute temperature, and ~ is the activity
coefficient. As the chemical potential is a function of pressure, it is necessary to
express the pressure effect on the chemical potential. At a constant temperature,
the pressure effect on the chemical potential of pure species is simplified by the
integration of the volume on the pressure difference as follows [303, 304|:

P+rm
iP+m) = iaP)+ [ V(pip® (et constant T) (66
P

Equation (6.4) can be arranged by substituting Equations (6.5) and (6.6) as
follows:

1A(P) + f V(p¥)dp* +RTIn(7.45,) = 13(P) 6.7)

P+m

—RTln(*yAxA) = f V(p*)dp * (6.8)
P
Based on the initial state of the solutions before mixing and the final state
after mixing, the Gibbs free energy of mixing can be calculated as follows:

AGhix = Gpingt — Ginitial (6.9)

It is assumed that there are only two chemical species (A and B) in the
membrane separation system. Initially, two pure chemical species are isolated
in different chambers. After mixing these two chemical species completely, the
Gibbs free energy of the mixture at the final state usually increases owing to the
entropy generation based on the second law of thermodynamics. This can be
attributed to changes in the chemical potential. If the pressure and temperature
are consistent during mixing, the Gibbs free energy at the initial and final states
can be derived from the chemical potential as follows:

Ginitial = nA,U:l + nBM; (6.10)

Giinal = Ny [u; + RTln(fyAxA)] —i—ng[,ug +RT1n(73xB>} (6.11)

where 7 is the mole of each chemical. Therefore, the Gibbs free energy of mixing
is derived as

AGoi = nARTln(fyAxA)—|—n3RT1n(fyBx3) (6.12)

The theoretical minimum energy for separation has the same absolute value
but an opposite sign from the Gibbs free energy of mixing. As the solution
system described in this chapter consists of water and salt, the differential term
of the theoretical minimum energy for separation can be expressed as

d(~AGyy ) =d{-RT[n, Ina, +nIna,]} (6.13)
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where a is the activity, and the subscripts w and s denote water and salt,
respectively. In high-performance membrane separation systems, the salt
permeation is almost zero. Thus, it can be assumed that the differential term of
salt permeation becomes zero for the sake of simplicity. Then, Equation (6.13)
can be arranged as follows:

d(—AGmiX) = —RTd(nW In aw) = —RT(nwdln a, +1In awdnw) (6.14)

As the change in the number of water molecules is much larger than the
change in the activity of water, the differential term of water activity is negligible.
Equation (6.14) can be simplified as

d(=AGpx)=—RTIna,dn, (6.15)

By incorporating Equations (6.8) and (6.15), the correlation between the
theoretical minimum energy for separation and the osmotic pressure of the
feed solution is obtained as follows:

d(—AGmiX) = nV,dn, (6.16)

6.1.1.2 Method 2

Method 2 utilizes exergy flow calculation. The flow exergy can be calculated
by the enthalpy, entropy, and chemical potential, which are functions of
temperature, pressure, and concentration. The equations for calculating flow
exergy can be expressed as follows [301, 302]:

Epin = ZXf,out _ZXf,in (6.17)

Xe=(h=0")=T(s =)+ > w(u —u?) (6.18)

where X four and X rin are the flow exergy of the outlet and inlet streams,
respectively,  is the specific enthalpy, s is the specific entropy, 1 is the chemical
potential, z is the mass fraction, and superscripts * and 0 denote the restricted
dead state and global dead state, respectively.

The specific enthalpy of seawater is calculated using the following equations
[301, 302]:

h(T,P,wy)=h(T,B,w)+v(P—R) (6.19)

a + aw, + asw + agw + asT + agT?
h=h,—w|" ’ Y o (6.20)
+a;T° + agw, T + agw,"T + ayow, T

hy =141.355+4202.07xT —0.535x T? +0.004 x T* (6.21)

where T is the temperature (°C), P is the pressure (kPa), w, is the mass fraction
of salt (kg salt/kg seawater), v is the specific volume of seawater (m3/kg), and
h,, is the specific enthalpy of pure water (J/kg).
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The specific volume of seawater is calculated using the following equations
[301, 302]:

1 1

v=—=
,0 pw "‘ Wy (b] + sz + b3T2 + b4713 + b5W5T2>

(6.22)

Py =9.999x10% +2.034x10*T —6.162x10°T*

6.23
+2.261x107°T° —4.657x10787* ( )

where p is the density of seawater (kg/m3) and p,, is the density of pure water
(kg/m3).
The specific entropy is calculated by the following equations [301, 302]:
+ o +ow’ +ew’ +osT + T
S =8y — W, C) C;W C3 W, C412/V Cs 206 (6'24)
+ci 77 4 csw, I + cow T + ciows T
sy = 0.1543 +15.383T —2.996 x 10T

6.25
+8.193x107°7° —1.370x10°'T* ( )

where s, is the specific entropy of pure water (J/kg K).
All the parameters in Equations (6.20), (6.22), and (6.24) are listed in Table 6.1.
In the case of seawater desalination, the chemical potential of water and
salts is obtained by Gibbs free energy as follows [301, 302]:

_ 090G _ 0Og

" o, g—Ws O, (6.26)
Table 6.1 Parameters for flow exergy calculation.
Parameter Value Parameter Value
Equation (6.20) a, —2.348 x 104 a, 3.152 x 105
as 2.803 x 10° a, —1.446 x 107
as 7.826 x 103 ae —4.417 x 10!
a; 2.139 x 10! as —1.991 x 10*
ay 2.778 x 104 Qo 9.728 x 10!
Equation (6.22) b, 8.020 x 102 b, —2.001
bs 1.677 x 102 b, —3.060 x 105
bs ~1.613 x 103
Equation (6.24) G —4.231 x 102 c, 1.463 x 104
C3 —9.880 x 10* Cy 3.095 x 10°
Cs 2.562 x 10! Ce —1.443 x 101
¢ 5.879 x 10 Cs —6.111 x 10!

Cy 8.041 x 10! C1o 3.035 x 101
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oG Og
s — o + 1_ s) & .

a Oom & ( " >6ws (6.27)
where p, is the chemical potential of water in seawater, y, is the chemical
potential of salts in seawater, G is the total Gibbs free energy, and g is the
specific Gibbs free energy of seawater. From the definition of Gibbs free energy,
the specific Gibbs free energy is calculated by the following equation:

g=h—(T+273.15)s (6.28)
Then, the differentiation of the specific Gibbs free energy is expressed as
Og  Oh 0s
=——(T+273.15
= o (T + ) " (6.29)

ﬁ =—a, —2a,W, — 3a3ws2 — 4614Ws3 —asT — a6T2
ow, (6.30)

—a,T° = 2asw,T — 3agw?T — 2aow,T*

& = —¢; —2¢w, — 3wl — degw? —esT — csT?
oW, (6.31)
—c7T? = 2eew, T — 3cow?T — 20w T

In the case of seawater desalination, the theoretical minimum energy for
separation is shown in Figure 6.2 by changing the seawater concentration and
temperature. The theoretical minimum energy was calculated using method
2. The theoretical minimum energy for the separation of fresh water from
seawater increases with increasing seawater concentration and temperature.
It can be easily found that the effect of concentration on the theoretical
minimum energy for separation is much larger than the effect of temperature.
Thus, seawater concentration is the most important variable for estimating the
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theoretical minimum energy required for separation in seawater desalination.
However, the temperature of the seawater is significantly affected by seasonal
temperature variation, and the effect of temperature on the energy consumption
of the SWRO process cannot be underestimated.

If the concentration and temperature of seawater are 35000 mg/L and
25°C, respectively, the theoretical minimum energy of seawater desalination
is 1.07 kWh/m3 for 50% recovery [16, 36, 45, 305]. However, the actual energy
consumption of the SWRO process is approximately 2-4 kWh/m3, which is
much higher than the theoretical minimum energy required for separation.
This reveals that numerous non-ideal conditions influence the higher energy
consumption of the SWRO process. These numerous non-ideal conditions
are the key factors for reducing the actual energy consumption in the SWRO
process. In addition, the additional energy consumption compared to the
theoretical minimum energy for separation is approximately 1-3 kWh/m3,
so the energy efficiency of the SWRO process might be improved further. To
reduce the actual energy consumption of the SWRO process, the main factors
arising from additional energy consumption should be examined.

6.1.2 Analysis of future directions for low-energy SWRO
The simulation approach is useful for identifying the additional energy
consumption in each unit compared to the theoretical minimum energy
required for separation. In this section, one example is selected to analyze the
current limitations and future directions for improving the energy efficiency
of the SWRO process. A feed solution with 35 000 mg/L concentration, 25°C
temperature, 1 bar pressure, and 20 000 m3/d flow rate is fed into the SWRO
system. It is assumed that only NaCl is the solute species dissolved in the feed
solution. In the SWRO system example, HPP, BP, and ERD are installed to
describe the current standard configuration of the SWRO. The recovery of the
example is assumed to be 50%, so the permeate production rate is 10 000 m3/d.
The theoretical minimum energy for separation by SWRO can then be
calculated from the exergy analysis, and the actual energy consumption in each
energy-consuming unit is displayed in Figure 6.3. An SWRO model including
mass balance, flux equations, pressure drop, and concentration polarization is
utilized to estimate the actual energy consumption of each unit in the SWRO
system [17, 33, 157]. The design parameters and variables are listed in Table
6.2. The actual energy consumption is 2.26 kWh/m? by including 2.07 kWh/
m?3 from HPP and 0.19 kWh/m3 from BP. The theoretical minimum energy for
separation is obtained from the difference between the feed stream and outlet
streams (permeate and retentate). Despite the minimum energy consumption
(1.07 kWh/m?3), the actual energy consumption is 2.26 kWh/m?3, so the exergy
efficiency of the SWRO is 47.35%. This result reveals that additional energy of
1.19 kWh/m?3 is needed to operate the actual SWRO system. Thus, a solution
for improving the energy efficiency of SWRO can be obtained from the analysis
of the additional energy consumption.

The breakdown data for the actual energy consumption are shown in Figure
6.4. The factors that contribute to the additional energy consumption of the
SWRO process can be identified based on these data. Even though these data
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Figure 6.3 Exergy analysis and actual energy consumption of the SWRO process. C is the
concentration, T is the temperature, F is the volumetric flow rate, P is the pressure, and X
is the exergy. T is fixed at 25°C.

Table 6.2 SWRO process variables and parameters in this case study.

Name Value References
Pump efficiency 85% [306, 307]
ERD efficiency 95% [306, 307]
Feed concentration 35000 mg/L [17, 21]
Feed temperature 25°C [308]

Feed flow rate 20 000 m3/d

Number of RO module in series 7 [309]

Total recovery 50% [21]

RO module Dow Chemical FILMTEC [310, 311]

SW30XLE-400

correspond to only one example, the data trend is useful for investigating
future directions for the improvement of energy efficiency in SWRO. The most
significantfactor forthe additional SEC of the SWRO processistheirreversibility
of the HPP (0.69 kWh/m3). Owing to the inefficiency of the HPP and BP, the
process requires the addition of 0.31 and 0.19 kWh/m3, respectively. It is not
easy to reduce further these two additional energy consumptions caused by
the inefficiency, because the process equipment (HPP, ERD, and RO modules)
has already reached its practical maximum efficiencies. The pump and ERD
efficiencies in this simulation are 85% and 95%, respectively. Although some
reports have shown the possibility of very high efficiency in the HPP and ERD
(90% of pump and 98% of ERD) [36, 95], such high-performance equipment is
usually expensive and the actual benefit of using it is not significant. Therefore,
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Figure 6.4 Actual energy consumption of the SWRO process and its breakdown data
according to the causes of energy consumption.

in this study, factors that can be overcome by improving the efficiency of the
equipment itself were not considered.

Then, two factors (theoretical minimum energy and irreversibility of HPP)
remained and were considered to identify ways to reduce additional energy
consumption in the SWRO process. In addition, high osmotic energy in the
RO retentate can be recovered to reduce the overall energy consumption of
the SWRO system. Thus, three improvement axes for the low-energy SWRO
process can be categorized as follows: (a) minimizing the irreversibility of HPP,
(b) decreasing the osmotic pressure of seawater, and (c) recovering osmotic
energy from the RO retentate. To analyze the maximum potential of these
improvement axes, the maximum available energy margin in each axis should be
estimated. The extent of improvement in each axis by applying many approaches
for reducing the SEC of the SWRO process should be reviewed extensively and
analyzed critically.

These axes are graphically represented by a situation in which a runner tries
to jump a hurdle, as shown in Figure 6.5. The objective of the runner is to
jump the hurdle using the runner’s minimum energy. The hurdle height is the
minimum jump height that should be overcome by the runner. Thus, the hurdle
height is explained by the theoretical minimum energy required for separation,
which correlates with the osmotic pressure of seawater. If the runner jumps too
high over the hurdle, the runner wastes energy. The additional jump height is
correlated with the irreversibility of the HPP. Finally, the jump energy required
to overcome the hurdle is reduced if the runner can place a steppingstone
on the jump track. In other words, the osmotic energy recovery from the RO
retentate helps reduce the overall SEC of the SWRO in the same way as placing
a steppingstone on the jump track. In summary, these improvement axes are
helpful in reducing the overall SEC in the SWRO, and the strategies are easily
understood using the example of a runner jumping a hurdle.
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Figure 6.5 Graphical representation of the improvement axes for a low-energy SWRO
process.

6.1.3 Maximum available margin for low-energy SWRO

From the listed improvement axes, the amount of energy consumption that
would be reduced in each improvement axis should be analyzed. Thus, the
maximum available margins for each improvement axis are estimated from
the exergy analysis to identify the amount of energy consumed by the SWRO
process that could be reduced theoretically. The maximum available margins
for each axis were calculated from the actual energy consumption of the
example SWRO process in the previous section, and the results are shown
in Table 6.3. The additional feed solution, which has a lower concentration,
is required to recover the osmotic energy in the concentrate. The amount
of energy recovered from the concentrate is a function of the concentration
and flow rate of the additional feed solution [125, 140, 312, 313]. Therefore, to
calculate the maximum available margin for axis (c), the concentration and

Table 6.3 Maximum available margin for each improvement axis to reduce SEC in the
SWRO process.

AXxis for reducing energy consumption Maximum available margin
(a) Minimize irreversibility in HPPs 0.69 kWh/m3
(b) Decrease osmotic pressure of seawater 1.07 kWh/m3
(c) Recover osmotic energy from RO retentate 0.21-0.56 kWh/m3 (20-60%

(2000 mg/L and 20 000 m3/d brackish water basis) brine dilution)
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flow rate of the additional feed solution should be determined. In this case
study, it was assumed that a brackish water feed solution with a 2000 mg/L
NaCl concentration and 20 000 m3/d flow rate is fed into the SWRO system to
recover the osmotic energy of the retentate. By changing the ratio of dilution
in the retentate after an osmotic energy recovery process, such as pressure-
retarded osmosis (PRO) or reverse electrodialysis (RED), the exergy analysis
was utilized to estimate the maximum obtainable energy.

Among the improvement axes, axis (b) shows the largest margin, and axis (c)
exhibits the lowest available margin for reducing SEC in the SWRO process.
However, the maximum margin exists only for the possibility of improving
energy efficiency. The actual achievable energy reduction for each axis may
differ depending on the difficulty of the application method. Therefore, state-
of-the-art technologies for reducing SEC in the SWRO process according to
each improvement axis should be analyzed. Then, the method most suitable for
achieving a low-energy SWRO process should be identified, and the extent to
which the SEC of the SWRO process can be reduced by applying state-of-the-
art technologies should be estimated.

6.2 MINIMIZING IRREVERSIBILITY IN A HIGH-PRESSURE PUMP

To analyze the irreversibility in a high-pressure pump, it is assumed that
the seawater feed solution is pretreated, pressurized, and supplied to an RO
membrane system in the SWRO system. The pressurization system consists
of HPP and/or BP, followed by ERD. The pressure energy supplied to the
SWRO system is utilized to obtain pure water from the seawater feed solution.
However, an additional different type of work that is not directly involved in
separation is also associated with the process during pressurization. This work
is correlated with the energy lost by entropy generation [36, 314]. In other words,
the separation of seawater can be classified into two parts: reversible work (the
theoretical minimum energy for separation) and irreversible work (energy lost
by entropy generation). To minimize the irreversible work in the SWRO process,
it might be useful to supply pressure in a staged manner rather than all at once
[11, 12, 21]. For this purpose, staged designs have been developed to increase
the hydraulic pressure gradually, and the number of stages is determined by
situations such as recovery and feed concentration.

6.2.1 Multistage RO

The design configurations for multistage RO are summarized in Figure 6.6.
A multi-stage RO system adopts several stages of RO operation, where the
retentate resulting from the previous stage becomes the feed stream to the next
stage (Figure 6.6a). The feed pressure of the retentate from the previous stage
should be increased by the inter-stage BPs before supplying the next stage to
satisfy the operating pressure required in the next stage. After the final stage, the
ERD recovers the remaining pressure energy in the final retentate to maximize
energy efficiency. At very high recoveries, such as multi-stage brackish water
reverse osmosis (BWRO), BPs are not needed before the next stage because
the hydraulic pressure applied by the HPP is sufficiently high. Theoretically,
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Figure 6.6 RO staged designs for minimizing the irreversible work of HPP: (a) multi-stage,
(b) brine conversion system (BCS), (c) low-pressure multi-stage system (LMS).

infinite multi-stage RO is preferred to minimize irreversible work (energy
loss). However, this is not practical because the capital cost of an infinite stage
system becomes tremendous [21]. The practical limitation of a multistage RO
application in more than three stages has already been mentioned in another
study [45]. The current research points out that a two-stage operation is regarded
as one of the most plausible designs in the multistage RO system for SWRO.
Although the benefit of the multistage RO design is attractive for low-energy
SWRO systems, the single-pass SWRO process is usually designed using a
single-stage system [11]. Owing to the high osmotic pressure of the retentate
from the first stage, the pressure required before the second stage should be very
high. Thus, desalination equipment such as RO membranes and pressure vessels
in the second stage should be more resistant to high-pressure operation [315].
Although high-pressure operation is not desirable, some desalination plants
implement two-stage SWRO configurations with a brine conversion system
(BCS) to increase the recovery of the SWRO process (Figure 6.6b) [180, 315].
In the BCS system, another stage is added sequentially after the conventional
single-stage SWRO system. The second stage is used to produce more permeates.
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The retentate from the first stage is pressurized and fed into the BCS system.
The advantage of the BCS system is that it can reduce the size of the RO plant
installation space. In addition, owing to its enhanced recovery, the volume of
the brine discharged into the ocean can be reduced. However, a high SEC is
inevitable owing to the high recovery [286]. Recently, a low-pressure multi-stage
system (LMS) was developed by modifying the original configuration of the
conventional single-stage RO (with one PV) as a multi-stage RO (two or three
PVs) (Figure 6.6¢) [286, 297]. In the LMS system, only two to four RO modules
are included in the modified PV of the first stage, unlike seven or eight elements
included in the conventional single-stage RO. More than four RO modules are
contained in the typical PVs in the second stage. It was reported that the energy
consumption would be reduced by 20% compared to the conventional single-
stage RO owingtoits high recovery [297]. However, it should be noted that current
SWRO desalination plants with multistage RO are not targeted at such low
energy consumption, because the multistage configuration is usually designed
to reach a high-recovery desalination system [17, 297]. If the multistage SWRO
system is operated with high recovery (Y: recovery, Y > 50%), it is inevitable to
cost higher SEC than an SWRO system with typical recovery (Y < 50%). This is
contrary to the theoretical understanding of multistage RO systems discussed
in the previous chapters. This is because the basis of recovery for comparison
in SEC is different in conventional single-stage RO and multistage RO systems.
Thus, the SEC of single-stage and multistage RO should be compared at the
same recovery to validate the claim that multistage RO can effectively reduce
the irreversibility in the HPP.

Although energy efficiency might be improved by the utilization of the
multistage RO system, the increased capital cost and process robustness at high
pressure should be considered seriously. A critical issue is that if the ERD is
placed between the retentate after the second stage and the feed stream before
the first stage to recover the pressure energy in the retentate after the second
stage, the pressure of the seawater feed after the ERD is higher than the operating
pressure required in the first stage RO. Then, the process cannot be operated
owing to the imbalance of the pressure [316]. Two remedies are proposed to
solve this issue. The first solution is that the ERD should be placed between
the retentate streams from the first and second stages to recover the pressure
energy from the retentate stream of the second stage. However, this solution
has a disadvantage in that it cannot recover the entire pressure energy in the
retentate stream from the second stage using only a single ERD. Therefore, an
additional ERD should be installed between the feed stream to the first stage
and the retentate stream after the first ERD to recover the pressure energy of the
retentate stream entirely. The disadvantages of the first solution are the rise of
ERD costs and the reduction of the overall energy efficiency of the ERD due to the
series implementation of the two ERDs. The second solution is the employment
of turbine ERDs [such as FT and Pelton turbine (PT)] instead of isobaric ERDs
[such as PX and dual work exchanger energy recovery (DWEER)|. However,
turbine ERDs usually have lower energy efficiency than isobaric ERDs. These
disadvantages should be considered in the final decision-making process, even
if the energy consumption of staged RO designs can be reduced.
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Recently, two-stage RO systems have been investigated in terms of energy
efficiency and practical applicability [103, 104, 317-319]. The simulation results
revealed that two-stage SWRO can be more energy-efficient than a single-stage
SWRO when the recovery is higher than 50% [104]. However, at a low recovery
of less than 45%, the single-stage RO might be more energy-efficient than the
two-stage RO, even though the staged RO usually has low irreversible energy
loss in the high-pressure pump. Thus, the two-stage RO should be implemented
by considering the practical energy analysis with module-scale simulation and
optimization, not only considering theoretical intuition. Kim ef al. reported that
the types of ERDs utilized in a two-stage RO system would differ depending on
the target recovery [104]. A two-stage RO can be effectively implemented for the
treatment of highly saline, high-temperature seawater [103]. The ISD and SPSP
design configurations can also be applied in a two-stage RO system to further
improve the energy efficiency. Therefore, the staged RO configuration has
high potential for improving the energy efficiency, especially in high-recovery
desalination or high-salinity and high-temperature water treatment systems.

6.2.2 Semi-batch RO

It is impractical to install an infinite multistage RO system. A batch-type reactor
strategy can be adopted in the RO configuration to overcome the installation
difficulty of the infinite multistage RO. A semi-batch RO called closed-circuit
desalination (CCD) or closed-circuit reverse osmosis (CCRO), has been proposed
to realize an infinite multistage RO system in the form of a batch configuration
[320]. The schematic diagram of the semi-batch RO is illustrated in Figure 6.7.
The CCD or semi-batch RO configuration adopts a cyclical process in which
the retentate from the RO module is continuously recycled as feed and mixed
with fresh feed. The concentration in the semi-batch RO increases continuously
with the operation time taken from the start of the semi-batch RO operation,
because the salt in the feed solution cannot escape easily from the semi-batch
RO system, unlike the water. The cyclic operation is terminated if the desired
recovery has been reached. Then, the concentrated solution in the semi-batch
RO system is purged to start a new cycle. In the system, the hydraulic pressure
of the retentate should be boosted by a circulation pump (CP) and supplied to

RO membrane module

— Permeate

Feed

High-pressure
pump

Circulation pump

Figure 6.7 Semi-batch RO design for minimizing the irreversible work of HPP.
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the RO system without using ERDs. Instead, variable pressure is applied using
HPP as the concentration in the semi-batch RO system increases to produce
permeate water flux consistently during each cycle.

It has been claimed that the semi-batch RO process has several advantages
over the conventional RO system, such as significant reduction in energy
consumption, higher product recovery, higher resistance to fouling and scaling,
and optimum flexibility in operation [321]. In addition, a semi-batch RO can
simulate the effect of a multistage RO configuration without installing an actual
multistage RO system. Thus, a semi-batch RO can also reduce the capital cost
compared to the multistage RO configuration.

Numerous studies have been conducted to investigate the actual applicability
and practical energy efficiency of the semi-batch RO process [99, 322-327]. As
a conventional BWRO with high recovery does not include ERD due to high
capital cost and low return of investment, the semi-batch RO is competitive
in terms of energy efficiency for brackish water desalination at high recovery
[325, 326]. However, the continuous mixing between the recycled feed stream
and fresh feed has a negative influence on energy efficiency [12, 97]. Therefore,
the applicability of semi-batch RO for seawater desalination has not been
justified. Until now, the semi-batch RO method has been applied to systems for
the treatment of brackish water [99]. Although a pilot semi-batch RO has been
tested with a seawater feed, a full-scale semi-batch RO for SWRO has not yet
been demonstrated.

6.2.3 Batch RO
The batch RO system has been recently suggested as a prominent candidate
for minimizing the irreversibility associated with the high pressures used
in the desalination process (Figure 6.8) [322, 328-333]. Conventional one-
stage continuous RO applies constant pressure to the feed solution to obtain
sufficient driving force for water to permeate the RO membrane. However, this
constant pressure operation has an inevitable problem of irreversible exergy
loss in the membrane module, leading to excessive power consumption by the
high-pressure pump. Batch RO can minimize the irreversible exergy loss by
gradually increasing the pressure according to the changing feed concentration.
In particular, if high recovery is required, the benefit of employing batch RO
will be maximized by achieving high recovery with low energy input. With this
advantage of high energy efficiency, the applicability and feasibility of batch
RO systems have been investigated extensively. In particular, in processes that
usually involve high recovery operations such as groundwater and BWRO,
the advantage of batch RO would be maximized because a large amount of
irreversible energy loss cannot be avoided in a continuous RO operation with
high recovery. In other words, the batch RO process can be effectively utilized
for groundwater and brackish water treatment systems [322, 328, 334]. This has
led many researchers to investigate how to apply the batch RO system effectively
to brackish water and groundwater treatment systems [328, 330-332, 334]. A
recent study on the batch RO system for brackish water desalination revealed
that the actual energy consumption with a pilot-scale system (>10 m3/d) is
approximately 0.39 kWh/m3, and the second law efficiency is 33.2% [98].
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Figure 6.8 Batch RO design for minimizing the irreversible work of HPP.

The existing BWRO systems exhibit SEC in the range of 0.5-1 kWh/m?3, and
the second law efficiency is approximately 10-15% [335]. The high energy
efficiency of batch RO is attributed to the minimization of irreversibility during
pressurization.

Recently, batch RO has been implemented in seawater desalination to maximize
energy efficiency [336-340]. As seawater desalination has the largest capacity and
demand worldwide, it is attractive to develop a new energy-efficient desalination
system to overcome the current energy level of the continuous RO system. It is
expected that the batch RO for seawater desalination can save 11% of the SEC
compared to the conventional SWRO at 35 000 mg/L salinity and 50% recovery
[338, 339]. These studies demonstrated that the energy efficiency of batch RO can
be improved further, and the cost of seawater desalination can be reduced.

Although the theoretical advantages of batch RO are acknowledged, its
actual implementation is quite challenging, especially in large-scale systems
[322]. Some researchers have investigated the actual applicability and feasibility
of batch RO [98, 322, 323, 331, 333, 341-343]. Two types of batch RO designs,
thatis, free-piston [332, 344] and flexible bladder [339, 345, 346], were developed
for practical operation and realization. These studies validated experimentally
the batch RO system [332, 344-347|, and identified non-ideal factors including
salt retention factor and longitudinal dispersion in the batch RO [98, 330, 332],
while modeling them theoretically [322, 323, 333, 339]. Recently, researchers
investigated the extension of the application of the batch RO for large-scale
operations involving inland brackish water desalination [98] and full-scale
systems for seawater desalination [339, 346].
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To advance batch RO technology, recent studies have focused on model
development, providing promising predictions with regard to inorganic fouling
and energy efficiency [323, 333, 348]. However, the correlation between
flow distribution and fouling deposition has not been investigated, so a
comprehensive analysis considering mass transfer, flow distribution, fouling
deposition, energy, and cost estimation has not been conducted because of
the lack of a fully validated study covering all key aspects of batch RO. In
addition, there is a lack of knowledge about process design, optimization, and
testing correlated to real batch RO systems. The lack of such knowledge about
batch RO limits its actual application as an efficient desalination technology in
groundwater treatment systems, which is the main research gap. Thus, these
will be the main issues researchers should focus on for the development of
batch RO systems for desalination technology.

6.2.4 Hybrid batch RO

Recently, emphasis has been placed to high-recovery desalination systems
in efforts to reduce ecological and environmental impacts [27, 349]. Zero
liquid discharge (ZLD) is a prominent remediation method for the treatment
of concentrated brine from desalination systems without ecological and
environmental impacts [350]. However, building a complete ZLD system is
quite challenging because of the intensive use of energy and cost [350-352].
Recently, minimal liquid discharge (MLD) has been proposed as an alternative
to ZLD, not only to avoid the huge amounts of energy and cost but also to
obtain ecological and environmental benefits [22, 353]. Unlike ZLD, in MLD,
membrane-based desalination processes can be employed. In other words,
high-efficiency desalination processes such as RO can be implemented to
achieve MLD. Novel RO-based processes including staged RO [104, 354], low-
salt-rejection reverse osmosis (LSSRO) [353], osmotically assisted RO (OARO)
[22, 355], and draw solution-assisted RO (DSARO) [33] have been suggested
for MLD. However, these alternative processes are based on a continuous
RO operation, so the energy efficiency is limited by the characteristics of the
continuous RO, such as irreversible exergy loss in instantaneous pressurization
[11, 12, 21].

In the MLD system, batch RO is a favorable process for achieving high
recovery and high energy efficiency. As was shown in Section 6.2.3, numerous
studies on batch RO have focused on filling the research gap between
conceptual design and actual realization [98, 333, 338, 339, 341]. These studies
revealed that a large work exchange vessel (in the free-piston design) or flexible
bladder to achieve a high recovery of over 0.8 are inevitable problems in a batch
RO system [98, 339, 346]. The large size of the work exchange vessel not only
increases the capital cost of the batch RO system, but also increases the length
of pipes, which could increase the effect of salt retention and the pressure drop
along the pipes. It is desirable to reduce the size of the work exchange vessel in
a high-recovery desalination system using batch RO, if possible.

Semi-batch RO is free of the problem of large work exchange vessels. However,
semi-batch RO cannot avoid the problem of additional entropy generation. The
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advantages and disadvantages of semi-batch RO are opposite to those of batch
RO. Thus, these characteristics imply that batch RO and semi-batch RO could
complement each other in terms of the large work exchange vessels and energy
minimization problems. If a new hybrid process incorporating batch RO and
semi-batch RO could be developed, the hybrid process would be utilized for
a high-recovery desalination system without excessive energy consumption,
unlike the semi-batch RO and too large a work exchange vessel, unlike the
batch RO. In other words, the hybrid process could be a compact and energy-
efficient desalination system.

The hybrid batch/semi-batch RO (HBSRO) process is proposed to achieve
high recovery and a highly energy-efficient desalination system with a compact
size of work exchange vessels [97]. HBSRO is driven by integrating the operating
strategies of batch RO (Figure 6.9a) and semi-batch RO (Figure 6.9b) systems. As
the HBSRO process is designed based on batch operation, it is a cyclic system
in which a single operation cycle is repeated periodically. At the earlier stage of
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Figure 6.9 Schematic diagram of working principles in (a) batch RO, (b) semi-batch RO,
(c) HBSRO (semi-batch phase), and (d) HBSRO (batch phase). The solid line and dashed
line denote the active line and inactive line, respectively. The relative size of the vessels
denotes that batch RO has the largest size cell, followed by HBSRO, and semi-batch RO
has the smallest.



Advanced technologies for a low-energy SWRO process 103

each cycle (semi-batch phase), the semi-batch RO operation is employed in the
HBSRO process (Figure 6.9¢c). The pressurized feed solution (higher than the
osmotic pressure of the feed) is fed into the membrane cell to produce permeate
water across the RO membrane. The concentration inside the membrane cell
increases with the retention of salt during the semi-batch phase. When the
concentration reaches a certain level, the operation phase shifts from the semi-
batch phase to the batch phase. In the batch phase, a piston in the membrane cell
travels toward the RO membrane by work, and the water in the cell permeates
the RO membrane (Figure 6.9d). After the piston reaches a certain position, the
concentrated brine remaining in the cell is purged out, and a new feed solution
is refilled in the cell. Then, the batch RO phase is completed. Through these
working principles, a single cycle of the HBSRO process is completed.

The rationale of the HBSRO process is that it can make a compact size
of the membrane cell even at high recovery. In the existing practical batch
RO systems, the conceptual membrane cell was realized by connecting a
commercial RO module (such as a spiral wound type) with a work exchange
vessel (in free-piston design) or a bladder (in flexible bladder design) to supply
the work required for batch RO [98, 345, 346]. At the start of the batch RO
cycle, the feed solution is placed in the work exchange vessel (or flexible
bladder) and the RO module. After pressurization (by pushing the free-piston
or shrinking the flexible bladder), the feed solution in the batch RO system
permeates the RO membrane, and the amount of permeate in each batch RO
cycle is the same as the volume of the work exchange vessel (or flexible bladder)
[98, 345, 346]. Meanwhile, the concentrated brine remains in the RO module
and is purged for the next cycle. The recovery of the batch RO is calculated by
the volume of the work exchange vessel (or flexible bladder) over the summation
of the volume of the RO module and the work exchange vessel (if the volume of
the connecting pipes is neglected) [98]. Because the volume of the commercial
RO module is fixed, the work exchange vessel (or flexible bladder) should have
a very large volume to achieve high recovery. For example, a pilot-scale, free-
piston-type batch RO system with an 8-inch RO module requires 64.6 and 145 L
of work exchange vessel to reach 0.8 and 0.9 recoveries, respectively [98]. If
these volumes would be prepared with a commercial 8-inch pressure exchange
vessel, and the length of the 8-inch vessel should be approximately 2 m for the
recovery of 0.8 and 4.5 m for the recovery of 0.9. The long pressure exchange
vessel requires a longer length of pipes connecting the pressure exchange vessel
and the RO module. As reported in our previous paper, the increased pipe
volume caused a significant effect of salt retention inside the pipes [98]. Thus,
the length of the pressure-exchange vessel should not be too long. However,
a pressure exchange vessel with a diameter larger than 8 inches is not widely
available commercially, because a large-size RO module over 8 inches is under
development for application in actual RO plants [356, 357]. In addition, the very
large volume of the work exchanger vessel might have a significant non-ideal
mixing inside the vessel, which has a detrimental influence on the SEC.

In the HBSRO process, the required volume of the work exchange vessel
can be reduced by adapting the semi-batch RO phase before the batch RO
operation. At the start of the HBSRO process cycle, the feed stream is fed into
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the HBSRO process in the semi-batch RO phase. The feed solution is fed from
the outside of the HBSRO system, and not from the work exchange vessel, unlike
the conventional batch RO. The energy penalty arising from the semi-batch RO
operation is minimized owing to the existence of the work exchange vessel. Unlike
the conventional semi-batch RO configuration, the proposed HBSRO process
includes a work-exchange vessel. The entire volume of the HBSRO process,
including the RO module, work exchange vessel, and pipes, is much larger than
the volume of the conventional semi-batch RO process (including only the RO
module and pipes). Thus, the concentration increase in the HBSRO process
during the semi-batch RO operation is not rapid, unlike the conventional semi-
batch RO, so the entropy generation by mixing in the HBSRO process is lower
than that in the conventional semi-batch RO. This is the most remarkable feature
of the HBSRO process. Compared to the conventional batch RO, the HBSRO
can realize the compact size of the pressure exchange vessel, compromising the
minimum energy penalty by using the semi-batch RO operation.

Figure 6.10 shows the theoretical minimum pressure (osmotic pressure) in
the semi-batch RO, batch RO, and HBSRO processes. The area below each line
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Figure 6.10 Theoretical rationale of the HBSRO compared with the semi-batch RO and
the batch RO.
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denotes SEC. The osmotic pressure profile of the semi-batch RO is linear, and
that of the batch RO is similar to an exponential function [323, 331]. In the case
of HBSRO, the linear pressure profile in the semi-batch phase has a low slope
owing to the existence of the work exchange vessel. The large system volume,
including the work exchange vessel, leads to a slow increase in concentration in
the system under the same permeate flow rate. Thus, the energy penalty in the
HBSRO can be minimized. After finishing the semi-batch phase, the sequential
batch phase follows in the entire HBSRO operation. The HBSRO then makes
the minimum energy consumption theoretically during the batch phase by
following the pressure profile of the batch RO. As shown in Figure 6.10, the
energy penalty in HBSRO is determined by the proportion of the semi-batch
phase to the total operation time of the HBSRO. There is a trade-off between the
energy penalty and the reduced volume of the work exchange vessel, and each
benefit and loss can be determined by the proportion of the semi-batch phase.

A recent study revealed that a HBSRO with a work exchanger volume half
that of batch RO yields a lower SEC than batch RO due to energy saving in the
purge-and-refill phase in a practical design working above a recovery of 0.9
[97]. This advantage becomes significant with an increase in recovery. In other
words, the HBSRO can effectively reduce the size of the work exchange vessel
and also obtain low-energy consumption if desalination with very high recovery
(>0.9) should be conducted. Thus, HBSRO is a competitive RO configuration
with MLD and ZLD systems.

6.2.5 Energy comparison of minimizing irreversibility in HPP

It has been claimed that staged RO configurations can reduce SEC compared
to single-stage RO [45]. However, this claim has not been clearly demonstrated
in numerous studies, because the staged RO configuration is usually utilized
to apply a high-recovery desalination system rather than energy minimization
[101, 323, 327]. Thus, the SEC reduction in the staged RO configuration
should be validated by comparison under equivalent conditions. In some
studies, a comparative analysis was performed by simulating the change in
SEC at each stage of the RO design according to the overall recovery [103,
104, 317, 318, 322].

The comparative analysis demonstrated that batch RO, which is ideally
operated with variable feed volume, consumes the lowest energy in all ranges
of recovery among all staged RO configurations under ideal conditions. The
minimum irreversibility in the batch RO system is the main reason for the
minimum energy consumption. However, semi-batch RO shows higher SEC
than two-stage RO in typical SWRO recovery (40-55%) [41, 322]. Continuous
entropy generation in semi-batch RO, which occurs when fresh feed is mixed
with retentate, is the most critical issue in SEC minimization. Furthermore, the
SEC of semi-batch RO can deteriorate as the ERD efficiency decreases. Thus,
semi-batch RO is not an energy-efficient configuration under the condition
of typical SWRO. In addition, it has been reported that a two-stage RO
configuration consumes less energy than semi-batch RO, but more energy than
ideal batch RO [41, 322]. Overall, it can be concluded that staged RO designs
consume less energy than conventional single-stage RO designs.
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However, the SEC shows different results when considering a practical
situation. It should be noted that a modified batch RO designed to operate
in a practical situation cannot reduce the SEC effectively compared to the
conventional single-stage SWRO process. Owing to the utilization of ERD,
ERD inefficiency influences the energy lost in each cycle. As a result, the
modified batch RO consumes more energy than the single-pass RO in a recovery
range of less than 45% [322]. Even at a recovery of over 45%, the SEC of the
modified batch RO is still higher than that of the semi-batch RO or two-stage
RO. The pressure loss caused by continuous circulation in the modified batch
RO is higher than that in the semi-batch RO and two-stage RO configurations.
Therefore, the modified batch RO configuration is not energy efficient. To
maximize the potential of the batch RO configuration, a more energy-efficient
configuration that is close to the ideal batch RO should be developed.

The current development in the batch RO configurations is towards the
realization of the ideal batch RO system. A flexible-bladder-type batch RO was
designed to simulate the batch RO implementation for seawater desalination
[338, 339]. A free-piston type was implemented as a pilot-scale system to
extend the applicability to a large-scale desalination system [97, 98|. Thus, it
is unnecessary to depend on the modified batch RO to realize the batch RO
configuration in the practical situation. Although the comparative analysis
between the ideal batch RO and the practical batch RO systems such as the
free-piston and flexible-bladder types has not been suggested, it is desirable to
note the energy efficiency of batch RO configuration in near future.

In the current situation, two-stage RO is the most energy-efficient RO
configuration for practical operation, along with the improvement strategy
of minimizing the irreversibility in HPP. To compare the energy state in the
current situation, the changes in the flow exergy and the extent of irreversibility
in the staged RO configurations are shown in Figure 6.11. Although ideal
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Figure 6.11 Staged RO configuration and flow exergy analysis in seawater desalination.
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batch RO may be the most energy-efficient, two-stage RO can be regarded as a
practical solution for minimizing the irreversibility in HPP. If the two-stage RO
configuration instead of single-stage RO were successfully applied, this would
reduce energy consumption to the greatest extent: approximately 0.34 kWh/m?
of energy reduction compared to the single-stage RO, while the semi-batch RO
and the modified batch RO exhibit an energy reduction of 0.29 and 0.13 kWh/
m3, respectively, with a moderate circulation pressure loss of 0.1 bar [322]. The
energy reduction in the staged RO configuration is estimated from the case
study [322]. However, the energy reduction is a good barometer in the current
situation of effectiveness among staged RO configurations.

6.3 REDUCING THE OSMOTIC PRESSURE OF SEAWATER

SWRO desalination plants produce pure water by applying a hydraulic pressure
higher than the feed osmotic pressure. If seawater is blended with a low-salinity
stream (e.g., domestic wastewater, river water, and so on) or the permeate
concentration is adjusted to increase, the osmotic pressure gradient between the
feed water and permeate will decrease. This can reduce the applied hydraulic
pressure, thereby resulting in a lower energy requirement for the production of
pure water. To reduce the osmotic pressure gradient, three technologies have
been proposed: (a) a split partial single-pass (SSP) RO system, (b) a forward
osmosis (FO) and RO hybrid system, and (c) a draw solution-assisted RO
(DSARO) system. This section discusses these low-energy technologies for
SWRO desalination.

6.3.1 Split partial single pass

Single-pass RO is the most common configuration used in seawater desalination
because of its simple configuration. To enhance its performance, an internally
staged design (ISD) was developed [358]. In ISD, a high-rejection membrane
and a high-flux membrane are located at the head and tail, respectively, of the
PV for a uniform flux distribution inside the PV. This can reduce SEC and
increase the lifetime of the membranes, while the water quality of its product
water can be lower because of the high-flux membranes at the rear of the PV.
Therefore, a split partial single-pass (SSP) RO system, as depicted in Figure
6.12(a), was developed by combining a single-pass RO design with ISD to
achieve high product quality and low SEC [17].

As the feed becomes more concentrated through the PV, the TDS of the
permeate increases from the front to the rear elements. If the permeate of the
rear element is blended with the RO feed, the feed is diluted, and a higher-
quality permeate can be produced. To minimize the loss of feed pressure, the
rear permeate is blended with the SWRO feed before pressurization. For the
SSP design, pipelines are required to transport the rear permeate to the SWRO
feed. To avoid piping costs, the two PVs are operated side by side, as depicted in
Figure 6.12(b). The rear permeate is collected and sent to the SWRO feed tank,
where the rear permeate and feed are blended together. The permeate from the
front elements is collected and subjected to post-treatment.
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Figure 6.12 Schematic diagram of a split partial single pass (SSP) RO system in SWRO
desalination plants: (a) a conceptual SSP RO design and (b) a single unit design to reduce
piping costs. This figure was adopted from [17].

The performance of the SSP RO is significantly influenced by the number of
split elements because the permeate from the split elements leads to the osmotic
dilution of the feed. As shown in Figure 6.13(a), the feed TDS concentration
(35 000 mg/L) decreases to 34 375 and 30 000 mg/L at SSP 7 and SSP 4-7 splits,
respectively. Therefore, an initial osmotic pressure decreases from 29.68 bar to
29.15 and 25.44 bar, thereby resulting in a reduced hydraulic pressure required
for the target water recovery. SSP RO has the potential to consume less energy
than single-pass RO. However, the SEC of the SSP RO was higher than that of
the single-pass RO because of the loss of rear permeate through circulation.

As depicted in Figure 6.13(b), SSP 7 requires 2.17 kWh/m3 and other SSP
RO systems need higher SEC. The single-pass RO consumes 2.11 kWh/m53,
while the two-pass RO utilizes 2.22-2.71 kWh/m3. Therefore, SSP 7 is only
economically feasible because it is in the range between 2.11 and 2.22 kWh/
m? even though SSP RO designs can meet the target water quality. The SEC
of the RO systems with respect to recovery rates (30-50%) is presented in
Figure 6.13(c). Regardless of recovery rates, SSP 7 exhibits higher SEC (2.17-
2.29 kWh/m?) than that (2.10-2.26 kWh/m?) of single-pass RO, but lower SEC
than that of two-pass RO (i.e., 2.20-2.40 kWh/m3 for SPSP, 2.37-2.51 kWh/m?
for partial two pass, and 2.71-2.83 kWh/m?3 for two-pass RO). Figure 6.13(c)
also indicates that the SEC of single-pass RO becomes more similar (ranging
from 0.13 to 0.03 kWh/m?3) to that of SSP RO as the recovery rate increases.
The practical application of SSP RO should be further investigated, but SSP RO
will be a promising new technology in an era of water scarcity because of its
high-water quality and low energy expenditure.
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Figure 6.13 (a) Feed osmotic pressure of the elements in a pressure vessel, (b) energy
requirement depending on the split ratio in the SSP RO system, and (c) energy requirement of
different RO systems under various SWRO recovery rates. This figure was adopted from [17].

6.3.2 FO and reverse osmosis (RO) hybrid process

FO, which is an osmotically driven separation process, utilizes a high-
concentration draw solution (DS) and a low-concentration feed solution (FS) for
the generation of an osmotic pressure gradient to drive the transport of pure
water. Because of the low applied pressure, FO is considered to be a low-energy
desalting process [359], but the requirement of an additional recovery process
to re-concentrate the diluted DS and produce fresh water results in high energy
consumption. Therefore, the FO-RO hybrid process depicted in Figure 6.14
was proposed as a novel energy-efficient hybrid desalting process [360]. In FO,
seawater used as the DS is diluted and then supplied to the RO. Simultaneously,
low-salinity water (e.g., municipal and industrial wastewater, brackish water, and
groundwater) is utilized as an FS to create a driving force (osmotic pressure
gradient). Therefore, the FO-RO hybrid process has a significant benefit in
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Figure 6.14 Schematic diagrams of the FO—RO hybrid system for integrating wastewater
reclamation and seawater desalination.

extracting clean water from the feed using free osmotic pressure, leading to partial
desalination (diluted seawater) that can be further desalinated by a subsequent
RO step to produce clean water. The concentrated impaired water can be further
dewatered to recover nutrients for use as fertilizer or biogas recovery by an
anaerobic process. This process is expected to greatly enhance the sustainability
of both wastewater reclamation and seawater desalination by reducing energy
consumption and environmental impact [361, 362]. As FO acts as a pretreatment
of wastewater effluent prior to the RO stage, the fouling potential shifts from RO
to FO. Coupled desalination processes may achieve higher system recoveries by
operating at higher pressures or temperatures without the risk of scaling.
Pilot-scale seawater desalination plants of the FO-RO hybrid process
with wastewater from a coal-fired power plant as FS and the SWRO process
were operated for a five-month period [361]. Figure 6.15 depicts the pilot
plant operation results (i.e., flow rate, TDS, SEC, and SDI) of both systems
with similar desalinated amounts of TDS [i.e., 856 800 (FO-RO) and 857 398
(SWRO) g/day] during summer. For the FO-RO hybrid process, the FO system
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Figure 6.15 Schematic summary showing flow rate, TDS removal, SEC, SDI and recovery
in (@) FO-RO hybrid and (b) SWRO. This figure was adopted from [361].
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treating wastewater at 40% recovery used 0.55 £+ 0.01 kWh/m?® including a
UF seawater pretreatment. The subsequent RO was operated at 55% recovery,
while consuming 2.3 + 0.05 kWh/m? of energy. On the other hand, the SWRO
system consumed 3.0 + 0.05 kWh/m?3 at a recovery of 35%. As a result, the SEC
for the FO-RO hybrid process (2.85 + 0.05 kWh/m3) was 23.3% less than that
for a typical SWRO desalination (3.34 + 0.05 kWh/m3), which implies better
economic feasibility in terms of operational energy consumption.

Besides FO, pressure-retarded osmosis (PRO) also has the potential to be
combined with RO for the dilution of seawater [363]. In PRO, pure water is
transported from low-salinity water (FS) to pressurized high-salinity water
(DS). Hence, PRO theoretically plays the role of osmotic dilution and energy
production. In particular, the additional energy produced through PRO can
power the RO operation and further reduce the energy consumption of the
entire PRO-RO hybrid process, compared to the FO-RO hybrid process.

Figure 6.16 indicates the estimated SECs of the SWRO, FO-RO, and PRO-RO
systems with or without ERDs. FO-RO and PRO-RO systems without ERDs
were 2.1 and 1.6 kWh/m?3, respectively, while the SWRO system exhibited
3.9 kWh/m3. With ERDs, the SECs of all systems exhibited the significantly
reduced SECs to be 1.4, 1.1, and 2.3 kWh/m3 for the FO-RO, PRO-RO,
and SWRO systems, respectively. The moderately low SEC in the FO-RO
hybrid process was attributed to the diluted seawater by FO, which enables
low hydraulic pressure in RO for the production of equivalent water. On the
contrary, in the PRO-RO hybrid process, the conversion of chemical energy
to mechanical energy, as well as the dilution of seawater, could further reduce
energy consumption.
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Figure 6.16 SEC evaluation of FO-RO and PRO-RO hybrid processes with and without PXs
as ERDs. The estimated SEC results are defined as overall energy consumption (kwWh) per
water produced (m3). This figure was adopted from [363].
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Despite the high potential of the FO-RO and PRO-RO hybrid processes for
the reduction in energy consumption, both processes have many challenges
that need to be overcome. The small osmotic pressure difference between
the two streams results in a low membrane flux, thereby requiring additional
investment costs associated with FO units and a larger membrane area, which
makes economic sustainability unquestionable.

6.3.3 Draw solution-assisted RO

For high water recovery and energy efficiency, a concept using the balance of
the two different driving forces (i.e., hydraulic pressure and osmotic pressure)
was proposed and variously referred to as draw solution-assisted RO (DSARO),
osmotic-assisted reverse osmosis (OARQO), osmotically enhanced dewatering
(OED), and cascading osmotically mediated reverse osmosis (COMRO). DSARO
employs the DS to not only induce the transfer of spontaneous water molecules
through a high concentration of DS, but also reduces the osmotic pressure
difference, as depicted in Figure 6.17(a). As a result, DSARO can reduce the

(a) Seawater desalination part

1% RO module

Seawater ERD _ﬁ;;:u-r
g

i Concentrated brine

(b)

Feed

(c) AP =constant___

Am=0
dez A AP

Dnmoﬂc—pmtum
equalizer (OPE)
e

(d) P—
= B e U

Figure 6.17 The conceptual illustration of (a) draw solution assisted reverse 0smosis
(DSARO) (This figure was adopted from [33].), (b) osmotically assisted reverse osmosis (OARO)
(This figure was adopted from [355].), (¢) osmotically enhanced dewatering (OED) (This figure
was adopted from [29].), and (d) cascading osmotically mediated reverse osmosis (COMRO)
(Reprinted with permission from [22]. Copyright 2018 American Chemical Society.).
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high-pressure requirement in the conventional RO process; therefore, a two-
stage low-pressure RO configuration is adopted in DSARO. Although the SEC
of DSARO is higher than that of the conventional RO process, the results of an
economic analysis indicate that the specific water production cost of DSARO
can be 10% lower than that of the conventional RO process [33].

Figure 6.18 presents the effect of operation variables (i.e., DS concentration,
flow rate ratio, and membrane structural parameter) on SEC in DSARO. An
increase in DS concentration leads to a decrease in the applied pressure in the
first RO and the increased pressure of the second RO, thereby resulting in
reduced SEC in the first RO and increased SEC of the second RO, as shown in
Figure 6.18(a). As a result, the overall SEC slightly increases with increasing
DS concentration. Flow rate ratios exhibit a more significant impact on SEC
in DSARO, as presented in Figure 6.18(b), because they influence the change
in DS concentration in the RO modules. In the case of a low flow rate ratio,
the DS concentration is dynamically changed at the first RO module, thereby
leading to a higher applied pressure for the required first RO recovery. This low
DS flow rate might reduce the energy requirement of a high-pressure pump,

O
T
S

w
n
-
tn

| ——SEC (15t RO, rac=45%)
| | ——SEC (2nd RO, rac=45%) e
—— SEC (overall, rec=45%) P

| ====SEC (18t RO, rc=40%) e i

- | === BEC (2nd RO, reca40%) e

\\

o
L]

—— SEC (181 RO, rec=45%)
—— SEC (2nd RO, rec=45%)
~——— BEC [overall, recs45%)
15[ | —-=-5EC (181 RO, rec=40%)
~<=-SEC (2nd RO, rec=40%) o
| === BEC (overall, rec=40%) | au?

(%]

o

Specific Energy Consumption [I(Wh-'m’]

Specific Energy Consumption [kWh/m®]
N
o

0 12 14 18 18 20 22 24 26 28 30 0z 04 05 04 1 = o E e

Draw solution concentration [g/L] anwmmd f
(c)

£
tn

| = SEC (15t RO, rec=45%)
| = SEC (2nd RO rec=45%) | |
| = SEC (overall, rec=45%)
!—-—- SEC (18! RO, rec=40%)
i—-—- SEC (2nd RO, recsd0%)| |
| ===+ SEC (overall, rec=40%) |

w

L
o

=]

Specific Energy Consumption [kWh/m ’]

05 N 15 2 25 B

Structure parameter [m] %1074

Figure 6.18 Effects of (a) DS concentration, (b) flow rate ratio, and (c) membrane structure
parameter on the SEC of each RO stage in DSARO. This figure was adopted from [33].
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but a high recovery rate of second RO could increase the applied pressure.
The structure parameter of the FO membrane also affects the SEC in DSARO
because it changes the internal concentration polarization (ICP), as presented
in Figure 6.18(c). When the structure parameter decreases, the ICP is mitigated,
thereby reducing the required pressure in the first RO. However, if the structure
parameter is too low, the membrane would not withstand a high applied
pressure. In addition, membranes with both thin and strong properties do not
exist in the current state.

As mentioned above, several configurations similar to those of DSARO have
been proposed. In OARO, as shown in Figure 6.17(b), the osmotic pressure
difference across the membrane is reduced with a permeate side saline sweep. A
series of OARO stages can be used to sequentially reduce the feed concentration
until fully desalinated water can be obtained using the conventional RO
process. The OARO process was observed to obtain reasonable recoveries for
reduced or comparable energy consumption as the MVC process, which is the
dominant high-salinity brine treatment technology [355].

In the OED, the DS with a lower concentration than the FS replaces a
portion of the hydraulic pressure as the driving force with the osmotic pressure
in Figure 6.17(c). Therefore, compared with the traditional RO process, the
OED process can be operated at a lower hydraulic pressure, thereby improving
energy efficiency and improving the ability to extract water from saline
wastewater [29]. According to a recent study, the OED process was found to
have a 35-50% water recovery with an energy consumption of 6-19 kWh/m?3 of
product water for an FS of 100-140 g/L NaCl.

To overcome the limitations of conventional RO for hypersaline brine
desalination and high recovery seawater desalination, COMRO adopts a novel
design of bidirectional countercurrent RO stages to depress the hydraulic
pressure required by reducing the transmembrane osmotic pressure difference
and simultaneously achieving energy conservation, as shown in Figure 6.17(d).
Instead of the 137 bar required by conventional RO to desalinate 70 000 mg/L
TDS hypersaline feed, the highest operating pressure in COMRO is only 68.3
bar. In addition, COMRO can save up to 17% of energy [22].

6.3.4 Energy comparison of reducing the osmotic pressure of seawater
As shown in Figure 6.2, the salinity of the feed water is one of the most
significant factors in determining the theoretical minimum amount of energy.
Hence, reducing the osmotic pressure of seawater (i.e., reducing the salinity
of the feed water) is critical for achieving lower energy consumption. Table
6.4 presents a comparison among three processes (i.e., SSP RO, FO-RO, and
DSARO) proposed for reducing the osmotic pressure of seawater based on the
literature.

When comparing the three processes, SSP RO exhibits the lowest SEC,
followed by FO-RO and DSARO, while the optimum recovery rate of SSP RO
is the lowest among the three processes, as shown in Table 6.4. Compared to
the optimal recoveries of SSP RO and FO-RO, it cannot be easily examined
that SSP RO has lower SEC than FO-RO. Considering that high recovery
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Table 6.4 Comparison among three processes for reducing the osmotic pressure of
seawater.

Process Minimum Energy Optimum Feed Ref.
consumption recovery rate concentration
SSP RO 2.1-2.26 kWh/m?3 37% 30000 mg/L [17]
FO-RO 2.85 kWh/m3 40% for FO and 31954 mg/L [361]
55% for RO
DSARO 3.25 kWh/m3 45% 35000 mg/L [33]

increases SEC significantly as shown in Figure 6.2, FO-RO may have higher
energy efficiency than the other two processes. The main contribution of the
high energy efficiency in FO-RO is the effect of dilution in the feed water by the
implementation of the FO system. In addition, a variety of parameters, such as
the economic feasibility, feed water quality, and product water quality should
be evaluated for a fair comparison because of their different applications. Even
though SSP RO is the most economical, it should be noted that its optimal
recovery rate is the lowest among the three processes.

When comparing FO-RO with DSARO, FO-RO exhibits lower energy
consumption than DSARO but requires more membranes and equipment
because it is composed of two separate systems. Hence, FO-RO will require
a higher capital cost for the construction of two systems and a higher
maintenance cost for the replacement of both RO and FO membranes. In terms
of the quality of product water, FO-RO shows the highest quality because FO
dilutes seawater, thus RO can desalt seawater with reduced salinity. Therefore,
the optimum process for reducing the osmotic pressure of seawater should be
selected according to the operating conditions and requirements.

Although DSARO process has the highest SEC for seawater desalination,
this process can reduce the maximum applied pressure quite significantly,
which may also reduce membrane fouling. In addition, DSARO can be operated
without any external feed stream, such as for the wastewater in FO-RO. These
two features highlight that DSARO has their own advantages for treating
hypersaline wastewater or seawater.

It has been reported that FO-RO can show very low SEC approximately 1.3-
1.5 kWh/m?3 [364, 365]|. However, it should be noted that FO-RO requires an
additional low-saline stream which is usually provided from a wastewater or a
brackish water stream. Due to the existence of the additional low-saline stream,
two problems should be considered for the implementation of FO-RO process.
First, FO process in the FO-RO needs a large amount of wastewater for driving
the FO process effectively. Second, the implementation and operation of the
FO process generates the additional capital and operating costs. In Figure
6.19, the correlation between the ratio of dilution in the feed stream by the
FO process and the corresponding theoretical minimum energy reduction is
displayed. To reach a ratio of dilution in the feed at 33.33%, the amount of
permeate flow in the FO process is half of the feed flow rate. At this condition,
the theoretical minimum energy can be reduced from 1.07 to 0.66 kWh/m3 due
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Figure 6.19 Theoretical minimum energy and low-saline water requirement in the FO-RO
hybrid according to the ratio of dilution in the seawater feed stream. The FO recovery is
assumed to be 50% in this graph. (This figure was adopted from [12].)

to the dilution effect in the feed solution. However, if the FO recovery in the
FO-RO could be assumed to be 50% (actually, this is not easily achieved in
large-scale operation [366]), the wastewater or low-saline water feed flow rate
should be the same as the flow rate of the seawater feed. To increase the ratio of
dilution at 50%, the amount of wastewater feed should be approximately twice
that of the seawater feed stream, although the theoretical minimum energy can
be saved approximately 0.63 kWh/m3. It is very difficult to obtain this amount
of wastewater, especially in a large-scale seawater desalination. In addition,
additional energy consumptions for driving the FO process such as circulation
pump and pretreatment energy in the FO should be considered for calculating
the precise SEC of the FO-RO. Some reports have provided the information
of the additional energy consumption in the FO. The energy consumption in
the FO process and pretreatment of wastewater would be approximately 0.1-
0.2 kWh/m?3 [16, 313]. Therefore, even though the energy consumption of the
FO-RO hybrid process may be the lowest among the reviewed processes to
decrease the osmotic pressure of seawater, these limitations provide a large
barrier for a wide implementation of the FO-RO for seawater desalination.

In summary, the improvement axis of decreasing the osmotic pressure of
seawater is not easily achieved even though the possibility of the improvement
axis is the largest among the three suggested axes. Even if the same amount of
wastewater as the seawater feed can be fed into the FO-RO, the SEC reduction
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expected by the dilution of feed solution might be only 0.21-0.31 kWh/m3. The
other methods such as SSP RO and DSARO cannot reduce the SEC of SWRO
practically.

6.4 OSMOTIC ENERGY RECOVERY IN CONCENTRATE STREAMS

Salinity gradient power is known as a renewable and sustainable energy source
because mixing two streams with different salinities (e.g., freshwater and
saltwater) releases the free energy. For example, the potential energy from the
mixing of river water and saltwater in the world exceeds 2 TW. This energy
is significantly influenced by the salinity gradient between the two streams;
therefore, a high-concentration solution has the benefit of producing high
energy. Membrane technologies, such as RO, produce highly concentrated
brine as well as pure water during seawater desalting. If highly concentrated
brine can be utilized to recover osmotic energy, the energy requirement for
seawater desalination will be further reduced. For this, two technologies [i.e.,
pressure-retarded osmosis (PRO) and reverse electrodialysis (RED)| have been
proposed to extract this energy by mixing RO brine and low-salinity solutions
(e.g., river water, municipal water, and brackish water). This section discusses
these technologies for harvesting osmotic energy.

6.4.1 Pressure retarded osmosis

In the 1970s, Sidney Loeb first proposed PRO technology as an energy generation
technology utilizing the osmotic pressure gradient [367]. In PRO, the less
concentrated stream (FS) and the more concentrated stream (DS) are supplied
to two separate flow channels. The difference in the concentration of the two
streams induces different chemical potentials and generates an osmotic pressure
gradient (Ar). This leads to pure water flow from the low-concentrated FS to the
highly concentrated DS via a semi-permeable membrane, thereby resulting in
the dilution of the DS and the concentration of the FS simultaneously until the
chemical potential of the two streams reaches the equilibrium state [368].

The spontaneous mixing of two streams with the osmotic pressure gradient
releases the free energy, which is called the Gibbs free energy (AG,,,). The
Gibbs free energy is the maximum theoretical energy for energy production.
The general equation of AG,;, of the two different salinity solutions in an ideal
process that can be expressed as Equation (6.2). When pure water moves from
the FS to the DS under hydraulic pressure, the osmotic pressure is converted
into hydraulic pressure [368].

Ideal PRO membranes have a water flux, as expressed in Equation (6.32) in
terms of the osmotic pressure difference and the applied pressure difference
[368]. Salt-rejecting membranes have external concentration polarization
(ECP), in which rejected salts accumulate near the membrane surface. In
addition, as PRO membranes consist of an active layer and a highly porous
support layer, the support layer hampers the transport of salts, inducing internal
concentration polarization (ICP). ICP has a significant impact on the osmotic
pressure difference across the PRO membranes. Therefore, Equation (6.32) can
be modified into Equation (6.33), thereby reflecting both ICP and ECP [369].
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where |, is the water flux, A is the water permeability coefficient of PRO
membranes, B is the salt permeability coefficient of PRO membranes, Ar is the
osmotic pressure gradient between DS and FS, 7, is the bulk osmotic pressure
of the DS, 7 is the bulk osmotic pressure of the FS, AP is the applied pressure,
D is the diffusivity, k is the mass transfer coefficient, and S is the structural
parameter. The theoretical energy produced through PRO can be quantified in
terms of the power density and power generated per unit membrane area (W/m?2).
The power density is a function of the water flux and applied pressure because
chemical potentials are converted into hydraulic energy through water transport.
Therefore, the power density can be expressed simply using Equation (6.34) [370].

W = J, AP = A(Am — AP)AP (6.34)

where W is the power density. Figure 6.20 shows the effect of the applied
pressure on the power density in PRO. As the applied pressure increases, the
power density is enhanced, but it starts to decrease as AP exceeds half of the
osmotic pressure. This indicates that the power density can be maximized
when the hydraulic pressure is half of the osmotic pressure. In addition, the
maximum power density is directly proportional to the water permeability and
the square of the osmotic pressure difference across the membrane.

PRO has high potential to be integrated with SWRO (RO-PRO), as
presented in Figure 6.21, for energy production, reducing the operational

Power density (Wm™2)

5 10 15 20 25 30
Applied pressure (bar)

Figure 6.20 Power density (W) during PRO operation as a function of applied hydraulic
pressure (AP). Reprinted with permission from [125]. Copyright 2011 American Chemical
Society.
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Figure 6.21 Conceptual diagram of the RO-PRO hybrid system of the Mega-ton project in
Japan. This figure was adopted from [371].

energy requirement and minimizing the environmental impact of direct ocean
discharge [363]. In PRO, a highly saline RO concentrate has high osmotic
pressure, and this energy can be harvested using ERD. Therefore, RO-PRO can
reduce energy expenditure and operating costs, and two RO-PRO strategies
have been proposed. The first is the generation of power through a hydro
turbine. This method exhibits low electricity production efficiency owing to
the utilization of the hydro turbine; however, the electricity produced from this
system can be used for other purposes. The second is the circulation of energy
through a pressure exchanger. This system is highly efficient owing to the lack
of energy conversion, but the energy or pressure recovered from this system can
only be used in the operation of SWRO.

Four different configurations of the hybrid RO-PRO were proposed by Kim
et al. [372]. Among them, two configurations are RO-PRO hybrid systems
for power generation, and the others are for freshwater production. The two
configurations for osmotic energy recovery in the concentrate stream are
shown in Figure 6.22. The first configuration (Figure 6.22a) utilizes RO to
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Figure 6.22 Schematic of the proposed RO-PRO hybrid system configurations: (a) low-saline
water as an RO feed and (b) seawater as an RO feed. This figure was adopted from [372].
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treat low-saline water, such as municipal wastewater, and then the RO brine is
supplied to the feed channel. Simultaneously, seawater is used as the DS. This
configurationyields relatively lower energy compared to the other configurations
because the driving force in PRO is significantly reduced, owing to the highly
concentrated RO brine. On the other hand, the second configuration (Figure
6.22b) produces water from seawater, and then brine is used as the DS with
low-saline water as the FS. Therefore, this configuration has the highest power
generation because the concentrated RO brine with a high concentration can
effectively transport water from the FS to the DS.

Achilli et al. evaluated a pilot-scale RO-PRO system consisting of an SWRO
system, a PRO system, an ERD, and a pressure exchanger [373]. Seawater
pressurized by a pressure exchanger is supplied to the RO modules, and the
concentrated seawater brine generated from the RO system reaches the ERD.
In PRO, seawater brine and wastewater effluent are utilized as the DS and FS,
respectively. Finally, the diluted RO brine transfers its energy into the seawater
RO feed via the pressure exchanger and is then discharged or reused. This
configuration could achieve higher power density (1.1-2.3 W/m?) than the
river-to-sea PRO pilot systems (1.5 W/m?).

In Japan, the prototype integrated PRO hybrid process was evaluated
through a Mega ton water project, as shown in Figure 6.21 [371]. This hybrid
system could achieve a power density of 13.8 W/m? at an operation pressure of
30 bar. The feed water discharge was applied to provide circulation for the feed
and mitigate solute leakage and ICP. During operation, it was observed that the
maximum power density was 13.3 W/m? and the energy savings were 10-30%.

In South Korea, the GMVP project was launched to evaluate the large-scale
RO-PRO hybrid system (240 m3/d) using wastewater treatment plant effluent
and SWRO brine as the FS and DS, respectively, for a low-cost seawater
desalination operation [374, 375]. Instead of focusing on only the energy
production, the GMVP examined not only the energy production, but also the
recovery of the pressure from the pressurized DS. In the SWRO-PRO hybrid
system, the osmotic power was recovered using a hydraulic turbine and ERD.
The maximum power density for this implementation was 18.3 W/m?, and the
energy expenditure was reduced to 80%.

A PRO, RO, and NF integrated system was also proposed, as shown in
Figure 6.23 [376]. Wastewater effluent was first treated using NF, and then the
permeate was supplied as the FS to PRO. Seawater was fed into the SWRO
and the concentrated RO brine was used as the DS. Therefore, the overall
energy consumption of the hybrid system was reduced by approximately 15%.
In addition, the permeate can be applied for irrigation, thus, this system has
the potential for combined wastewater treatment, seawater desalination, and
energy production for the food-water-energy nexus.

6.4.2 Reverse electrodialysis

Pattle first proposed the concept of RED for the production of electric power
in 1954 [377]. Figure 6.24 illustrates a standard RED unit with a membrane
stack and electrodes. The membrane stack consists of alternately stacked
cation exchange membranes (CEMs) and anion exchange membranes (AEMs),
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Figure 6.24 Schematic diagram of a RED module. This figure was adopted from [379].

and high-salinity and low-salinity compartments are formed for a high-
salinity solution (HSS) and a low-salinity solution (LSS), respectively. AEMs
are selective for anions, whereas CEMs allow the transport of cations. The
difference in concentration between the HSS and LSS induces the selective
transport of ions from the HSS towards the LSS through CEMs and AEMs.
Cations are transported towards the CEM side and anions toward the AEM
side, creating an ionic flux to be converted at the electrodes by using a redox
reaction to generate electricity [378].
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In the RED, the power density (P) dissipated by the external resistance R,
can be calculated using Equation (6.35) [380].

2

_ Eemr R, (6.35)

P=I’R =
Rstack + RL

where [ is the current in the electrical circuit (A), R, is the external resistance
(©2), E. is the theoretical electromotive force (V), and R, is the sum of the
ohmic resistance of stack components and non-ohmic resistance. The maximum
power density (P,,,,) can be obtained using Equation (6.36) when the resistance
of the external load equals the internal stack resistance (R}, = Ry,.x)-

_ E esz
4N, m S m Rstack

where N, is the number of IEMs, and §,, is the projected area of the IEMs (m?).
The theoretical electromotive force (E.,;) can be calculated using Equation
(6.37), based on the Nernst equation [378].
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(6.36)
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where « is the average membrane permselectivity, F is the Faraday constant
(96 485 C/mol), R is the universal gas constant (8.314 J/mol K), T'is the absolute
temperature, Cygg and C;gg are the molar concentrations of HSS and LSS,
respectively, y,55 and 7, gg are the activity coefficients, and z is the ionic valence.
Other parameters for the calculation can be obtained from the literature [378,
381, 382].

Similar to PRO, RED has a high potential to be combined with SWRO,
as illustrated in Figure 6.25, because a high concentration of the RO brine is
beneficial for energy production [379]. Highly concentrated RO brine is generated
during SWRO desalination and then undergoes RED for electricity production.
In RED, the SWRO brine can be adopted as the HSS for high-power production
as well as a reduction in the negative environmental impact of SWRO brine
discharge. Electricity from the RED is utilized to operate electrical equipment,
such as pumps, in SWRO. In addition, heating by solar energy can be employed
to increase the feed temperature to enhance production and lower the feed
pumping energy requirements. High temperatures can significantly enhance
the efficiency of RED owing to an increase in osmotic pressure and activity
coefficients and a decrease in membrane resistance and solution viscosity.

Because a simple combination of a RED unit with an RO unit can be limited
to realizing the commercial application of RED-RO, a complex configuration
of RED-RO is required for practical applications [379]. Four configurations of
RED-RO were proposed by Li et al., as depicted in Figure 6.25 [383]. The first
configuration (Figure 6.25a) proposed that seawater and secondary effluent
from wastewater treatment plants are supplied as the HSS and LSS, respectively,
for RED, and then diluted seawater is treated by RO. This configuration can be
modified as presented in Figure 6.25(b) to recycle the RO brine into seawater
and then increase the salinity of seawater for enhanced power production in
RED. Figure 6.25(c) shows the osmotic energy recovered from the RO brine.
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Figure 6.25 Schematic diagram of four different SWRO-RED hybrid configurations. This
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Highly concentrated RO brine is employed as the HSS, and secondary effluent
is used as the LSS, which generates electricity. Simultaneously, the RO brine
is diluted, and the environmental impact of the discharge is mitigated. Both
configurations from Figures 6.25(a) and 6.25(c) can be integrated as depicted
in Figure 6.25(d) to maximize the benefit of RED for SWRO desalination. The
results of this study indicate that all RED-RO configurations are superior to
conventional SWRO because all configurations can reduce the total energy
consumption and realize a zero-discharge system with higher recovery.

An interesting application of RED-RO was proposed for energy self-
sufficient agriculture in coastal arid regions, as shown in Figure 6.26 [384].
Groundwater is first evaporated and concentrated on the air inlet using an
evaporator to maintain the indoor air temperature and high humidity to reduce
irrigation water consumption. The condenser then restores a portion of the
water vapor as irrigation water on the air discharge outlet. In RED, seawater
and highly concentrated groundwater are fed as the LSS and HSS, respectively,
for a power supply to RO and other electrical equipment. Seawater is further
desalinated through RO, and fresh water can be used as irrigation water.
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The RO-RED hybrid system can also be integrated with further desalting
technologies such as membrane distillation (MD) and capacitive deionization
(CDI) to enhance power production. MD can produce high-quality distillate
under relatively low operational temperatures, and its performance is less
influenced by salinity than that of RO. Therefore, seawater can be further
concentrated by an RO-MD hybrid system and provide a higher salinity
solution to RED for more energy production [385]. This configuration
achieved a maximum exergy efficiency of 49% under the best scenario (MD
feed temperature of 60°C, MD brine concentration of 5 M NaCl, RED power
density of 1.1 W/m?), which enabled near-zero liquid discharge and low-energy
seawater desalination [386].

CDI desalting technology can also be coupled with SWRO desalination
for ultrapure water production [387]. For desalination, CDI utilizes ion
electrosorption on the surface of a couple of charged electrodes with an AEM
and CEM pair to significantly enhance the charge efficiency and desalting
performance by preventing the transport of co-ions. CDI has many advantages
such as low energy consumption, small environmental impact, and high water
recovery; however, its performance can be restricted when treating high-TDS
solutions such as seawater [388]. Therefore, CDI is applied for desalting low-
salinity RO permeate to produce ultrapure water. Then, the RO brine and
ultrapure water from CDI are supplied to RED for higher electricity generation.
The results of this study indicate that the energy consumption of the RO-
MCDI-RED unit was reduced by 39.0% and 16.8%, respectively, compared to
that of a typical two-pass RO system without and with RED, respectively [387].

6.4.3 Osmotic energy recovery in a concentrate stream

Theoretically, the maximum osmotic energy that can be recovered by PRO
and RED is identical because it is determined by the Gibbs free energy when
mixing two streams with different salinities. However, the different efficiencies
of the conversion from osmotic energy to power led to higher power density
in PRO than in RED [389]. As shown in Figure 6.27, the power densities
of PRO are 3.1-3.4, 8-10, and 22-32 times higher than those of RED for
natural, anthropogenic, and engineered salinity gradients, respectively. This
implies that PRO can employ a remarkably smaller membrane area for power
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Figure 6.27 Power density (columns, left vertical axis) and efficiency of work extraction
(symbols, right vertical axis) for PRO and RED (blue and red data representations,
respectively) at 0.6, 1.2, and 4.0 M NaCl. Reprinted with permission from [389]. Copyright
2014 American Chemical Society.
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production. Furthermore, the power density of RED is much lower than that
of PRO at higher salinity gradients. This high power density performance of
PRO is attributed to the inherent characteristics of PRO to effectively utilize
larger salinity differences. In contrast, RED cannot obtain high power density
benefits from an increased salinity gradient regardless of membrane transport
properties, because the Donnan exclusion effect becomes negligible at high
solution concentrations, which induces low efficiencies [389]. Consequently,
PRO can achieve higher efficiency and power density for a range of salinity
gradients compared to RED with existing technologically available membranes.
The feasible application of RED energy production is restricted to relatively
low salinity gradients. However, despite the high potential of PRO to achieve
excellent performance with large salinity gradients, the development of
innovative membranes is required for the realization of this technology. In
addition, actual power generation is further influenced by the engineering
components in PRO and RED. For instance, PRO requires pumps, pressure
exchangers, and hydroturbines, whereas RED utilizes a reversible redox couple
at the end electrodes and pumping systems. Membrane fouling caused by
natural and anthropogenic streams can also detrimentally reduce the efficiency
of PRO and RED for power production [390, 391].

The power production and energy consumption of RO-PRO and RO-RED
are further compared based on the literature discussed above. The maximum
power density for RO-PRO was 18.3 W/m?, and the energy consumption
for the operation of RO-PRO was reduced to 80% [375]. In the case of RO-
MD-PRO, the power density of the RED was 1.1 W/m?, and the maximum
exergy efficiency was 49% under an MD feed temperature of 60°C and MD
brine concentration of 5 M NaCl. RO-MCDI-RED achieved a 16% reduction
in energy consumption compared to the conventional two-stage RO system
[387]. From this comparison, RO-PRO exhibits better efficiency in terms of
higher power density and lower energy consumption for seawater desalination
because of the beneficial properties of PRO for high salinity gradients. However,
because the operating conditions of RO-PRO and RO-RED as well as the
advantages of PRO and RED are different, the optimum system for osmotic
energy recovery from the concentrate stream should be determined based on
the environmental conditions (e.g., seawater quality, low-salinity water quality,
and capital expenditures).

6.5 IMPROVEMENT OF RO MEMBRANES

The RO membrane is an essential part of the SWRO plant and plays a significant
role in the efficient operation of the process. The performance of an RO
membrane determines a considerable portion of the operational costs, water
production, energy consumption, and permeate quality. Despite the existence
of RO membranes for over 60 years, some critical challenges still need to be
overcome. These challenges include low removal efficiency against pollutants,
energy requirements, and membrane fouling [392]. As these challenges can be
linked to the properties of the RO membrane, it is vital to have RO membranes
capable of high water flux, high rejection, and resistance to fouling and chemical
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attack with a minimum energy requirement. To improve the performance of
RO membranes, research efforts have focused on chemical replacement during
membrane synthesis, membrane surface modification, and the use of new
membrane materials.

6.5.1 Introduction of novel building blocks

The use of chemicals such as chlorine is an integral part of the SWRO plant
for both pretreatment and post-treatment purposes. Currently used commercial
membranes, such as polyamide membranes, are susceptible to chlorine attacks.
Over the years, research has focused on making the polyamide membrane
chlorine resistant. One way to make polyamide membranes not susceptible
to chlorine attacks is to replace conventional membrane building blocks such
as m-phenylenediamine (MPD) and trimesoyl chloride (TMC), which are
commonly used in the fabrication of thin-film composite membranes. A study
by Hong et al. [393] reported an amide linkage replacement during TFC RO
membrane synthesis with the use of imide linkage to enhance the chlorine
resistance of RO membranes. In another study, MDP and TMC were completely
replaced by m-phenylenediamine-4-methyl (MMPD) and cyclohexane-1,3,5-
tricarbonyl chloride (HTC) monomers for both chlorine resistance and
enhanced membrane performance [394]. Other efforts involve the addition of
new additives and the use of hydrophilic amine monomers [395].

6.5.2 RO membrane surface modification

Modifying the surface of the RO membrane is probably the most convenient
method for improving the performance of RO membranes without any
significant changes in membrane synthesis. Surface modification can be
performed physically (adsorption and coating) or chemically (chemical
coupling, sol-gel coating, oxidation, hydrolysis, grafting, plasma treatment,
etc.) to increase hydrophilicity, surface charge, and surface roughness. The
increased hydrophilicity of RO membranes has been shown to increase the
water flux and fouling resistance. One way to increase the hydrophilicity of RO
membranes by surface modification is by soaking them in various hydrophilic
organic solutions such as alcohols and glycerol (physical method) to increase
membrane performance, such as water flux, salt rejection, and fouling resistance
[396]. However, soaking only temporarily improves membrane performance as
the hydrophilic materials attach via weak molecular forces, thus detaching over
time. Consequently, the performance decreases over time. This problem can be
solved by chemical surface modification, which causes a stronger bond between
the RO active layer and the attached materials. Examples of chemical surface
modification include partial hydrolysis of the active layer, sol-gel coating,
chemical coupling, or grafting [397]. Membrane surface roughness is another
membrane property that affects membrane performance. It is generally believed
that decreasing membrane roughness is an important strategy for reducing RO
membrane fouling propensity [398]. However, surface modification by surface
patterning which increases surface roughness has shown a contrary result
where making patterns on the membrane is an effective way of improving RO
membrane performance [399].
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Recently, membrane surface patterning, another surface modification
approach, has been explored to enhance the performance of RO membranes.
This is because surface patterning can increase the surface-active area, which
in turn affects the membrane surface fluid shear. Similarly, hydrodynamic
conditions created by some patterns on RO membranes are often unfavorable
for microbial colonization, making the pattern membrane an anti-biofouling
membrane [399]. Surface patterning of RO membranes has been achieved
by template-based micro-molding or direct printing (ink-jet printing and 3D
printing) on RO membranes [400].

6.5.3 Biomimetic RO membranes
Recently, extensive research on biomimetic membranes inspired by organisms,
which depend on their complex transmembrane proteins for selective
permeation of ions and water via channel pores and pumps, depending on the
nutrients and energy needs of such organisms, has been shown to have the
ability to overcome the permeability-selectivity trade-off of conventional RO
membranes, especially polymer-based RO membranes. The potential of these
proteins, especially aquaporin, has been used to fabricate future desalination
membranes, and promising high-water flux and salt rejection have been reported
[401]. Zhao et al. [402] prepared an aquaporin-based biomimetic membrane
using an interfacial polymerization reaction. The fabricated membrane showed
better performance than the BW30 and SW30HR commercial RO membranes.
Although biomimetic membranes using biological organism proteins have
not yet been commercialized because of scale-up, mechanical, and cost issues,
such membranes, if optimized, still have the potential to achieve better salt
rejection and comparable water flux compared to conventional commercialized
RO membranes. However, interesting and optimistic results in biomimetic RO
membranes have been reported by directly mimicking biological membranes
(with respect to complexity, function, and form) by simulating how a biological
membrane responds when its surrounding conditions change in terms of the
intake and output of ionic species. This has been achieved with the development
of membranes that can exhibit distinctive properties in the presence of external
stimuli (e.g., chemical, electrical, and physical). These types of membranes are
called ‘smart’ or ‘stimulus-responsive’ membranes. Smart membranes can
modify their functionality to improve their separation and properties, such as
water movement, molecular or solute sieving, antifouling, and self-cleaning.
Stimuli-responsive agents are polymers [403] or inorganic materials (electrically
conductive) [404]. Smart membranes are fabricated using three methods. (1)
Integrating a stimulus-responsive polymer within a matrix of the membrane, (2)
attaching/coating a stimulus-responsive polymer or material to the surface of the
membrane, and (3) using a stimulus-responsive material as a separation barrier.
A major drawback of blending stimuli-responsive materials within the membrane
matrix is the limited stimulus response. This is because stimuli-response materials
are scattered everywhere within the membrane matrix, which loses some of its
ability to respond to external stimuli because other membrane materials that are
non-responsive are receiving most of the stimuli. However, when the membrane
surface is coated or the selective layer is made of materials responsive to stimuli,
there is a prompt response to the stimulus.
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6.5.4 Inorganic RO membranes

6.5.4.1 One-dimensional and two-dimensional inorganic membranes

To improve the performance of RO membranes, recent research efforts have
focused on the development of new RO membranes that would be able to reject
solutes by molecular sieving compared to conventional RO membranes that
remove solutes using a solution-diffusion-based approach. This new membrane
has pores that are usually smaller than the diameter of hydrated ions and
subsequently allow only the water molecules to pass through. To achieve this
type of molecular sieve, inorganic one-dimensional (1D) and two-dimensional
(2D) nanomaterials have been used. These inorganic materials include carbon
nanotubes (CNTs), boron nitride nanotubes (BNNTSs), graphene, graphene
oxides, MXene, transition metal dichalcogenides (TMDCs), covalent organic
frameworks (COFs), zeolites, and molybdenum disulfide (MoS,).

Inorganic membranes are resistant to chlorine and chemical cleaning
attacks. Thus, inorganic membranes are a promising alternative to conventional
organic membranes (polymeric membranes). The resistance of inorganic
membranes to disinfectants and chemicals makes them cleanable with different
cleaning agents without any detrimental effects on the membrane. Some
inorganic membranes have excellent intrinsic antimicrobial and mechanical
properties. Inorganic membranes have thus shown potential for superior water
flux, salt rejection, cleanability, antifouling, and mechanical properties (ref).
The major challenges currently faced by this new membrane are cost and safety
issues. Nanomaterials are quite expensive, and the fate of nanomaterials in the
environment is not fully understood. However, the current increased interest
in these inorganic nanomaterials in electronics, sensors, energy, and water
treatment applications is projected to reduce the cost of these materials owing
to increasing demand.

1D nanomaterials, especially CNTs, have been proposed as new membrane
materials for seawater desalination. CNTs are vertically aligned to allow
water molecules to pass through their tubes, while solutes are rejected. CNTs
exhibit ultra-fast water molecules passing along the tubes owing to the atomic-
scale smoothness of the nanotube walls and molecular ordering within the
nanochannel [405, 406]. Correspondingly, 2D inorganic nanomaterials have
been explored for desalination membrane fabrication owing to their easy
fabrication and controllable pore size. These membranes are either atomically
thin nanoporous membranes or laminar membranes [407]. Atomically thin
nanoporous membranes are fabricated by making uniform nanopores on the
2D nanosheets so that solutes are rejected while water molecules can permeate.
Laminar 2D membranes are fabricated by the in situ stacking of nanosheets.
Nanochannels created at the end of each nanosheet are used for both solute
rejection and water permeation.

6.5.4.2 Ceramic membranes

Ceramic membranes for seawater desalination are fabricated from silica,
zeolites, alumina, titania, or a composite of these materials. Ceramic
desalination membranes, unlike polymeric RO membranes, can withstand
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extreme temperatures, high concentrations of foulants, and reactive
conditions [408]. Although ceramic membranes have been commercialized
for microfiltration (MF) and ultrafiltration (UF), the development of ceramic
membranes for RO seawater desalination is still ongoing with promising results
[409, 410]. The development of ceramic membranes for seawater desalination
is still challenging because of its lower performance and higher cost compared
to polymeric RO membranes. However, the preparation of composite ceramic
RO membranes can improve their performance for membrane-based seawater
desalination [411].

6.5.5 Mixed matrix RO membranes

The earlier development of mixed matrix membranes (MMMs) involved
gas separation and pervaporation [412]. MMM has been used in seawater
desalination over the past years to improve the performance of current
polymeric RO membranes [413]. MMM is prepared by blending inorganic
material and nanoparticles (e.g., titanium oxide (TiO,), zeolite, CNT, graphene-
based materials, and metals and their oxides) within the membrane matrix.
In the case of mixed matrix thin film nanocomposite membranes, either the
active layer, the support layer, or both can be blended with nanoparticles or
inorganic materials. The incorporation of these materials inside the membrane
matrix, especially polymeric membranes, confers the properties of the inorganic
(nano) materials on the membrane, such as packing density, permselectivity,
mechanical, thermal, chemical stability, and antibiological properties [414].
Significant enhancement of membrane antifouling properties has been
reported by adding metals and their oxides inside the membrane matrix. The
size, morphology, and type of material incorporated into the membrane matrix
determine the type of properties conferred on the membrane.
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Chapter 7

Concluding remarks and
epilogue

SWRO has extended the possibility of low-energy seawater desalination to
a higher level of implementation. The RO technology development in recent
decades has led to a tremendous increase in desalination capacity worldwide.
The development of RO technology was conducted in various fields of
engineering, such as RO membrane development, system configuration
optimization, high-efficient equipment design, operation optimization, and
improvements of pre- and post-treatment. In this book, we tried to summarize
most of the RO developments, especially in terms of energy efficiency. The
detailed configuration of conventional SWRO plants and the equipment
correlating with energy consumption were introduced. The basic theoretical
background of energy consumption in the SWRO system was provided, and the
recent trend in the SEC of SWRO plants have been investigated by analyzing
the current data on SWRO plants. The main factors affecting the SEC of
SWRO plants have been investigated and summarized. To reduce the SEC of
SWRO plants further, future directions for low-energy SWRO systems were
characterized. The advanced technologies of RO systems which were designed
to achieve low-energy desalination have been introduced. Finally, the recent
development of RO membranes was summarized.

Currently, desalination communities face great challenges to resolve carbon
neutralization and provide a sustainable water supply. SWRO has proposed
a valuable solution to these problems by reducing energy consumption and
expanding the desalination plant capacity. However, the regulations to
achieve carbon neutralization and provide sustainable water supply are getting
stronger, the desalination system using SWRO should be developed further
to provide a higher level of solutions, such as higher recovery for sustainable
water supply and lower SEC for carbon neutralization. Through this book, we

© 2023 The Authors. This is an Open Access book chapter distributed under a Creative Commons
Attribution Non Commercial 4.0 International License (CC BY-NC 4.0), (https://creativecommons.org/
licenses/by-nc/4.0/). The chapter is from the book Seawater Reverse Osmosis (SWRO) Desalination:
Energy consumption in plants, advanced low-energy technologies, and future developments for
improving energy efficiency, Seungkwan Hong, Kiho Park, Jungbin Kim, Abayomi Babatunde Alayande
and Youngjin Kim (Authors).
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provide comprehensive information, knowledge, and analyses about SWRO
systems from a basic understanding of RO systems to future directions for the
realization of low-energy SWRO systems. In addition, the SWRO plant data
included in the graphs show a clear trend of SEC improvement. We believe
that the information in this book is helpful for students who want to study
desalination systems using RO from basic knowledge, and for engineers who
want to overview the current trends of SWRO systems. We hope that this book
will serve as a small stepping stone for the SWRO system to improve its current
level of technology.
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Seawater Reverse
Osmosis (SWRO) Desalination

Energy consumption in plants, advanced low-energy technologies,
and future developments for improving energy efficiency

High-energy consumption is a critical issue associated with seawater
reverse osmosis (SWROQO) desalination, although the SWRO has been
regarded as one of the most energy-efficient processes for seawater
desalination. This means that SWRO involves a larger amount of fossil
fuel and other energy sources for water production, which imposes

a negative impact on the environment such as greenhouse gas
emission. Therefore, the high-energy consumption of SWRO should

be addressed to minimize environmental impacts and to allow for
sustainable exploitation of seawater. However, the recent trend of
energy consumption in SWRO seems to have reached a saturation
point, which is still higher than theoretical minimum energy. To find new
and innovative strategies for lowering current energy consumption,

a comprehensive understanding of energy use in SWRO plants from
theoretical analysis to actual energy consumption in real SWRO plants
is required. This book can provide readers with information about

the current state of energy consumption in actual SWRO plants, the
fundamental understanding of energy use of SWRO plants from
theoretical point of view, and advanced technologies and processes that
could be applied for future energy reduction. In addition, this book will
offer a detailed methodology for analyzing energy issues in seawater
desalination. Through this book, readers will obtain an insight into how
to deal with and analyze the energy issues in SWRO desalination.
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