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Abstract

The paper describes the configuration and operating parameters of current large seawater desalination systems.
Major advances of RO seawater desalination technology that lead to a remarkable decrease of desalted water costs are
evaluated. Process improvements that enable compliance with more stringent requirements of permeate water quality
are discussed. Results of field tests conducted to demonstrate a new process approach are described. Some examples
of process optimization resulting in lower power consumption and more efficient system operation are presented.
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1. Introduction

In the last few years RO seawater desalination
technology has gone through a remarkable trans-
formation. The number and capacity of large RO
plants have increased significantly. Systems with
permeate capacity up to 300,000 m*/d are cur-
rently being built. In a parallel shift the capital
and operating cost has decreased. Desalted water
cost, supplied to customer, decreased from
$2.0/m’ in 1998 down to current (2004) price of
about $0.5/m’. This decrease of water cost is even
more remarkable if one considers that, on the
average, the permeate water quality requirements
are more stringent now than they were 5 years
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ago. The drivers behind these economical im-
provements are competition and improvement of
process and membrane technology. A majority of
large RO systems are built to provide water to
municipalities, usually in the framework of build,
own and operate arrangements. The desalination
projects are awarded as result of a very com-
petitive bidding process. This competitive bid-
ding process affected prices of the equipment
components of RO systems (including membrane
elements) and resulted in a broad price decline.
Better performance of equipment and opti-
mization of process design resulted in lower
operating costs. The recent trends of water cost
from large seawater RO installations is sum-
marized in Fig. 1 and Table 1.
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Table 1
Water cost in recently built RO seawater plants

Location Permeate capacity, m*’d ~ Status Water price, $/m’
Eilat Israel 20,000 10,000 m*/d; commenced operation in June 1997 0.72
Larnaca, Cyprus 56,000 Commenced operation in May 2001 0.83
Tampa, F1 106,000 Commenced operation in May 2003 0.56
Ashkelon, Israel 272,000 Under construction, to be completed in 2004 0.54
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Fig. 1. Cost of water for large seawater RO plants.

The current large RO systems are charac-

terized by the following technical features:

utilization of high-efficiency pumping and
power recovery equipment, including use of
variable speed drivers (VFD),

optimization of recovery rate in respect of
power consumption,

increased number of elements per pressure
vessel combined with shift to a single-stage
array,

more efficient two-pass configuration
utilization of power plant cooling water as a
feed to RO,

widespread field testing of UF/MF as pre-
treatment for seawater RO,

stringent permeate quality requirements,
sometimes including limits on maximum
boron concentration,

better performance of seawater RO mem-
branes: higher permeability and higher salt
rejection.

2. Water cost distribution

The contribution of various components to
cost of product water from a seawater RO system
is presented in Fig. 2. The largest components are
power and fixed charges costs. Fig. 3 shows a
breakdown of power consumption in a partial
two-pass system. As expected, the first-stage
pumping system is the major power consumer.
The overall power consumption can be reduced
by utilizing more efficient pumping system and
by optimizing the recovery rate.

2.1. Configuration of high-pressure pumping
system

In seawater RO systems the feed pressure
required to produce design output capacity fluc-
tuates with feed water salinity, temperature,
degree of membrane surface fouling and mem-
brane compaction. The last two parameters are
usually bundled together into a “flux decline”
factor (FDF), which reflects membrane permea-
bility decline with time. To accommodate varia-
bility of required feed pressure with time, without
necessity to throttle high-pressure pumps or
power recovery turbines, a flexible high-pressure
pumping system is required. The suitable equip-
ment should be able to process constant flow in
the projected range of feed and concentrate
pressures without significant losses of transfor-
mation efficiency. The flexibility on the feed
water supply side is usually achieved by incor-
porating a variable frequency drive (VFD) into
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electric motor unit that drives the high-pressure
pump. The Pelton wheel or positive displacement
devices can provide sufficient operational flexi-
bility as a power recovery device. The advantage
of the Pelton wheel is the flat efficiency curve in
a wide range of concentrate flows. However,
concentrate exits the Pelton wheel at atmospheric
pressure; therefore, gravitation head or additional
pumping is required for concentrate disposal.
Fig. 4 is a diagram of a RO system equipped with
a high-pressure pump and a Pelton wheel power
recovery unit. In such a system the required
pressure of the feed stream (F) is generated by a
centrifugal pump (HP). Product (P) leaves the RO
unit at a pressure required to flow to the storage
tank (~1 bar). The pressure of the concentrate (C)
is lower than the feed pressure due to the hydrau-
lic friction loses in the RO unit. The concentrate
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Fig. 2. Power usage in a RO seawater plant
with partial second stage.

Fig. 3. Water cost components in a RO sea-
water plant.

flows through the Pelton wheel power recovery
unit (T) where its energy turns the drive of the
electrical motor (M) and connected high-pressure
pump (HP). A higher efficiency positive displace-
ment power recovery devices (pressure exchan-
gers), that in the past were only used in small RO
seawater units, are also slowly gaining acceptance
in large desalination plants. Hydraulic efficiency
of this type of equipment is in the range of 94—
96%. Some of these devices utilize pistons; other
transfer energy through a direct contact between
concentrate and the feed stream. A diagram of a
RO unit utilizing such equipment is shown in
Fig. 5. According to the diagram, feed (F) is split
into two streams. One stream (F1), which has a
flow rate equivalent to the permeate flow (P), is
pumped to the feed pressure by the main high-
pressure pump (HP). The second stream (F2),
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Fig. 4. RO unit with a conventional energy
recovery system.

P
. —
. ) ° ‘
Pressure
1 exchanger
F2

F

Fig. 5. RO unit with a pressure exchanger type energy
recovery system.

which flow rate is equivalent to the concentrate
flow, flows through pressure exchanger and
exchanges pressure with the concentrate stream
(C). The pressure of stream F2 at the exit from
the pressure exchanger is a function of concen-
trate pressure and efficiency of the pressure
exchanger device. The pressure of stream F2 is
lower by 3—5 bars than the pressure of stream F1
at the discharge of pump HP. The pressure of
stream F2 is increased to the pressure of stream
F1 by abooster pump (B). Both streams (F1+F2)
are combined at the entrance to the membrane
feed manifold. The pressure exchangers are posi-
tive displacement devices and therefore have high
transfer efficiency. However, so far their flow
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Fig. 6. Specific power consumption in SWRO Mediter-
ranean feed. Conventional and advanced pumping
system.

capacities are limited to less than 100 m*/h, and a
large system requires a significant number of
parallel units.

The units that operate with direct contact of
concentrate and feed experience some mixing,
which results in increased feed salinity, in the
range of 3%. The other type of pressure exchange
device that utilizes pistons does not experience
any significant salinity increase due to mixing,
but it requires flow regulating valves. These
devices operate at high frequency of open/close
cycles and may require a significant degree of
maintenance. Regardless of some operational
problems, these power recovery devices provide
significant reduction of power usage. Fig. 6
shows specific power consumption calculated for
a seawater RO system, assuming use of low
efficiency conventional pumping equipment (A),
high efficiency conventional pumping equipment
(B) and pumping equipment, which includes
pressure exchangers (C). The efficiencies of
pumping equipment and parameters of calcula-
tions are listed in Table 2. The calculations were
conducted for a RO system processing Mediter-
ranean feed (40,600 ppm TDS) at a temperature
0f22°C, average permeate flux rate of 13.8 I/m*-h
utilizing Hydranautics SWC3+ elements and
assuming a 3-y membrane age, which corre-
sponds to 20% flux decline. For the calculations
corresponding to a system utilizing pressure
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Table 2
Efficiencies of pumping equipment

Case A Case B Case C
Configuration Low efficiency pump +  High efficiency pump + High pressure pump +
Pelton wheel Pelton wheel pressure exchanger
Pump efficiency, % 82 88 88
Pelton wheel/pressure exchanger 82 88 94
efficiency, %
Electric motor efficiency, % 94 96 96
VFED efficiency, % 98 98 98
Raw water and pretreatment 4 4 4
pressure losses, bar
Concentrate discharge pressure, bar 0.5 0.5 0.5
Permeate pumping, bar 10.0 10.0 10.0
Auxiliary equip., kWh/m’ 0.05 0.05 0.05

exchanger a 3% feed salinity increase was
applied. The results in Fig. 6 show the effect of
pumping equipment efficiency and recovery rate
on power consumption. The power consumption
decreases with an increase of pump and motor
efficiency, and the minimum shifts to a lower
recovery rate. It is evident that in respect of
power consumption alone, pressure exchanger
equipment has a significant advantage over the
conventional configuration, i.e., a high-pressure
pump combined with a Pelton wheel power
recovery unit. Additionally, operation at lower
recovery will result in improved permeate quality.
Decreasing recovery rate from 45% to 35% will
result in a decrease of permeate salinity by 10%.
However, it should be noted that operation at a
lower recovery rate will increase the pretreatment
cost.

2.2. RO unit configuration

Configuration of the membrane unit has a
significant effect on performance and economics
of the RO plant. The usual design considerations
include the array: should seawater RO trains be
configured as a single- or two-stage units? How

many elements per pressure vessel should be
used? If a partial two-pass processing is required,
how it should be configured?

In the past, the seawater units were usually
configured as two-stage, six-elements-per-vessel
units. The rationale behind the two-stage design
is that it results in a high feed—concentrate flow,
which reduces concentration polarization. In sea-
water RO systems scaling is not a recovery
limiting factor, but lower concentration polariza-
tion will result in lower ion concentration at the
membrane surface and, therefore, somewhat
lower permeate salinity. However, with higher
feed flow, higher feed pressure is required due to
an increased pressure drop across the RO trains.
Design efforts to reduce power consumption and
system cost resulted in the transition of seawater
plant design to a single-stage configuration and
increased the number of elements per vessel.

The majority of current seawater RO system
designs are single stage with seven elements per
vessel. Some even very large systems are
designed and operated with eight elements per
vessel. There is an obvious cost advantage in the
increased number of elements per vessel. A RO
system using six elements per vessel will require
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34% more pressure vessels than a system using
the same membrane area but configured with
eight elements per vessel. Comparing the above
configurations, the cross system pressure drop in
a single-stage unit will be only 1.1 bar compared
to 3.4 bar for the two-stage unit, resulting in a
2.5% higher power requirement of the latter con-
figuration. In the past the eight-element, single-
pass configuration was criticized because it
resulted in uneven flux distribution: lead elements
operating at very high flux, which may result in
excessive fouling. However, examining the feed
salinity and pressure distribution, it is evident that
the flux difference between the lead and tail
position in a single-stage system is lower than in
a two-stage system operating at the same recov-
ery rate. An additional pressure drop in a two-
stage system results in higher feed and lower con-
centrate pressure as compared to the single-stage
configuration.

The only practical way to improve flux
distribution in a seawater two-stage system is to
use an interstage booster. The above solution is
sometimes applied, but it results in higher equip-
ment costs without any significant benefits of
reduced power consumption.

2.3. Optimization of the two-pass design

Recent commercial seawater membrane ele-
ments have been characterized by very high salt
rejection: 99.7-99.8%. For the same applications,
due to high feed salinity or temperature, a two-
pass process is required to produce consistently
design permeate salinity. A two-pass configura-
tion is also necessary for RO systems with
stringent limits on permeate quality, such as very
low chloride concentration or low boron limits.
For RO system design as a full two-pass con-
figuration, a partial two-pass process may be
sufficient during the operating period when mem-
branes still maintain sufficiently high rejection or
during the seasons of low feed water tempera-
tures. The conventional partial two-pass system

operates in the same way as a full two-pass
design. Permeate from the first pass is collected
in a storage tank, and the required fraction is
processed by the second pass. It is known that
permeate salinity along the system increases
parallel to the increase of feed salinity. It is
lowest at the feed end of the pressure vessel and
highest at the concentrate outlet.

A typical permeate salinity distribution along
an eight-element pressure vessel is shown in
Fig. 7. It is possible to take advantage of this
salinity distribution by collecting permeate from
separate stages or from both ends of pressure
vessels in a given membrane stage. This process
has been proposed in the past by Bray [1].
Recently, it has been implemented in a large
seawater system [2]. In this configuration the
high salinity fraction (collected from the concen-

Table 3

Conventional and split partial two-pass configuration of
RO systems processing Mediterranean seawater for a total
permeate capacity of 10,000 m*/d and CI concentration in
combined permeate of 100 ppm

First pass  Second pass

Conventional design:
Permeate flow, m*/d 10,580 5,000
Recovery ratio, % 50 90
No. of pressure vessels 120 20
No. of elements 960 160
Feed pressure, bar 66.3 12.4
Combined power 3.25

requirement, kWh/m®
Split-partial design:
Permeate flow, m*/d 10,250 2,000
Recovery ratio, % 50 90
No. of pressure vessels 116 8
No. of elements 928 64
Feed pressure, bar 67.3 14.4
Combined power 3.07

requirement, kWh/m’
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Fig. 7. Salinity distribution from SWC elements in a pressure vessel.
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Fig. 8. Flow diagram of a split partial two-pass RO system.

trate end) is processed with the second-pass RO
unit and blended with the low salinity fraction
(collected from the feed end). A diagram of such
asystem is shown in Fig. 8. The advantage of this
split partial, two-pass design is smaller permeate
capacity required from the first- and second-pass
unit, a higher effective recovery rate of the com-

Membrane
element

Concentrate
port

bined system and lower power consumption.
Table 3 summarizes an example of such design.
In this particular case the split partial system is
smaller with 13% fewer elements and pressure
vessels and 6.5% lower power consumption than
the equivalent conventional partial two-pass sys-
tem configuration.
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2.4. Feed water supply and treatment

A selection of seawater supply sources for RO
desalination systems depends to some extend on
site conditions, but is mainly determined by
system size. For large systems the only viable
source of seawater supply is from an open intake.
The possible options are either as a stand-alone
system or one contiguous to some other large
seawater user such as a power plant. A supply
from a dedicated intake usually implies a dedi-
cated outfall facility as well. Current regulations
require careful design that will minimize any
potential environmental effect [3].

The lengthy process for obtaining permits for
construction and operation of intake and outfall
facilities makes location of RO plants adjacent to
on-shore power plants a very convenient solution.
In this process configuration the RO system
utilizes seawater discharged from the heat reject
section of the power plant as a feed before it
flows to the ocean. In a similar fashion, RO
concentrate is discharged to the same line, down-
stream of the feed uptake. The temperature of
seawater at the outlet from the power plant is
usually higher by 3-5°C than the water at the
intake. For the location of low seawater temp-
erature, the temperature increase due to power
plant operation is beneficial as it increases
membrane permeability, and RO system can
operate at lower feed pressure. During the periods
of'high seawater temperature, above 30°C, further
increase of feed water temperature does not result
in any significant decrease of feed pressure.
Depending on feed salinity and recovery rate in
the temperature range of 30—40°C, higher mem-
brane permeability at higher temperatures is
adversely compensated for by increased osmotic
pressure. Higher feed water temperature results in
higher salt passage (shown in Fig. 9). If this
increase of salt passage requires increased opera-
tion of the second pass, higher feed water temp-
erature can actually result in higher power
consumption of the plant.

Q

£ 800 3

[+ 1]

E 700 u <

o L 2

-58600 * Bar
c

® o5

o £ Ms
- Qo

’:“..u&‘m n

2 25y N

=z |

@ = .

e —

7 3200 .—I

w

S 100 Lo

B o

2 0 5 10 15 20 25 30 35 40 45

Feed temperature, C

Fig. 9. Temperature effect on seawater RO systems.

Locating the RO system contiguous to a
power plant may result in some feed water quality
problems. It is common practice of power plants
to chlorinate the intake structure intermittently to
reduce biogrowth. An additional periodic event
that may affect seawater quality is cleaning of the
heat transfer surfaces of the condenser. As a
result of cleaning, small particle fragments are
released to the cooling seawater that could end up
in the RO feed. Both periodic events at the power
plants, intake chlorination and cleaning of the
condenser heat exchange surfaces, should be
addressed in RO system design and operation to
prevent potential membrane damage.

Thus far, large seawater RO plants have been
built exclusively with feed water pretreatment
that includes media filtration to remove colloidal
particles. The performance record of this ap-
proach, with few exceptions, is mainly positive.
However, at some locations with difficult feed
water, media filtration, even with a two-stage
configuration, is not sufficient to produce satis-
factory quality feed water. This leads to excessive
membrane fouling. Fouling results in rapid
increase of pressure drop and/or decrease of
membrane permeability. As a result, higher than
designed feed pressure has to be applied to
produce the rated output. Frequent membrane
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cleaning results in a higher consumption of
chemicals and decrease of the on-line plant
factor. For those plants usually, frequency of cart-
ridge filter replacement increases as well. These
conditions may result in a sharp increase of the
operating costs. In the Build, Own and Operate
type of commercial arrangement, such a situation
may result in heavy financial losses to the plant
operator.

Membrane pretreatment technology that has
been successfully applied in large-scale waste-
water reclamation systems is being extensively
tested for seawater applications. A large number
of seawater pilot studies of microfiltration (MF)
and ultrafiltration (UF) have been conducted [5,6]
with very positive results. Recently two large RO
seawater plants (30,000 m*/d and 125,000 m*/d),
one on the Red Sea and another on the Mediter-
ranean, have been designed and will be built with
UF/MF pretreatment. The impediment of wide-
spread implementation of MF/UF pretreatment in
RO seawater systems is equipment cost, which is
still higher than media filtration. However, mem-
brane pretreatment system prices are decreasing,
and if, in addition to two-stage filtration, another
pretreatment step is required, MF/UF technology
may already be a cost-effective alternative. The
major advantage of membrane pretreatment is the

existence of a barrier that has complete rejection
of water-borne colloidal particles that could
otherwise foul the membrane surface or block
membrane element feed channels. MF/UF mem-
brane technology could be pressure or vacuum
driven, and it can operate reliably at a low driving
pressure, in a wide range of raw water qualities.

The schematic diagram of a RO system incor-
porating submersible, vacuum-driven, membrane
pretreatment is shown in Fig. 10. A recent pilot
study, which included parallel operation of sub-
mersible membrane filtration and conventional,
two-stage, dual-media filtration (DMF), demon-
strated that the performance of membrane filtra-
tion is more reliable than a DMF system during
the periods of poor quality seawater. Also, the
membrane filtration system is capable of main-
taining a stable capacity and produce good-
quality effluent utilizing a much lower quantity of
chemicals compared to a conventional filtration
system.

Table 4 provides a comparison of filtrate capa-
city between conventional gravity filters and a
submersible membrane unit (Hydrasub™, Hydra-
nautics), installed in the same footprint as a pre-
treatment for a large seawater RO plant. Table 4
illustrates that even in comparison to single-stage
DMF filtration, membrane pretreatment has a

Power consumption 2.42 kWhr/m3

(9.2 kWhr/kgallon) 2 62
0.4 bar bar _"
X
‘ 60
56 bar
bar
2 bar 1 bar
-0.15 /Y|

r -

Pressure exchanger
Intake  Membrane pretreatment Clearwell

Fig. 10. Seawater RO system with work exchanger.
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Table 4

Comparison of a submersible MF membrane filtration unit with a gravity media filtration system. Gravity filter footprint

3,700 m?, filtration area 2,300 m?

Gravity filter
average filtration
rate, m*/m’-h

Gravity filter net

filtration, m*/d

Gravity filter net
capacity, single-stage  capacity, two-stage
filtration, m*/d

Hydrasub™ net
capacity @ 17 Imh
filtration rate, m*/d

Capacity ratio:
Hydrasub™/two-
stage gravity filters

4.9 270,000 135,000 708,000 52
7.4 401,000 201,000 708,000 3.5
9.9 534,000 267,000 708,000 2.7
12.3 666,000 333,000 708,000 2.1
14.8 799,000 399,000 708,000 1.8
higher capacity per unit of filtration system area. g ;'g _ | P
For locations with poor seawater quality where a £, og |7 Low salinity : d
. .. . 2§ 7 e = = Seawate
two-stage dual media filtration is required, mem- g2o074° " " (*?::]c -
brane pretreatment would have a definite foot- g% g‘g : B
print advantage. 52 04l
25 03|
£ 502
2.5. Permeate quality g 01y
00
6 7 8 9 10 1 12

Current requirements for permeate quality
usually include stringent specifications for a
number of constituents, including boron. Because
boron is poorly rejected by RO membranes at
ambient pH, specifications for boron concen-
tration in permeate affects system configuration
and the scope of the second-pass treatment. A
number of process configurations have been
proposed to achieve low boron concentration
effectively in the permeate [6] of seawater RO
systems. A majority of these involve RO treat-
ment of first-pass permeate at elevated pH and/or
utilization of boron-specific ion exchange.

Boron rejection by RO membranes is a func-
tion of pH, closely following the dissociation
ratio of boric acid. Fig. 11 shows the dissociation
ratio of boric acid to borate vs. pH. This figure
also shows that the dissociation ratio increases
with the feed salinity (ionic strength). With
increased salinity, the equivalent dissociation
ratio shifts to lower pH. Accordingly, a relatively
minor increase of pH of seawater feed will result

pH of solution

Fig. 11. Boron species distribution at 25°C.

in significant decrease of boron passage. Table 5
summarizes the results of monitoring boron
passage in a commercial seawater RO system as
a function of feed pH. In the feed pH range of 7—
8.8, boron passage decreased by 50%. Natural
seawater has a pH of about 8.1 and low alkalinity
of about 140-160 ppm. Therefore, a relatively
small quantity of NaOH is required to increase
pH that would result in significant boron passage
reduction.

2.6. Membrane performance restoration

It is a common occurrence that membrane
performance deteriorates with operating time.
Both membrane permeability and salt rejection
may decline at a rate that depends mainly on feed
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Table 5
Boron rejection in a seawater RO system as a function of
feed pH

Feed pH System boron Relative
rejection, %  boron passage

7.0 (acidified feed) 78.6 1.0

8.1 (no acid dosing) 81.6 0.86

8.3 (caustic addition)  83.5 0.77

8.6 (caustic addition)  86.6 0.63

8.8 (caustic addition)  89.6 0.49

water quality. Initially membrane performance
can be restored with effective cleaning. However,
after prolonged exposure to fouling conditions,
performance restoration through membrane
cleaning is less effective, and the limits of system
performance (feed pressure and/or permeate qual-
ity) are exceeded. Then, replacing old membranes
with new elements is the only means to restore
system performance.

Table 6 demonstrates the effect of membrane
replacement on permeate salinity. In this parti-
cular case the RO system with new membranes
produced a permeate salinity of 240 ppm. The
current permeate salinity is 500 ppm and the
design permeate salinity is 400 ppm. As can be
expected, to restore salt passage to the initial
value, all membrane elements in the system have
to be replaced. To achieve design permeate
salinity value of 400 ppm, 37% of membrane
elements would have to be replaced. Table 7
demonstrates the effect of membrane replacement
on system capacity. To improve system capacity
from 70% of nominal flow to 80% (design value),
33% of membrane elements have to be replaced.
Correction from 60% to 80% would require 50%
element replacement. This extensive element
replacement can be reduced if the system is
designed to enable the addition of elements. To
perform the above corrections, 10% and 20% of
new membrane elements would have to be added,
respectively. However, as a result of membrane

Table 6

Membrane replacement schedule for salt rejection
restoration. RO seawater system: Mediterranean seawater,
40,000 ppm TDS, temp. 29°C, recovery 45%, flux
13.8 Imh, nominal salt rejection of new elements 99.7%.
Initial permeate salinity 240 ppm, design permeate
salinity 400 ppm, current permeate salinity 500 ppm

Elements to be
replaced, %

System salt
passage, %

Target permeate
salinity after
replacement, ppm

240 0.43 100
300 0.38 80
400 0.71 37
500 0.88

Table 7

Membrane replacement schedule for salt rejection
restoration. RO seawater system, Mediterranean seawater
40,000 ppm TDS, temp. 29°C, recovery 45%, flux
13.8 Imh. Design flux decline 20%, actual flux decline
30-40%

Flux Current Target Elements to
restoration permeate  permeate  be replaced
mode capacity, % capacity, % or added, %
Replacement 70 80 33
Replacement 60 80 50
Addition 70 80 10
Addition 60 80 20

addition, membrane area increases and salt pas-
sage will increase proportionally. This effect on
performance has to be considered when selecting
the most effective method of system performance
correction.

2.7. Improved RO membranes

Recent advances in membrane technology
have resulted in more efficient production of
potable water from seawater. In a typical seawater
RO system, the osmotic pressure may vary from
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34 to 59 bar from the feed inlet to the brine outlet.
In the past 5 years, it would be reasonable to use
about 68 bar feed pressure to achieve 13.6 Imh
flux at 25°C on 40,000 mg/L seawater. Thus, on
average, about 21 bar was used to permeate water
through the membrane and 47 bar was used to
overcome osmotic pressure. Recent improve-
ments in seawater membrane products have
resulted in feed pressures in the range of 65 bar
for the same design, which is a 4.5% overall
reduction in pressure. However, the actual reduc-
tion in pressure required for permeation has
decreased by 14%, a very substantial improve-
ment. The above 3 bar decrease of feed pressure
is equivalent to a pumping power reduction of
about 0.12 kWh/m’, which in large RO plants
leads to significant cost savings. At the same
time, the improvements in seawater RO mem-
branes have led to even higher rejection products.
Many vendors offer seawater membranes which
have 99.7% to 99.8% rejection at standard test
conditions of 32,000 mg/l NaCl at 800 psi and
25°C. This combination of increased water perm-
eability and lower salt passage has contributed to
the reduced cost of potable water production.

3. Conclusions

The cost of seawater desalination by RO has
significantly decreased. Both greater competition
and improved technology have contributed to this

reduction in desalted water prices. The main
technological improvements have come from
optimized process design and improved equip-
ment. Process development such as two-pass,
split partial permeate treatment, one-stage array
configuration, and high pH seawater feed for
boron removal have proven to be cost effective.
Finally, desalination costs have declined due to
higher efficiency energy recovery devices and
higher permeability high rejection membranes.
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