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Abstract

Over 100 papers were reviewed to elucidate factors influencing large-scale seawater desalination plants with
reverse osmosis networks (SWRO). This paper consists of subjects such as SWRO systems investigation, system
models of pretreatment and RO networks, systems optimization to minimize the total cost of SWRO plant design,
and the future direction of SWRO technology. In order to design a large-scale seawater desalination plant, a
systematic understanding of SWRO processes should be followed. After investigating all the processes, including
site-specific features, seawater intakes, pretreatment systems, RO networks, energy recovery systems, post-treatment
systems, brine disposal, and the environmental impact of SWRO desalination, system models are discussed for
predicting the performance of each system. Based on the minimal principle of total cost required for a full-scale
SWRO plant, optimized results are discussed. Studies needed for developing future SWRO technologies are
suggested.
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1. Introduction

In the 21st century, recognition of a potential
water shortage and the unpredictable impact of
global warming on overall water scarcity posits
that the first and second decades should be
referred to as the “water crisis decades” [1]. This
shortage can be partially attributed to global
population growth, limited natural resources, and
increased industrial activities [2]. Consequently,
to resolve the water scarcity problem in many
regions around the world, seawater is no longer
merely a marginal water resource for resource-
limited countries. In a recent global industry
forecast [1], from as recent as three years ago the
global desalination industry can be seen to be
rapidly expanding, and this is just the beginning
stage of desalination market expansion.

Traditionally, the use of multi-stage flash
(MSF), multi-effect distillation (MED), electro-
dialysis (ED), and reverse osmosis (RO) pro-
cesses has received significant attention in
attempts to improve the reliability and the
performance of freshwater production processes.
Current research on desalination processes,
however, addresses important topics associated
with lowering the cost and enabling a more
environmentally friendly operation [3]. For this
reason, pressure-driven membrane pretreatment
processes including microfiltration, ultrafiltration,
and nanofiltration; new material development to
prevent fouling in reverse osmosis units and
corrosion in distillation processes; hybrid (RO+
thermal) seawater desalination processes; and
utilization of alternative energy sources including
wind, solar, bio, and nuclear energies for desali-
nation processes have been studied.

Overall, consideration of total water produc-
tion costs, the land scarcity of a nation, and
promotion of an environmentally friendly
operation suggests that the use of RO processes
will be the most economic technology for large-
scale seawater desalination processes in the near
future [2,4-7].

Fig. 1 illustrates the schematic diagram of a
typical seawater reverse osmosis (SWRO) desali-
nation process that includes a seawater intake,
pretreatment, a RO system, and post-treatment.
As can be seen in the figure, the structure of this
paper is designed according to the stream flow
direction, starting from the seawater intake and
ending at the brine disposal, through a SWRO
desalination process. Subjects discussed in this
paper are SWRO systems investigation, system
models, optimization to minimize the total cost of
SWRO plant designs, and the future direction of
SWRO technology.

2. Systems investigation

Construction of a large-scale seawater plant
with a RO network has the potential to reduce
unit product costs, including both capital and
operating/maintenance costs. Due to this potential
cost reduction, large-scale SWRO plants have
become a more attractive process for desalination
than others. In fact, ten of the largest SWRO
plants [7] are summarized in Table 1. In this
systems investigation section, things to be con-
sidered for designing and/or simulating the large
scale SWRO process are suggested as follows.

2.1. Intake structure and site area

For a large-scale sweater desalination plant, it
is quite common that logistics and the cost of
delivering pipe segments to the plant site should
be considered when locating the intake structure
close to the shoreline. Moreover, sub-surface
seawater intake at favorable conditions can
usually provide much better seawater quality than
surface intake; the required depth of the seawater
intake structure is typically at least 10-15 m from
the mean sea surface level [8]. Thus, for a plant
site that excludes an intake structure, a feed water
reservoir, pretreatment system, RO system, post-
treatment system, and product water storage
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Fig. 1. Schematic diagram of a typical SWRO desalination process.
Table 1
Ten largest SWRO plants in the world (2004)
Country Location Capacity Year of Membrane Module

(m°/h) construction  manufacturer
United Arab Emirates  Fujairah 7,083 2004 Hydranautics/Nitto Spiral wound
Saudi Arabia Median/Yanbu 5,333 1998 Toyobo Hollow fiber
Spain Carboneras 5,000 2003 Hydranautics/Nitto Spiral wound
Trinidad and Tobago Point Lisas 4,542 2002 Hydranautics/Nitto Spiral wound
USA Tampa Bay 3,917 2003 Hydranautics/Nitto Spiral wound
Saudi Arabia Al Jubail 3,750 2002 DuPont/Toray Hollow fiber/
spiral wound

Spain Cartagena 2,708 2002 Hydranautics/Nitto Wickel element
Saudi Arabia Jeddah | 2,367 1989 Toyobo Hollow fiber
Saudi Arabia Jeddah Il 2,367 1994 Toyobo Hollow fiber
Spain Marbella 2,350 1998 DuPont Hollow fiber

reservoir all have to be considered. Additionally,
the site area should include a laboratory, a ware-
house for the repairs and general storage, stations
for electric transformation, and an administration
building. For a RO seawater system, a separate
building area is also required for housing intake
pump systems including transformer, motor
control center, and intake clear well [8].

2.2. Raw seawater conditions

When presented with a new seawater desali-
nation plant project, after on-site drilling and

sampling of observation wells is completed,
gathering historical information on the compo-
sition of raw seawater is required to understand
the conditions of the intake-seawater quality.
Table 2 describes common compositions of raw
seawater at several sites in the Middle East
[9-18]. Then, depending on the raw seawater
quality at various sites, it is necessary to deter-
mine individual guidelines for configuring the
pretreatment process, RO system design, mem-
brane selection, and chemical cleaning methods
[19].
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Composition of raw seawater at several sites in the Middle East
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2.3. Pretreatment process

2.3.1. Conventional approach

SWRO design and operation heavily rely on
the quality of raw seawater. Therefore, high
quality pretreatment processes are a critical issue
for improving the performance of SWRO systems
[18]. After screening trash from the intake
seawater as an initial pretreatment step, coagu-
lation, flocculation, mediafiltration, and cartridge
filter steps are usually included in the pretreat-
ment process to improve the feed water quality
for the RO process. Key issues to be considered
in the pretreatment step are as follows [8,15,20,
21]:

» Preventing bacterial growth and bio-fouling in
the RO membrane.

* Inhibiting scale formation in the RO
membrane.

» Regulating the seawater pH to adequate values
in the RO membrane.

» Destabilization and agglomeration of colloidal
particles and dissolved organics.

» Removal of suspended solids.

» Preventing a sudden appearance of particulate
matter in the feed water for the RO membrane.

» Neutralizing the residual active chlorine.

In order to resolve the problems mentioned
above, the following approaches are recom-
mended, respectively [8,15,20,21]:

« Sodium hypochlorite (NaOCI), Cl,, KMnO,,
or O, can be used to control bio-fouling.
H,SO, can be applied to assist the biocide
action of NaOCI.

» Sodium hexametafosphate is usually dosed to
control scaling. H,SO, can be used to help the
action of the scale inhibitors.

» H,SO, can be dosed to regulate the pH for
polyamide-type RO membranes.

» Ferric or alum salts are often used to coagulate
and flocculate colloidal particles and dis-
solved organics.

» Anthracite (~1 mm) is often applied during the

granular media filtration process to remove
suspended solids. The media backwashing
process with air is followed by the granular
media filtration process to remove captured
particles from the filters.

» Cartridge filters are usually tasked with pre-
venting the sudden appearance of particulate
matter.

» Sodium metabisulfite (NaHSO,) is primarily
used to neutralize the residual active chlorine,
especially for a polyamide-type RO
membrane.

2.3.2. UF membrane approach

Compared to the ultrafiltration (UF) pretreat-
ment process, there are several major disadvan-
tages of conventional pretreatment processes;
significant differences between conventional and
UF pretreatments, summarized in Table 3, which
affect RO membrane fouling during the RO
membrane lifetime [8,9,22-25]. From the table, it
can be seen that the UF pretreatment system is
more efficient than the conventional one.

2.4. RO membrane process

Cost and performance of RO membrane pro-
cesses are significantly affected by the following
factors [26-38].

2.4.1. Concentration polarization

Concentration polarization effects attributed to
solute adsorption and gel layer formation on the
membrane surface cause an increase of the
osmotic pressure at the membrane and a decrease
of the permeate flow flux. It can be described as
a combination of two extremes: undisturbed
concentration polarization and complete depolari-
zation with a uniform distribution. In other
words, gel layers are formed by hydrophobic
macromolecules that lead to severe flux decline,
and polarization layers are formed by hydrophilic
macromolecules causing minimal flux decline.
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Table 3

Comparison of conventional and UF membrane pretreatments

Conventional pretreatment

UF membrane pretreatment

Treated water quality

Index, SDI <4.0)
Average RO flux 100%
RO membrane fouling rate
RO membrane cleaning frequency
Typical life time

RO membrane replacement rate 100%

Capital cost 100%
Footprint 100%

Energy consumption Lower than UF
Chemical dosing rate High

Intake line Long
Operation/management costs High

Miscellaneous —

Unstable and fluctuating water quality
depending on raw seawater (Silt Density

High fouling potential
1-2 times per year
Filters: 20-30 years,
Cartridges: 2-8 weeks

Stable and constant water quality
(SDI <2.0)

20% higher

Lower fouling potential
4-12 times per year

UF/NF membranes: 5-10 years,
Cartridges: often not needed
33% lower

0-25% higher

30-60% smaller

Higher than conventional
Lower

Shorter

Lower

Better boron control

2.4.2. Fouling and scaling

The most important factors affecting the RO
membrane process are membrane fouling and/or
scaling, resulting in a higher operational cost.
Membrane fouling/scaling causes a permeate flux
decrease during constant operating conditions. A
noticeable permeate flux decline indicates that
restoration of original permeability is scarcely
possible; inevitably membranes need replace-
ment. Fouling on the membrane surface is mainly
caused by natural organic matter (NOM), col-
loids, and biofilm from bacterial growth (bio-
fouling). Additionally, scaling formed by the
precipitation of salts on the membrane surface is
often caused by calcium carbonate (CaCO,),
calcium sulfate (CaSQ,), silica (SiO,), and iron
hydroxide (Fe(OH),) in the SWRO process.
Therefore, a lower consumption rate of treatment
chemicals would reduce the scaling and fouling
problems due to chemicals. As a result, mem-
brane performance and cost analysis can be
projected from the relationship between the
foulant/scalant concentrations and fouling/scaling
rates.

2.4.3. Chemical cleaning

Use of chemicals is inevitable for cleaning the
fouling/scaling from RO membranes. Chemical
cleaning methods using alkaline (NaOH), acid
(citric acid or H,PO,), ethylene diamine tetra-
acetate (EDTA), chlorine (Cl,), and surfactants/
detergents have the purpose of removing NOM
acids, inorganic scales, scalants (e.g., CaSQ,),
bio-fouling (biofilm), and colloids, respectively.
Here, the type of cleaning agent and its
concentration determines the cleaning efficiency.
The concentration of the cleaning agent that
provides the highest cleaning efficiency is
considered the optimum concentration. There are
two ways to clean the membrane: cleaning in
place (CIP), or cleaning offline. In order to find
an optimum membrane CIP cleaning rate, inter-
actions between the foulants/scalants and the
membrane and effects between the cleaning
procedure and membrane performance should be
understood. The optimum cleaning rate (i.e.,
optimum consumption rate of the cleaning chemi-
cals) enables the final estimation of the RO
membrane process operational cost. A prefer-
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ential cleaning principle for essential foulants was
suggested as follows [38]: silica colloids >
adsorbed organic compounds > particulate matter
(iron and aluminum colloids) > microorganisms
> metallic oxides.

2.4.4. Quality and salinity of feed water

In order to increase the permeate recovery
rate, RO feed water entering membrane should
have a high water quality (i.e., low concentration
of particulate matter). The commonly accepted
water quality indicators of RO feed water are
SDI, turbidity, and suspended solid (SS) con-
centration; lower values of these indicators and
salinity allow for higher permeate recovery rates.
As a result, lower specific power consumption
can reduce the SWRO plant operational costs.

2.4.5. Feed water temperature

Salt passage is susceptible to variances in the
feed water temperature during the RO membrane
process. Warm feed water operated at a relatively
high temperature (e.g., warm seawater during the
summer season or warm feed water reutilized
from the cooling systems in heat exchanger)
results in an increase of salt passage caused by
the thermodynamic increase in the salt osmotic
pressure. As a result, an increase of the feed
pressure requires greater operational costs to
maintain a sufficient driving force for water
permeation.

2.4.6. Permeate recovery and salt passage

Membrane properties providing maximum
permeate recovery and minimum salt passage
rates are the two most important factors in the
operation of the RO membrane process. Based on
these two factors, membrane designers and
manufacturers focus on improving membrane
efficiency, as membranes with high permeate
recovery and low salt passage properties give rise
to preoccupation in the membrane industry
market.

2.5. Energy recovery process

In order to reduce the cost of the final product
water, it is essential that energy recovery systems
that have higher water recovery rates and use less
energy with lower installation costs for SWRO
systems be utilized [39]. Concentrate water, from
the water fed into the RO system with high
pressure, has a potential energy that can be
transferred from waste pressure to the feed stream
flow [40]. Using current technology, this energy
recovery system can lower total energy costs by
up to 40 % [7]. Typically, there are three types of
energy recovery devices in SWRO systems
[39,41-43]:

» Energy recovery from brine using a Pelton
wheel turbine (PWT): the principle of the
PWT energy recovery system is to transfer
impinging flow (brine) from one bucket to the
next during turbine rotation. Typical PWT
efficiencies range from 40 to 60%.

» Energy recovery from brine using a pressure
exchanger (PX): PX uses positive displace-
ment to efficiently transfer energy from a
high-pressure waste stream containing dis-
charged brine to the incoming process stream.
Typical PX efficiency is as high as 95%.

» Energy recovery from brine using a hydraulic
turbocharger (HTC): HTC capturesthe energy
of the rejected flow (brine) with a turbine that
is directly connected to a pump impeller
spinning in the feed stream. Typical HTC
efficiency ranges from 50 to 65%.

Among the present generations in the field of
pressure transfer, PX has the most elegant design
due to its high efficiency and dynamic stability
[39], though a competitive energy recovery
device in recent SWRO systems is a dual-work
exchanger energy recovery (DWEER) device.
DWEER technology transfers the hydraulic
energy from the brine concentrate to the seawater
across a piston where it is used to help power a
recirculation pump.
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2.6. Post-treatment process

Regarding SWRO desalination, no precise
recommendations for permeate quality are cur-
rently available [44]. Typical post-treatment in
SWRO desalination system involves pH adjust-
ment, minimal remineralization, disinfection, and
boron removal; minimally, treatment should meet
or exceed the potable water quality standard.
Table 4 presents recently proposed general water
quality objectives for after post-treatment stabili-
zation, developed by the Marin Municipal Water
District SWRO pilot system in the city of Corte
Madera in Sonoma County, California [45].
Typical post-treatment to be considered in SWRO
systems is summarized as follows [7,44,45]:

* Remineralization and pH adjustment: liming
materials followed by carbon dioxide (CO,)
addition are used to remineralize product
water before the distribution network; pH is
adjusted to a range of 6.8 to 8.1 to meet
potable water specifications.

» Disinfection: to kill the bacteria or other
organisms in the products by means of UV
radiation.

» Treatment of disinfection by-product (DBPs)
containing bromide (Br~) and iodide (I°).

o Boron removal [46-48]: a boron removal
process in post-treatment should be cost
effective and reduce the boron concentration
to close to zero. In this regard, ion exchange
technology using boron selective resins (BSR)
is the most appropriate post-treatment to
selectively remove boron from permeate water
as the high selectivity of BSR is not affected
by operating conditions such as temperature,
pH, and/or salinity.

* In the view of boron rejection from SWRO
membranes, recently developed membranes
improved boron rejection efficiency toarange
from 92% to 94%. There are several relation-
ships between boron and the surrounding
conditions [47,49-51].

 Higher pH condition rejects more boron. Ata
pH of less than 9.5, approximately 50% of
boron is removed, and at pH of 10.5 up to
100% of boron is eliminated.

» Polyamide-type membranes show superior
rejection percentages for pH values of less
than 9.5.

2.7. Brine disposal and environmental impact

Once SWRO desalination plants and all other
required infrastructure is constructed in a coastal
area, it is imperative that the high salt concen-
trations (TDS, ~70,000 mg/L) and other chemi-
cals used in pretreatment and cleaning that could
potentially affect the local environment be con-
sidered. First of all, the high salt concentration in
the brine and several chemical products/
by-products used in the entire SWRO process are
inevitably discharged into the sea, and eventually
contaminate the marine environment. Second,
density differences inhibit a natural mixing and
disturb the ecology beneath the sea. Third, when
the brine reaches the underlying aquifers from
leaks in the pipeline, the presence of chemicals
including some heavy metals (iron, copper, zinc,
etc.) and cleaning agents may contaminate the
groundwater. Last, in a specific case, thermal
power generation to produce electricity using oil
may indirectly contribute to the process of global
warming. Considering the potential magnitude of
these destructive impacts on the natural environ-
ment, it is crucial that environmentally friendly
methods for brine disposal need to be researched.
The following are several disposal options
recommended elsewhere [7,11,52-54]:

» Deep well injection in non-potable aquifers.

 Utilization of evaporation ponds and zero
discharge.

» Link to waste water treatment plants.

» Blending with treated waste water and use
same discharged outfall, etc.
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Table 4
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Proposed general water quality objectives after post-treatment stabilization for the MMWD SWRO pilot system in the city

of Corte Madera in Sonoma County, California

Parameter  Units MMWD treated reservoir
Avg Max Min
TDS mg/L 119 136 86
Hardness mg/L 62 74 52
Alkalinity — mg/L 61 70 49
pH Units 7.8 7.9 7.8
Color Cu <3 <3 <3
TOC mg/L 1.6 2.4 11
Sodium mg/L 16 25 11
Chloride mg/L 27 37 22
Boron mg/L <0.05 <0.05 <0.05
SAR — — — —

Sonoma County water

SWRO pilot objectives

Avg Max Min Avg Max Min
171 186 148 120 180 60
105 112 96 60 110 60
119 125 110 60 110 50
8.1 8.4 7.8 7.9 8.2 7.8
<3 <3 <3 <3 <3 —
0.9 1.2 0.7 <1 1 —
20 23 16 30 50 10
8 10 7 50 70 10
0.28 0.26 0.16 0.3 0.5 —
— — — 3 6 J—

3. System design models

In a full-scale SWRO desalination process,
pretreatment and RO networks can be readily
considered for modeling and optimization.
Models for UF/MF pretreatment and post-
treatment processes can be obtained from the
models described here by applying similar
mathematical approaches to the desired process.
In this section, commonly used models for
predicting system characteristics are discussed.

3.1. Pretreatment process models

A typical process in pretreatment is the granu-
lar media filter. In granular filtration, particle
transport and deposition should be thoroughly
understood to predict the transport and fate of
colloidal pollutants. Interception, gravitational
sedimentation, and Brownian diffusion are the
key mechanisms of colloidal particle transport
from the pore fluid to the surface of a filter grain
[55]. Yao et al. [56] introduced the first filtration
model applicable to a water treatment system;
however, this model does not include the effect of
viscous interaction and/or van der Waals inter-
actions. Thus, in order to obtain an accurate

prediction of colloidal filtration, a convective—
diffusion equation could be applied by a numeri-
cal approach [57].

In practical terms, due to the fact that solving
the convective—diffusion equation is not readily
available for use, a semi-empirical correlation
model for the single-collector contact efficiency
in granular filtration developed by Rajagopalan
and Tien (R-T) algorithm [58] was proposed.
This semi-empirical correlation model was fur-
ther advanced [55] by considering the influence
of viscous interaction and van der Waals inter-
actions, and has recently become more commonly
used for predicting the single-collector contact
efficiency in granular filtration [59].

3.2. SWRO network model

Although RO technology has significantly
advanced in recent years, less consideration has
been given to multistage full-scale RO network
design [60]. Beginning with the mathematical
modeling of transport phenomena across the
membrane [61-63], design methods of industrial
plants [64,65], and optimization techniques for
RO plants [66,67] have been developed using
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mathematical programming. After El-Halwagi
originally presented a structural representation of
RO networks (RON) [67], several researchers
applied the RON model to optimize RO plants
under various conditions [68-71] and retrofitted
the model to obtain realistic and economical
solutions by optimizing total costs, including both
the capital and operational costs [37,72]. Based
on the modeling and the optimization of RO
membranes including hollow fibers, chronologi-
cal system engineering efforts for RO membranes
are summarized in Table 5.

3.2.1. Model of RO membrane element

A solution/solute diffusion model for pre-
dicting membrane performance is one of the most
commonly used models in RO system design.
The two parameters of water permeability and
solute transport (usually denoted as A and B,
respectively) are primarily used to modulate the
model. These two parameters are usually offered
by membrane manufactures; a model with para-
meters A and B appears elsewhere [73-77]. Then
based on the model, the water and the salt fluxes
accordingly show the relationships among the
feed pressure, permeate pressure, pressure dropin
the membrane channel, permeate velocity osmotic
pressures at concentrate and permeate, and con-
centrations of concentrate and permeate.

3.2.2. Model for multi-element module
(pressure vessel)

A serial connection of 2-8 RO membrane
elements in a pressure vessel can comprise a RO
module. The concentrate water rejected by the
first membrane element plays a role in the feed
water for the second element by the successive
order, and so on. For spiral-wound membrane
elements, a model of the tubular type membrane
element was developed and applied in many
industrial fields [69,74,75]. In order to estimate
the performance of the membrane elements linked
in a series, the performance of a pressure vessel

can be simply utilized. When considering the feed
spacer distance, the membrane length, the mem-
brane width, and the number of the membrane
elements in each RO module (i.e., pressure
vessel), the pressure vessel model can determine
the optimal numbers and types of membrane
elements in a RO module [77].

The total permeate flow rate Q,, of the nth
pressure vessel in a RO unit stage (see Fig. 2),
can be calculated from the mass balance equa-
tions by combining the total brine flow rate Q,
and concentration C, , with the total feed flow
rate Q;, and concentration C ..

3.2.3. RO network model

Once raw seawater quality and a specific type
of membrane module are decided for a SWRO
plant design, it is desirable to analyze a cost-
effective RON configuration (RO modules,
pumps, and energy recovery devices), the ope-
rating condition, and the optimal arrangement of
the membrane element. To this extent, El-
Halwagi [67] and Voros [68,78] presented a
structural representation of RON. Fig. 3 shows a
simplified RON representation that Lu et al. [76,
77] have recently presented, which applies the
stream split ratio, isobaric-mixing constraints, and
a PX energy recovery device to the previous
RON model.

Pressurization stages N,, and RO stages Ngo
are the key structures of RON shown in the
figure. The number “2” employed in the number
of stream junctions (N,+2) represents the brine
and product streams leaving RON. Each stream
node inside the pressurization stage represents a
stream linked to a high pressure pump, and the
pump stream line is connected to a corresponding
RO stage. The RO stages are assumed to consist
of multiple parallel RO pressure vessels under the
same operational conditions. Each stream in the
network is supposed to be connected to all the
N,s+2 nodes because they are the brine and
permeate streams eventually leaving all the RO
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Table 5
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Chronological systems engineering approaches for RO membranes

Year Authors (et al.) Systems engineering approaches for RO membranes
1965 Lonsdale Homogeneous diffusion model for cellulose acetate membrane [61]
1969 Hatfield Nonlinear program for maximal flux and optimal arrangement of RO systems in
brackish water [91]
1980 Tweddle Prediction of performance of membrane modules with system analysis [64]
1982 Sirkar Analytical design to estimate averaged permeate solute concentration in spiral-
wound RO module [65]
1984 van Dijk Optimal design of total unit water cost using raw water TDS, pressure and recovery [66]
1985 Evangelista Graphical-analytical method to design straight-through and tapered reverse osmosis
plants [63]
1992 El-Halwagi Optimal arrangement, types and sizes of RO units for reverse osmosis networks [67]
1993 Sekino Analytical model of friction—concentration polarization (FCP) in hollow-fiber RO modules
[92]
1996 Malek Minimal cost analysis per unit membrane area applying large-sized permeates [37]
Robertson Dynamic matrix simulations for control of RO desalination pilot plant [93]
Voros Mathematical models for performance of various SWRO process units [68]
Sekino Analytical model of FCP with Kimura—Sourirajan algorithm applied to hollow-fiber RO
modules [94]
1997 Zhu Optimal design of flexible RON with mixed-integer nonlinear programming (MINLP) [71]
Voros Optimal design to minimize total cost of RON plant [78]
1998 van der Meer Hydraulic model of rejection of mono- and bi-valent ions in spiral-wound RO modules [95]
1999 Al-Bastaki Mass transport model to predict performance of hollow-fiber RO membranes [74]
See RON desalination plant cost analysis with MINLP based on optimal cleaning schedule [72]
2000 Maskan Optimization of RON operating conditions with a constrained multivariable nonlinear
algorithm [69]
Al-Bastaki Mathematical analysis of concentration polarization and pressure drop based on flux
integration [75]
2001 Wilf Economic feasibility analysis of SWRO systems based on recovery rate and feed water
salinity [96]
2003 Al-Enezi Design calculations based on feed salinity and temperature in RO desalination process
[28]
Villafafila Optimization of operating and design parameters using successive quadratic
programming (SQP) [82]
Helal Optimization of minimum water cost in a hybrid RO/MSF system [97]
2004 Chatterjee Numerical analysis of hollow-fiber RO module using the three-parameter Spiegler—
Kedem (S-K) model [98]
2005 Marcovecchio Minimization of total cost of hollow-fiber RO seawater desalination using the Kimura—
Sourirajan model [81]
Abbas Feed-forward neural network model to predict performance of RO experimental set-up
[73]
Vitor Geraldes Longitudinal variation model for mass/momentum transport in spiral-wound SWRO
modules [99]
2006 Senthilmurugan ~ Mathematical model for separation of two solutes fro aqueous solutions in hollow-fiber
modules [100]
Lu Optimum design of SWRO system considering membrane cleaning and replacing based
on MINLP [76]
2007 Lu Optimum design of SWRO system under different feed concentrations and product [77]
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Fig. 2. Schematic diagram of a RO unit train.

stages. The complete mathematical model of
RON appears elsewhere [67,68,76-78].

4. System optimization

Once all systems of the SWRO desalination
plant are investigated, including the raw seawater
quality information, the site condition and area,
and the environmental impact, the optimization of
the total cost of the SWRO desalination plant
needs to be considered. Usually, the total cost is
used as an objective function to optimize the
design of large-scale seawater desalination plants
[77].

4.1. Total cost

The total cost of the plant consists of two
terms: capital cost and operation/maintenance
cost [37,42]. Capital cost includes all expen-

ditures associated with the implementation for
construction (equipment, piping, service utilities,
etc.), engineering efforts, and administrative/
financing activities. Among them, construction
costs are the largest portion of the capital costs,
with ranging between 50-85%. Operation and
maintenance (O&M) costs consist of plant opera-
tion costs (energy, chemicals, replacement of
consumables, and labor) and maintenance costs
for plant equipment, buildings, and utilities.
O&M costs are typically expressed as either all
operational expenditures per year (e.g., $/y) or
operational costs for desalinated product water
per volume (e.g., $/m?).

4.2. Optimization model

Currently, there are several models available
for estimating the membrane costs for seawater
desalination plants, such as the WTCost® model
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developed by the US Bureau of Reclamation [79]
and the WRA model developed by the Water
Reuse Association in the US [80]. These models,
however, are not aimed at the optimization of
costs but only the estimation of costs of desali-

nation projects. The optimization of a SWRO
desalination plant is a minimum principle
problem of the total cost. One of the examples for
optimizing the total costs commonly used in
SWRO[37,71,76,77,81,82], is introduced below.
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A mixed-integer nonlinear programming
(MINLP) model to minimize the total cost can be
formulated as follows [76,77].

J=min[C; ] )

MINLP

where the objective function (J) is the total
annualized cost (C;).

c, =(cc,, +CC,, +CC, +CC,, +CC, )1.411

x0.08+0C;, +0C,, +0C,, +0C,  (2)

In Eg. (2), CC and OC represent the annu-
alized capital cost and annual operating cost,
respectively. In addition, CC;,, CC,,,, CC,,, CC,,
and CC,, indicate the capital cost of the seawater
intake pump, the high pressure pump, the pres-
sure exchanger, the booster pump, and membrane
purchase, respectively; OC;,, OCy,, and OC,, are
the energy cost for operating these pumps, and
OC,, is the cost of membrane module main-
tenance. Note that 1.411 is the coefficient that is
used to calculate the practice investment and 0.08
is the capital charge rate.

cc,, =52(aPQ,, )" 3)
CC,, =3134.7Q% 4
st,l = th + pr (5)

In Egs. (3)-(5), P, Q, and Q,, indicate the
pressure and flow rates in the high pressure pump
and pressure exchanger, respectively; Qy,
denotes the flow rate of the first pressurization
stage (see Fig. 3).

Nro Nro
C,=

8
>.Z,,Cm;n +> C.n, (6)
: ~

j=1 k=1

In Eg. (6), C,,, C,, and C,, denote the total
membrane module cost, the price of the kth
membrane element, and the price of the pressure
vessel, respectively. Here, the indices j and k
represent the jth RO stage out of Ng, number of
RO stages and the kth membrane type out of a
maximum of eight elements. Furthermore, Z;, is
the binary variable, either 0 or 1; m;, is the
number of membrane elements in each pressure
vessel; and n; is the number of pressure vessels
employed in the jth RO stage.

()

3(PQ),
=S rg),

In Egs. (7) and (8), C, is the cost of electricity,
and f; is the load factor. Here, 1y, Niotor @Nd M
are the efficiencies of the high pressure pump, the
electric motor, and PX, respectively. This MINLP
problem can be solved using any commercial
solver that can provide the best possible solution.

Possible optimization results of the SWRO
desalination process are illustrated in Fig. 4. The
conceptual graph can provide insights into the
relationships among relevant costs, permeate, and
feed concentrations. In the figure, the two regions
demarcated by A and B represent the different
optimization results in two different RO configu-
rations (e.g., SWRO two-stage serial configura-
tion with intermediate recycle (A) and without
intermediate recycle (B)). Fig. 4 indicates that
both process parameters and process configura-
tions can affect the optimized costs for SWRO
desalination plants.

(8)

4.3. Factors influencing total costs

The optimization model described above is
one of simplified approaches using reasonable
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regions demarcated by A and B represent the different optimization results in two different RO configurations.

assumptions. When an accurate optimization
technique is necessary in the design of a SWRO
desalination plant, a systematic approach for the
optimization is required. And although all possi-
bilities should be discussed in the optimization of
SWRO desalination plant, a reasonable consider-
ation of factors influencing the total costs is
essential. Fig. 5 summarizes the factors affecting
the total costs, suggesting things to be considered
for an accurate cost optimization through an
understanding of key factors.

5. Future implications

Itis important to continue further development
and investment efforts in SWRO desalination

programs to resolve water scarcity problems in
regions around the world, with the ultimate goal
of reducing the cost of final water production
[83]. Subsequently, several researches to make
the cost of product water cost more economical
and enhance process performance are suggested
as follows:

5.1. Pretreatment process [83,84]

* Inthe SWRO desalination process, it is essen-
tial to improve methodology for achieving
optimal pretreatment. Since extra pretreat-
ments increase O&M costs, a more effective
operational design and more sophisticated
automation and control will result in lower
costs of water production.
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Fig. 5. System factors affecting the total cost in a large-scale SWRO plant.

» Development of an environmentally friendly
pretreatment system to control scaling, foul-
ing, and biofouling by reducing the use of
chemicals.

» Combination of UF and NF with conventional
pretreatment methods.

« Use of natural pretreatments such as beach
well intakes.

5.2. RO membrane processes [8,85]

» Better understanding of the mechanism of
water transfer and salt rejection in RO

membranes at the molecular level will lead to
a new era of membrane technologies.

» Increase membrane resistance to oxidizing
agents and chlorine.

» Development of large-size membrane ele-
ments and membrane compaction techniques.

» Research on the long-term behavior of mem-
branes at elevated temperatures.

» Research on a SWRO/BWRO hybrid system.

5.3. Energy saving processes [83,86-90]

» Renewable energy:
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1. Need to continue to invest international
efforts toward revolutionary new renewable
sources of energy.

2. Co-generation of renewable energy with a
present SWRO desalination energy generator
should be studied.

» Hybrid systems:

1. Membrane/thermal: (a) increase of up to
49% in RO product water recovery. (b) Flexi-
bility in operation, less specific energy con-
sumption, and low construction cost.

2. NF-RO-MSF—crystallization: (a) Higher
water recovery rate (77.2%) and lower water
cost ($0.37/m?). (b) Reducing scales formed
from ions in seawater. (c) High temperature
operation. (d) Increase of water productivity.

5.4. Post-treatment processes

» Research on environmental friendly treatment
methods (see brine disposal and environ-
mental impact in Systems Investigation
section).

» Advanced boron removal technology.

Acknowledgements

This research was supported by a grant
(code#C106A1520001-06A085600210) from the
Plant Technology Advancement Program funded
by the Ministry of Construction & Transportation
of the Korean government.

References

[1] H.Mehdizadeh, Membrane desalination plants from
an energy-exergy viewpoint. Desalination, 191
(2006) 200-2009.

[2] M.N.A. Hawlader, J.C. Ho and C.K. Teng, Desali-
nation of seawater: An experiment with RO mem-
branes. Desalination, 132 (2000) 275-280.

[3] B. Van der Bruggen and C. Vandecasteele, Distil-
lation vs. membrane filtration: Overview of process

evolutions in seawater desalination. Desalination,
143 (2002) 207-218.

[4] S. Ebrahimand M. Abdel-Jawad, Economics of sea-
water desalination by reverse osmosis. Desalination,
99 (1994) 39-55.

[5] W.F.J.M. Nooijen and J.W. Wouters, Optimizing
and planning of seawater desalination. Desalination,
89 (1992) 1-20.

[6] M. Abou Rayanand I. Khaled, Seawater desalination
by reverse osmosis (case study). Desalination, 153
(2003) 245-251.

[71 G. Amy, Membrane-based water desalination —
state of the art and future prospects. in International
seminar by center for seawater desalination plant.
Seoul, 2007.

[8] M. Wilf, ed. The Guidebook to Membrane Desali-
nation Technology, Elsevier, The Netherlands, 2007.

[9] A.D. Khawaji, I.K. Kutubkhanah and J.M. Wie, A
13.3 MGD seawater RO desalination plant for Yanbu
Industrial City. Desalination, 203 (2007) 176-188.

[10] A. Teuler, K. Glucinaand J.M. Laine, Assessment of
UF pretreatment prior RO membranes for seawater
desalination. Desalination, 125 (1999) 89-96.

[11] J.J. Sadhwani, J.M. Veza and C. Santana, Case
studies on environmental impact of seawater desali-
nation. Desalination, 185 (2005) 1-8.

[12] H. Zidouri, Desalination in Morocco and presen-
tation of design and operation of the Laayoune
seawater reverse osmosis plant. Desalination, 131
(2000) 137-145.

[13] Y. Al-Wazzan, M. Safar, S. Ebrahim, N. Burney and
A. Mesri, Desalting of subsurface water using
spiral-wound reverse osmosis (RO) system: Tech-
nical and economic assessment. Desalination, 143
(2002) 21-28.

[14] I.M. El-Azizi and A.A. Mohamed Omran, Design
criteria of 10,000 m*/d SWRO desalination plant of
Tajura, Libya. Desalination, 153 (2003) 273-279.

[15] A. Munoz Elguera and S.O. Perez Baez, Develop-
ment of the most adequate pre-treatment for high
capacity seawater desalination plants with open
intake. Desalination, 184 (2005) 173-183.

[16] A. Muirhead, S. Beardsley and J. Aboudiwan, Per-
formance of the 12,000 m*d seawater reverse
osmosis desalination plant at Jeddah, Saudi Arabia
January 1979 through January 1981. Desalination, 42
(1982) 115-128.



Y.M. Kim et al. / Desalination 238 (2009) 312-332 329

[17] S.Ebrahim, Y. Al-Wazzan, M. Safar, N. Burney and
A. Al-Mesri, Pilot study on renovation of subsurface
water using a reverse osmosis desalting system.
Desalination, 131 (2000) 315-324.

[18] J. Leparc, S. Rapenne, C. Courties, P. Lebaron, J.P.
Croue, V. Jacquemet and G. Turner, Water quality
and performance evaluation at seawater reverse
osmosis plants through the use of advanced analy-
tical tools. Desalination, 203 (2007) 243-255.

[19] S. EI-Manharawy and A. Hafez, Water type and
guidelines for RO system design. Desalination, 139
(2001) 97-113.

[20] R. Sheikholeslami, I.S. Al-Mutaz, T. Koo and A.
Young, Pretreatment and the effect of cations and
anions on prevention of silica fouling. Desalination,
139 (2001) 83-95.

[21] S.L. Kim, J.P. Chen and Y.P. Ting, Study on feed
pretreatment for membrane filtration of secondary
effluent. Sep. Purif. Technol., 29(2) (2002) 171-179.

[22] P.H. Wolf, S. Siverns and S. Monti, UF membranes
for RO desalination pretreatment. Desalination, 182
(2005) 293-300.

[23] A. Brehant, V. Bonnelye and M. Perez, Comparison
of MF/UF pretreatment with conventional filtration
prior to RO membranes for surface seawater desali-
nation. Desalination, 144 (2002) 353-360.

[24] C.V. Vedavyasan, Pretreatment trends—an over-
view. Desalination, 203 (2007) 296-299.

[25] G.K. Pearce, The case for UF/MF pretreatment to
RO in seawater applications. Desalination, 203
(2007) 286-295.

[26] S. Lee, J. Cho and M. Elimelech, Influence of
colloidal fouling and feed water recovery on salt
rejection of RO and NF membranes. Desalination,
160 (2004) 1-12.

[27] S. Sablani, M.F.A. Goosen, R. Al-Belushi and M.
Wilf, Concentration polarization in ultrafiltration and
reverse osmosis: A critical review. Desalination, 141
(2001) 269-289.

[28] G. Al-Enezi and N. Fawzi, Design consideration of
RO units: Case studies. Desalination, 153 (2003)
281-286.

[29] W. Zhou, L. Song and T.K. Guan, A numerical study
on concentration polarization and system perfor-
mance of spiral wound RO membrane modules. J.
Membr. Sci., 271 (2006) 38-46.

[30] K.G. Tay and L. Song, A more effective method for

fouling characterization in a full-scale reverse osmo-
sis process. Desalination, 177 (2005) 95-107.

[31] S.G. Yiantsios, D. Sioutopoulos and A.J. Karabelas,
Colloidal fouling of RO membranes: An overview of
key issues and efforts to develop improved prediction
techniques. Desalination, 183 (2005) 257-272.

[32] R. Sheikholeslami and S. Tan, Effects of water
quality on silica fouling of desalination plants.
Desalination, 126 (1999) 267-280.

[33] S. Kim and E.M.V. Hoek, Interactions controlling
biopolymer fouling of reverse osmosis membranes.
Desalination, 202 (2007) 333-342.

[34] H.W. Pohland, Seawater desalination and reverse
osmosis plant design. Coating Conference, Proc.
Technical Association of the Pulp and Paper
Industry, 1981, pp. 157-167.

[35] T. Matsuura, Progress in membrane science and
technology for seawater desalination—a review.
Desalination, 134 (2001) 47-54.

[36] S.S.Madaeni, T. Mohamamdiand M.K. Moghadam,
Chemical cleaning of reverse osmosis membranes.
Desalination, 134 (2001) 77-82.

[37] A. Malek, M.N.A. Hawlader and J.C. Ho, Design
and economics of RO seawater desalination. Desali-
nation, 105 (1996) 245-261.

[38] M. Luo and Z. Wang, Complex fouling and
cleaning-in-place of a reverse osmosis desalination
system. Desalination, 141 (2001) 15-22.

[39] R.L. Stover, Development of a fourth generation
energy recovery device. Desalination, 165 (2004)
313-321.

[40] M. Kurihara, H. Yamamura, T. Kurihara and S.
Jinno, Operation and reliability of every high-
recovery seawater desalination technologies by brine
conversion two-stage RO desalination system.
Desalination, 138 (2001) 191-199.

[41] M. Wilfand C. Bartels, Optimization of seawater RO
systems design. Desalination, 173 (2005) 1-12.

[42] S.A. Avlonitis, Operational water cost and pro-
ductivity improvements for small-size RO desalina-
tion plants. Desalination, 142 (2002) 295-304.

[43] M. Wilfand M.K. Schierach, Improved performance
and cost reduction of RO seawater systems using UF
pretreatment. Desalination, 135 (2001) 61-68.

[44] A. Bick and G. Oron, Post-treatment design of
seawater reverse osmosis plants: boron removal tech-
nology selection for potable water production and



330 Y.M. Kim et al. / Desalination 238 (2009) 312-332

environmental control. Desalination, 178 (2005)
233-246.

[45] T. Reynolds and J. Debroux, Seawater desalination
pilot program: First and second pass RO permeate
and finished water quality, Marin Municipal Water
District, Corte Madera, CA, 2007.

[46] C. Jacob, Seawater desalination: Boron removal by
ion exchange technology. Desalination, 205 (2007)
47-52.

[47] N. Nadav, Boron removal from seawater reverse
osmosis permeate utilizing selective ion exchange
resin. Desalination, 124 (1999) 131-135.

[48] M. Taniguchi, M. Kurihara and S. Kimura, Boron
reduction performance of reverse osmosis seawater
desalination process. J. Membr. Sci., 183 (2001)
259-267.

[49] D. Prats, M.F. Chillon-Arias and M. Rodriguez-
Pastor, Analysis of the influence of pH and pressure
on the elimination of boron in reverse osmosis.
Desalination, 128 (2000) 269-273.

[50] H. Hyung and J.H. Kim, A mechanistic study on
boron rejection by sea water reverse osmosis mem-
branes. J. Membr. Sci., 286 (2006) 269-278.

[51] P. Glueckstern and M. Priel, Optimization of boron
removal in old and new SWRO systems. Desali-
nation, 156 (2003) 219-228.

[52] AJ. Morton, LK. Callister and N.M. Wade,
Environmental impacts of seawater distillation and
reverse osmosis processes. Desalination, 108 (1997)
1-10.

[53] M. Ahmed, W.H. Shayya, D. Hoey and J. Al-
Handaly, Brine disposal from reverse osmosis
desalination plants in Oman and the United Arab
Emirates. Desalination, 133 (2001) 135-47.

[54] P. Glueckstern and M. Priel, Optimized brackish
water desalination plants with minimum impact on
the environment. Desalination, 108 (1997) 19-26.

[55] N. Tufenki and M. Elimelech, Correlation equation
for predicting single-collector efficiency in physico-
chemical filtration in saturated porous media.
Environ. Sci. Technol., 38 (2004) 529-536.

[56] K.M. Yao, M.T. Habibian and C.R. O’Melia,
Environ. Sci. Technol., 5 (1971) 1105-1112.

[57] M. Elimelech, J.J. Gregory, and R.A. Williams,
Particle deposition and aggregation: measurement,
modelling, and simulation. Butterworth—Heinemann,
Oxford, UK, 1995.

[58] R. Rajagopalan and C. Tien, AIChE J, 22 (1976)
523-533.

[59] J.Y. Shinand C.R. O’Melia, Pretreatment chemistry
for dual media filtration: model simulations and
experimental studies. Water Sci. Technol., 53(7)
(2006) 167-175.

[60] E. Drioli, F. Lagana, A. Criscuoli and G. Barbieri,
Integrated membrane operations in desalination
processes. Desalination, 122 (1999) 141-145.

[61] H.K.Lonsdale, U. Merten and R.L. Riley, Transport
properties of cellulose acetate osmotic membranes. J.
Appl. Poly. Sci., 9 (1965) 1341-362.

[62] W. Pusch, Determination of transport parameters of
synthetic membranes by hyperfiltration experiments
2. Membrane transport parameters independent of
pressure and/or pressure difference. Berichte der
Bunsengesellschaft/Physical Chemistry Chemical
Physics, 81(9) (1977) 854-64.

[63] F. Evangelista, A short cut method for the design of
reverse osmosis desalination plants. Ind. Eng. Chem.
Process Design Develop., 24(1) (1985) 211-223.

[64] T.A. Tweddle, W.L. Thayer, T. Matsuura, F-H.
Hsiehand S. Sourirajan, Specification of commercial
reverse osmosis modules and predictability of their
performance for water treatment applications.
Desalination, 32 (1980) 181-198.

[65] K.K. Sirkar, P.T. Dang and G.H. Rao, Approximate
design equations for reverse osmosis desalination by
spiral-wound modules. Ind. Eng. Chem. Process
Design Develop., 21(3) (1982) 517-527.

[66] J.C. van Dijk, P.J. de Moel and H.A. van den
Berkmortel, Optimizing design and cost of seawater
reverse osmosis systems. Desalination, 52(1) (1984)
57-73.

[67] M.M. El-Halwagi, Synthesis of reverse-osmosis
networks for waste reduction. AIChE J., 38(8) (1992)
1185-1198.

[68] N. Voros, Z.B. Maroulis and D. Marinos-Kouris,
Optimization of reverse osmosis networks for sea-
water desalination. Comp. Chem. Eng., 20 (Suppl.1)
(1996) S345-S350.

[69] F. Maskan, D.E. Wiley, L.P.M. Johnston and D.J.
Clements, Optimal design of reverse osmosis module
networks. AIChE J., 46(5) (2000) 946-954.

[70] J.E. Nemeth, Innovative system designs to optimize
performance of ultra-low pressure reverse osmosis
membranes. Desalination, 118 (1998) 63-71.



Y.M. Kim et al. / Desalination 238 (2009) 312-332 331

[71] M. Zhu, M.M. El-Halwagi and M. Al-Ahmad,
Optimal design and scheduling of flexible reverse
osmosis networks. J. Membr. Sci., 129 (1997) 161-
174.

[72] H.J. See, V.S. Vassiliadis and D.l. Wilson, Opti-
misation of membrane regeneration scheduling in
reverse 0smosis networks for seawater desalination.
Desalination, 125 (1999) 37-54.

[73] A. Abbas and N. Al-Bastaki, Modeling of an RO
water desalination unit using neural networks. Chem.
Eng. J., 114(1-3) (2005) 139-143.

[74] N.M. Al-Bastaki and A. Abbas, Modeling an indus-
trial reverse osmosis unit. Desalination, 126 (1999)
33-39.

[75] N.M. Al-Bastaki and A. Abbas, Predicting the per-
formance of RO membranes. Desalination, 132
(2000) 181-187.

[76] Y.Y.Lu,Y.D.Hu,D.M. Xuand L.Y. Wu, Optimum
design of reverse osmosis seawater desalination
system con-sidering membrane cleaning and
replacing. J. Membr. Sci., 282 (2006) 7-13.

[77] Y.Y. Lu, Y.D. Hu, X.L. Zhang, L.Y. Wu and Q.Z.
Liu, Optimum design of reverse osmosis system
under different feed concentration and product
specification. J. Membr. Sci., 287 (2007) 219-229.

[78] N.G. Voros, Z.B. Maroulis and D. Marinos-Kouris,
Short-cut structural design of reverse osmosis
desalination plants. J. Membr. Sci., 127 (1997) 47—
68.

[79] Moch & Associates, B.R.E., WTCost, Water Treat-
ment Cost Estimation Program, US Bureau of
Reclamation, 2002.

[80] M.D. Farrell and J. Cimino, Reverse osmosis desali-
nation cost planning model. Proc., IDA World Con-
gress on Desalination and Water Reuse, Bahamas,
2003.

[81] M.G. Marcovecchio, P.A. Aguirre and N.J. Scenna,
Global optimal design of reverse osmosis networks
for seawater desalination: Modeling algorithm.
Desalination, 184 (2005) 259-271.

[82] A. Villafafila and I.M. Mujtaba, Fresh water by
reverse osmosis based desalination: Simulation and
optimisation. Desalination, 155 (2003) 1-13.

[83] R. Semiat, Desalination: Present and future. Water
International, 25(1) (2000) 54-65.

[84] M.A. Jawad, Future for desalination by reverse
osmosis. Desalination, 72 (1989) 23-28.

[85] P. Glueckstern and M. Priel, A hybrid SWRO/
BWRO desalination plant. Desalination, 115 (1998)
203-209.

[86] H. Ludwig, Hybrid systems in seawater desalination
— Practical design aspects, status and development
perspectives. Desalination, 157 (2003) 31-32.

[87] H. Ludwig, Hybrid systems in seawater desalination
—Practical design aspects, present status and devel-
opment perspectives. Desalination, 164 (2004) 1-18.

[88] E.El-Sayed, S. Ebrahim, A. Al-Saffarand M. Abdel-
Jawad, Pilot study of MSF/RO hybrid systems.
Desalination, 120 (1998) 121-128.

[89] M. Turek and P. Dydo, Hybrid membrane —
Thermal versus simple membrane systems. Desali-
nation, 157 (2003) 51-56.

[90] O.A. Hamed, Overview of hybrid desalination
systems—Current status and future prospects.
Desalination, 186 (2005) 207-214.

[91] G.B. Hatfield and G.W. Graves, Optimization of a
reverse 0smosis system using nonlinear program-
ming. Desalination, 7 (1969) 147-177.

[92] M. Sekino, Precise analytical model of hollow fiber
reverse osmosis modules. J. Membr. Sci., 85 (1993)
241-252.

[93] M.W. Robertson, J.C. Watters, P.B. Desphande, J.Z.
Assef and .M. Alatigi, Model based control for
reverse osmosis desalination processes. Desalination,
104 (1996) 59-68.

[94] M. Sekino, Study of an analytical model for hollow
fiber reverse osmosis module systems. Desalination,
100 (1996) 85-97.

[95] W.G.J. Van Der Meer, M. Riemersma and J.C. Van
Dijk, Only two membrane moduels per pressure
vessel? Hydraulic optimization of spiral-wound
membrane filtration plants. Desalination, 119 (1998)
57-64.

[96] M. Wilfand K. Klinko, Optimization of seawater RO
systems design. Desalination, 138 (2001) 299-306.

[97] A.M. Helal, Optimal design of hybrid RO/MSF
desalination plants part I: Modeling and algorithms.
Desalination, A.M. El-Nashar, E. Al-Katheeri and
S. Al-Malek, 154 (2003) 43-66.

[98] A. Chatterjee, A. Ahluwalia, S. Senthilmurugan and
S.K. Gupta, Modeling of a radial flow hollow fiber
module and estimation of model parameters using
numerical techniques. J. Membr. Sci., 236 (2004)
1-16.



332 Y.M. Kim et al. / Desalination 238 (2009) 312-332

[99] V. Geraldes, N.E. Pereira and M.N. De Pinho, [100] S. Senthilmurugan and S.K. Gupta, Modeling of a
Simulation and optimization of medium-sized sea- radial flow hollow fiber module and estimation of
water reverse osmosis processes with spiral-wound model parameters for aqueous multi-component
modules. Ind. Eng. Chem. Res., 44(6) (2005) 1897- mixture using numerical techniques. J. Membr.

1905. Sci., 279 (2006) 466-478.





