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Why look to the ocean for
fresh water?

World oceans contain over 97.2 per-
cent of the planet’s water resources. Be-
cause of the high salinity of ocean water
and the significant costs associated with
seawater desalination, most of the glo-
bal water supply has traditionally come
from fresh water sources—groundwater
aquifers, rivers and lakes. Today, how-
ever, changing climate patterns com-
bined with population growth pressures
and limited availability of new and in-
expensive fresh water supplies are shift-
ing the water industry’s attention. In an
emerging trend, the world is reaching to
the ocean for fresh water.

The ocean has two unique and dis-
tinctive features as a water supply
source—it is drought-proof and is prac-
tically limitless. Over 50 percent of the
Earth’s population lives in urban cen-
ters bordering the ocean. In many arid
parts of the world such as the Middle
East, Australia, northern Africa and
southern California, the population con-
centration along the coast exceeds 75
percent. Usually coastal zones are the
highest population growth hot-spots as
well. Therefore, seawater desalination
provides the logical solution for sustain-
able, long-term management of the
growing water demand pressures in
coastal areas.

Until recently, seawater desalination
was limited to desert-climate dominated
regions. Technological advances and an
associated decrease in water production
costs over the past decade have expanded
its use in coastal areas traditionally sup-
plied with fresh water resources. Recent
examples are the 86 mgd (325,000 m³/
day) Ashkelon Seawater Desalination
Plant in Israel and the 36 mgd (136,000
m³/day) Tuas Plant in Singapore. Both
plants began operation in the second half
of 2005 and currently produce high-qual-
ity water for potable, agricultural and

industrial uses at a price of US $2/1,000
gallons and US $1.81/1,000 gallons (US
$0.53/m³ and US $0.48/m³), respectively.

Today, desalination plants provide
approximately one percent of the world’s
drinking water supply and this percent-
age is increasing by the year. Over US $10
billion of investment in the next five
years would add 5.7 million cubic meters
per day of new production capacity. This
capacity is expected to double by the year
2015.

Two basic types of technologies have
been widely used to date to separate salts
from ocean water: thermal evaporation
and membrane separation. In the last 10
years, seawater desalination using semi-
permeable seawater reverse osmosis
(SWRO) membranes (see Figure 1) has
gained momentum and currently domi-
nates desalination markets outside of the
Middle Eastern region, where thermal
evaporation is still the desalination tech-

nology of choice (mainly due to access to
lower-cost fuel and traditional use of fa-
cilities co-generating power and water).

SWRO membrane
technology and cost
trends

Developments in seawa-
ter RO desalination technol-
ogy during the past two
decades, combined with
transition to construction of
large-capacity plants, co-lo-
cation with power plant gen-
eration facilities and
enhanced competition by us-
ing the Build-Own-Operate-
Transfer (BOOT) method of
project delivery have re-
sulted in dramatic cost de-
creases. Figure 2 illustrates
the trend of decreasing cost
of water produced by mem-
brane seawater desalination.

One of the key factors that contrib-
uted to reduction in the cost of seawater
desalination is the advancement of the
SWRO membrane technology. Today’s
high-productivity membrane elements
are designed with two features that yield
more fresh water per membrane element:
higher surface area and denser mem-
brane packing. Increasing active mem-
brane leaf surface area allows it to gain
significant productivity using the same
size (diameter) membrane element. Ac-
tive surface area of the membrane leaf is
typically increased by improving and
automating the membrane production
process.

The total active surface area in a
membrane element can also be increased
by increasing membrane size/diameter.
Although eight-inch (20.3-cm) SWRO
membrane elements are still a standard
size most widely used in large, full-scale
applications, larger-size membrane ele-
ments have been used in the past and are
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of today’s desalination plants
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currently commercially available.
 In the second half of the 1990s, the

typical eight-inch (20.3-cm) SWRO mem-
brane element had a standard productiv-
ity of 5,000 to 6,000 gpd at salt rejection
of 99.6 percent. In 2003, several mem-
brane manufacturers introduced high-
productivity seawater membrane
elements that are capable of producing
7,500 gpd at salt rejection of 99.75 per-
cent. Just one year later, even higher pro-
ductivity (9,000 gpd at 99.7 percent
rejection) seawater membrane elements
were released on the market. Membrane
elements combining productivity of
12,000 gpd and high-salinity rejection are

expected in the not-so-distant
future.

The newest membrane
elements provide flexibility
and choice and allow users to
trade productivity and pres-
sure/power costs. The same
water product quality goals
can be achieved either by (1)
reducing the system foot-
print/construction costs by
designing the system at
higher productivity or by (2)
reducing the system’s overall

power demand by using more membrane
elements, designing the system at lower
flux and recovery and taking advantage
of the newest energy recovery technolo-
gies, which further minimize energy use
if the system is operated at lower recov-
eries (35 to 45 percent).

Technological advances lower
energy use

Energy is one of the largest expen-
ditures associated with seawater desali-
nation. Figure 3 shows a typical
breakdown of seawater desalination
costs.

Advances in the technology and
equipment allowing the recovery and
reuse of the energy applied for seawater
desalination have resulted in a reduction
of 80 percent of the energy used for wa-
ter production over the last 20 years.

At present, the majority of the exist-
ing seawater desalination plants use
Pelton Wheel-based technology to re-
cover energy from the SWRO concen-
trate. The largest Pelton Wheel system in
the world is installed at the 36 mgd
(136,000 m³/day) Point Lisas Seawater
Desalination Plant in Trinidad (Figure 4).
This power plant uses approximately
14.4 kWh/1,000 gallons (3.8 kWh/m³) of
produced water. The Pelton Wheel sys-

Figure 2. Historic trend of desalinated

water cost reduction

Figure 3. Desalination cost
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tems allow recovery of 25 to 35 percent
of the power initially applied by the
SWRO system’s feed pumps.

Over the past few years, the Pelton
Wheel energy recovery systems have led
the way to a newer, pressure exchanger-
based technology. The key feature of this
technology is that the energy of
the SWRO system concentrate
is directly applied to pistons
that pump intake seawater into
the system. Pressure-exchanger
technology typically yields
five-to-15-percent higher en-
ergy recovery savings than the
Pelton Wheel-based systems.
Therefore, pressure exchangers
have been installed on most of
the newer large desalination
plants, including the recently
completed 37 mgd (140,000 m³/
day) Kwinana Seawater Desali-
nation Plant for the city of
Perth, Australia (see Figure 5).

Figure 6 depicts the con-
figuration of a pressure ex-
changer-based energy recovery
system planned to be used for
the 50 mgd (200,000 m³/day)
Carlsbad Seawater Desalination Plant in
California, USA. This desalination plant
will include 13 racks of RO membranes,
each equipped with a separate pressure
exchanger system. After membrane sepa-
ration, most of the energy applied for de-
salination is contained in the
concentrated stream (brine) that also con-
tains the salts removed from the seawa-
ter. This energy-bearing stream (shown
with red arrows on Figure 6) is applied
to the back side of pistons of cylindrical
isobaric chambers, also known as pres-
sure exchangers (shown as yellow cylin-
ders on Figure 6). These pistons pump
approximately 45 to 50 percent of the to-
tal volume of seawater fed into the RO
membranes for salt separation. Since a
small amount of energy (four to six per-
cent) is lost during the energy transfer
from the concentrate to the feed water,
this energy is added back to feed flow by
small booster pumps to cover for the en-
ergy loss. The remainder (45 to 50 per-
cent) of the feed flow is handled by
high-pressure centrifugal pumps. Har-
nessing, transferring and reusing the
energy applied for salt separation at very
high efficiency by the pressure exchang-
ers allows a dramatic reduction of the
overall amount of electric power used for
seawater desalination.

 As a result of the use of this state-
of-the art technology, the total energy
needed for the Carlsbad desalination
plant to produce fresh drinking water

from seawater for one household per
year (~2,000 kW/yr) will be less than the
energy used to run the household’s re-
frigerator.

In 2005, a group of US federal and
state agencies, public utilities and private
desalination industry leaders formed the

Affordable Desalination Collaboration
(ADC), a team that has taken up the chal-
lenge to design a SWRO plant aimed at
achieving the lowest currently possible
power demand using state-of-the-art
pumping and energy recovery equip-
ment and latest membrane technology.
The ADC team has installed a pilot
SWRO plant at the US Navy’s test facil-
ity in Pt. Hueneme, California (Figure 7)
and operated this plant for a period of
over nine months. The results show that
potable water with salinity of less than

500 mg/L can be produced from Pacific
Ocean water (salinity concentration of
33,500 mg/L) using less than 9.5 kWh/
1,000 gallons (2.5 kWh/m³) of energy.

The main constraints today associ-
ated with achieving such low-energy use
in large-scale desalination plants are the

quality of the product water in
terms of boron, chlorides and
bromides and the efficiency of
the available off-the-shelf
pumps and motors used for
source water collection, transfer
and feed to the SWRO system.
Often, the above-mentioned
product water quality targets
are driven by other more strin-
gent uses, such as irrigation of
boron- or chloride-sensitive
crops and ornamental plants,
rather than by water quality re-
quirements for human con-
sumption. Achieving these
goals requires the addition of
one or more water quality pol-
ishing facilities after the main
SWRO desalination process,
which in turn increases the
overall energy consumption for

water production.
While the quest to lower energy use

continues, there are physical limitations
to how low the energy demand could go
using RO desalination. The main limit-
ing factors are the osmotic pressure that
would need to be overcome to separate
the salts from the seawater and the
amount of water that could be recovered
from a cubic meter of seawater before the
membrane separation process is hin-
dered by salt scaling on the membrane
surface and the service systems. This

Figure 4. Largest Pelton Wheel energy recovery

system in the world (Trinidad)

Figure 5. Arial view of Kwinana Seawater Desalination Plant

(Perth, Australia)
Courtesy: Water Corporation of Western Australia
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theoretical limit for the entire seawater
desalination plant is approximately 4.5
kWh/1,000 gallons (1.2 kWh/m³).

Shifting the desalination plant
design paradigm

As the costs of seawater desalination
continue to fall in the future, SWRO
plants are likely to become a prime
(rather than a supplemental) source of
water supply for many coastal commu-
nities with limited traditional local
sources of fresh water supply. The SWRO
plants servicing such areas have to be
designed with the operational flexibility
to match desalination plant production
with the potable water demand patterns
and to have a capacity availability factor
of 96 percent or higher.

Shift of the SWRO plant operational
paradigm from constant to variable pro-
duction flow requires a change of the
typical SWRO configuration from one
that is most suitable for constant produc-
tion output to one that is most cost-effec-
tive for delivery of varying permeate
flows. A response to this paradigm shift
is the three-center RO system configura-
tion, which was implemented for the first
time at the Ashkelon plant in Israel (see
Figure 8). Under this configuration, the
RO membrane vessels, high-pressure

pumps and the energy recovery equip-
ment are no longer separated in indi-
vidual RO trains, but are, rather,
combined in three functional centers: a
high-pressure RO feed pumping center,
a membrane center and an energy recov-
ery center. The three functional centers
are interconnected via service piping.

The SWRO feed pumping center in-
cludes only a few large-capacity, high-
pressure pumps that deliver seawater to
the RO membrane center. The main ben-
efit of using a limited number (one or
two) of large-capacity, high-pressure
pumps rather than a large number of
small-capacity units is the gain in over-
all pumping efficiency. Typically, the
smaller the ratio between the pressure
and the flow delivered by a given pump,
the better the pump efficiency and the
‘flatter’ the pump curve (i.e., the pump
efficiency is less dependent of the varia-
tion of the delivered flow). Therefore,
pump efficiency can be improved by ei-
ther reducing pump pressure or by in-
creasing pump flow. Since the pump
operating pressure decrease is limited by
the RO system target salt separation per-
formance and the associated osmotic
pressure, the main approach used in the
three-center design to improve pump ef-
ficiency is to increase unit pump flow.

While a conventional-size, high-pressure
RO feed pump of small capacity would
typically have maximum total energy use
efficiency of 80 to 83 percent, the use of
10-times larger-sized pumps may allow
an increase of pump efficiency of 85 to
88 percent, especially for large SWRO
plants. This beneficial feature of the
three-center design is very valuable in the
case of systems delivering varying prod-
uct water flow.

While in a conventional RO train
design, the membrane vessels are typi-
cally grouped in 100 to 200 units-per-
train and in two to 20 RO trains, the
membrane center configuration contains
two to four times more RO vessel groups
(banks) and a smaller number of mem-
brane vessels per bank. Under this con-
figuration the individual vessel banks are
directly connected to the high-pressure
pump feed lines and can be taken out of
service one at a time for membrane re-
placement and cleaning. Although the
feed water distribution piping for such
membrane center configuration is more
elaborate and costly than that of indi-
vidual RO trains that contain two to three
times more vessels per train, what is lost
in capital expenditure is gained in over-
all system performance (reliability and
availability). A recent reliability analysis
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Figure 6. Pressure exchanger energy

recovery system

Figure 7. ADC Seawater

Desalination Facility

(Pt. Hueneme, California)

completed for a 95,000 m3/day SWRO
plant recently completed by IDE Tech-
nologies indicates that the optimum
number of vessels per bank for this sce-
nario is 54 and number of RO banks-per-
plant is 20. A typical RO train-based
configuration would include two to four
times more (108 to 216) vessels per RO
train and two to four times less (five to
10) RO trains. According to this analy-
sis, the use of the three-center configura-
tion instead of the conventional RO
train-based approach allows increased
RO system availability from 92 to 98 per-
cent, which is a significant benefit in
terms of the additional amount of water
delivered to customers and improvement
in water supply reliability.

The centralized energy recovery sys-
tem included in the three-center configu-
ration uses high-efficiency, pressure
exchanger-based energy recovery tech-
nology. This configuration allows im-
provement of the overall energy
efficiency of the RO system and reduces
system power, equipment and construc-
tion costs. Because of the high efficiency
of the pressure exchangers, the energy
penalty for operation at lower recovery
is small. This allows operating the SWRO
plant cost-effectively at a wide range of
plant recovery while delivering variable
product water flow. For example, if the
SWRO plant output has to be reduced by
30 percent to accommodate low diurnal
demand, an SWRO system with RO train-
based configuration has to shut down 30
percent of its trains and if this low de-
mand persists, it has to flush these trains
in order to prepare them for the next start
up. Frequent RO train starts and stops
result in increased membrane cleaning
costs, shorter membrane useful life and
higher labor expenditures. An RO system
with the three-center configuration
would only need to lower its overall re-
covery in order to achieve the same re-
duction in diurnal water production.
Although temporary operation at lower
recovery would result in elevated costs

for pumping and pretreatment of larger
volumes of source water, these extra op-
erational expenses are typically compen-
sated by the lower osmotic pressure
needed to operate the SWRO system at
lower recovery and by the high-energy
recovery efficiency of the pressure-ex-
changer energy recovery system.

As indicated above, designing the
SWRO plant around a higher capacity
availability factor (90 percent versus 98
percent) results in an increase in the plant
construction costs. Typically, the incre-
mental cost of water increase to improve
capacity availability from 90 percent to
95 percent is in a range of three to five
percent. Increasing plant capacity avail-
ability factor from 95 to 98 percent usu-
ally is more costly and would result in
five to 10 percent of additional water pro-
duction costs. However, in many cases,
the incremental costs associated with
improved reliability can be compensated
by the increased plant production capac-
ity and reliability.

Future desalination
technology advances

The future improvements of the
SWRO membrane technology are fore-
casted to encompass:

• development of membranes of
higher salt and pathogen rejection and pro-
ductivity and reduced trans-membrane
pressure and fouling potential;

• improvement of membrane resis-

tance to oxidants, elevated temperature
and compaction;

• extension of membrane useful life
beyond 10 years;

•integration of membrane pretreat-
ment, advanced energy recovery and
SWRO systems;

• integration of brackish and seawa-
ter desalination systems;

• development of a new generation
of high-efficiency pumps and energy re-
covery systems for SWRO applications;

• replacement of key stainless steel
desalination plant components with

plastic components to in-
crease plant longevity and
decrease overall cost of wa-
ter production;

• reduction of mem-
brane element costs by com-
plete automation of the
entire production and test-
ing process;

• development of meth-
ods for low-cost continuous
membrane cleaning which
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allow reduced downtime and chemical
cleaning costs;

• development of methods for low-
cost membrane concentrate treatment, in-
plant and off-site reuse and disposal.

Key areas of development of RO
membrane technology are associated
with the increase in the productivity of
the membrane elements, their resistance
to fouling by the contaminants contained
in the source water and their durability
and longevity. The quest for an increase

of the productivity of the RO membrane
elements has taken two directions: devel-
opment of larger diameter membrane el-
ements and the improvements in the
membrane structure and chemistry that
can allow more flow to be produced by a
square inch of RO membrane area.

Over the last three years, several 16-
to 20-inch diameter brackish and seawa-
ter RO elements were introduced as com-
mercially available products on the
market. These large-diameter RO ele-

ments are more competitive than the cur-
rent standard eight-inch diameter RO
membranes used mainly for large brack-
ish water and seawater desalination ap-
plications, where they can yield 10 to 27
percent construction cost savings. Sav-
ings are less significant for water recla-
mation applications (seven to 17 percent).
It is expected that the variety of commer-
cially available large-size RO products
will consolidate around a standard size
16- or 18-inch membrane element that is
projected to find industry-wide use for
large RO plants over the next five to 10
years.

Researchers at the University of Cali-
fornia-Los Angeles have recently devel-
oped a new RO membrane that uses a
cross-linked matrix of polymers and en-
gineered nano-particles, which are spe-
cifically designed to provide accelerated
draw of water ions but reject nearly all
contaminants. While the structure of the
existing RO membranes is such that the
water molecules have to pass through a
lengthy curvilinear path to reach the
other side of the membrane, the matrix
of the new membranes is structured at
the nano-scale to create molecular tun-
nels which shorten and expedite water
transfer and thereby produce more fresh
water per square of membrane. This new

Figure 8. Three-center SWRO system
Courtesy: IDE Technologies
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thin-film, nano-composite RO membrane
technology would almost double the pro-
ductivity of the membrane elements and
further reduce capital, operation and
maintenance costs for water production.
In addition, the new technology is ex-
pected to have lower fouling properties
and repel organics, thereby reducing costs
for membrane cleaning and energy use by
25 to 50 percent as well as increasing the
useful life of the membrane elements. The
new RO membrane technology is in the
early stages of commercial development
and is expected to be available within the
next five to eight years.

The advance of RO technology is
closest in dynamics to that of computer
technology. While conventional technolo-
gies, such as sedimentation and filtration
have seen modest advancement since
their initial use for potable water treat-
ment several centuries ago, new, more
efficient seawater desalination mem-
branes and membrane technologies and
equipment improvements are released
every several years.

Similar to computers, the RO mem-
branes of today are many times smaller,
more productive and cheaper than the
first working prototypes. Over the last 10
years, the cost of producing desalinated
seawater dropped more than two-fold.

Although, no major technology break-
throughs are expected to bring the cost
of seawater desalination down further
dramatically in the next two to three
years, the continued advances in RO
membrane science and technology are
likely to yield new breakthroughs in the
reduction of water production costs,
which coupled with increasing costs of
conventional water treatment driven by
water scarcity, global warming and more
stringent regulatory requirements, are
expected to accelerate the current trend
of increased reliance on the RO technol-
ogy in all areas of water supply: water
reclamation and reuse, brackish water
desalination and seawater desalination.
This trend is forecasted to continue in the
future and to further establish the role of
RO technology in fresh water production
worldwide.
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