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WATER, SUPPLY AND DESALINATION

Of the surface of the earth, 71% (3.60 × 108 km2 ) is covered by oceans; their average depth is 6 km and their
volume is 8.54 × 108 km3 . Unfortunately, this huge quantity of water is not suitable for very many human uses.
Water with over 1000 ppm (parts per million by weight, or mg/L) salt is usually considered unfit for human
consumption, and water with over 500 ppm is considered undesirable, but in some parts of the world, people
and land animals are forced to survive with much higher concentrations of salts, sometimes of over 2500 ppm.

Freshwater with less than 500 ppm (or 0.05%) dissolved solids is generally considered to be potable. Rain
is the source of freshwater, and its precipitation of >1.3 × 1012 m3/d over the earth’s surface averages about
1.05 m (depth) per year. Extremes range from almost zero in North Chile’s desert bordering the Pacific Coast
to > 25.4 m in some tropical forests and on some high slopes where the high, cold mountains condense floods
from the clouds.

Even rain is not pure water. Reports from the U.S. Geological Survey show that it contains 2.3–4.6 ppm
of solids, or a yearly precipitation of 2.5–5 t/km2. Recently (ca 1997), work conducted in the United States and
Europe has underscored the rather dangerous results of increased use of fossil fuels, where the SOx and NOx
emissions that end up in the rain lower its pH from 5.6 (slightly acidic) for uncontaminated rain, to <pH4 for
acid rains. Such acid rain has serious effects on surface waters (1). About 40 × 106 t of SOx and 25 × 106 t of
NOx were emitted in the United States in 1980. There are, however, encouraging trends: the 1970 Clean Air
Act has led to a gradual reduction in these emissions, bringing the SOx emissions down from the previous levels
cited by 10% by 1990, and the NOx emissions down by 6%, with a consequent slight decrease in rain acidity.
A part of the Clean Air Act is also intended to cap SOx emissions from major point sources at 13.5 × 106 t (2).
Between 1994 and 1995, total SOx emissions in the U.S. decreased remarkably by 13%; and total NOx emissions
by 8%.

About 60% of the land area of the earth is arid or semiarid and is not generally considered habitable.
Mountainous areas and the polar areas covered by ice must be subtracted from the remainder to arrive at a land
area that can be counted as available for human habitation and agriculture. Of this small fraction remaining,
certain preferred land areas support the expanding world population more generously; hence, increasingly
large amounts of the better lands are used for living, ie, for urban areas, industries, roads, airfields, etc. Areas
for living and industry usually also require much more water per unit than do farm lands. Thus, as population
and industry increase and the resulting demands for water multiply, agricultural areas with adequate water
tend to become smaller.

The oceans hold about 97% of the earth’s water. More than 2% of the total water and over 75% of the
freshwater of the world is locked up as ice in the polar caps. Of the remaining 1% of total water that is both
liquid and fresh, some is groundwater at depths of 300 m and therefore impractical to obtain, and only the
very small difference, possibly 0.06% of the total water of this planet, is available for human use as it cycles
from sea to atmosphere to land to sea. Only recently have humans been able to regulate that cycle to their
advantage, and even now (ca 1997), only infinitesimally, in some few isolated places.

Wells produce groundwater, stored from previous rains. However, the fact that in recent years wells have
had to be made deeper and deeper to reach water shows that groundwater is being used faster than it is being
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replenished. Water lying in deep strata for millions of years is being mined like other minerals, never to be
replaced. In Libya, oil drilling found a lake 100 m below the dry sand, hundreds of square kilometers in area,
and 750 m deep (3). It has been estimated that this lake will supply irrigation of 800 km2 for 300 yr, but the
pumping of this water is as final an act as the pumping of Libya’s petroleum, which probably dates from the
same lush geological era. Once pumped, neither resource can be replenished.

1. Transport of Freshwater

For centuries, containers have been used to carry freshwater, usually for longer distances than would be
practical for conduits. Trucks and railways have used tanks. Ships have carried and still do carry water halfway
around the world in ballast tanks; tankers that otherwise would be returning empty from oil deliveries may
make the return voyage filled with freshwater as precious to the oil-rich, water-poor country as the oil is to its
market. Systems of dams, canals, and aqueducts were developed to carry freshwater considerable distances to
growing cities, and to irrigate agricultural lands. Records of ancient Rome indicate that 14 aqueducts, averaging
over 144 km in length, carried 1.175 × 106 m3/d of water from the surrounding highlands by gravity. The
Romans depended on gravity flow in open channels, apparently with little knowledge of predicting the friction
losses in pipes, even though Pliny lists standard lead pipe in circumferences up to ca 2.5 m. The aqueducts of
Istanbul are even more dramatic. The engineers’ competence developed with increasing needs for water, and
conduits became longer.

In more modern times, New York City’s water system, initiated ca 135 yr ago, stands comparison as a
true engineering marvel. Farsighted action in the late nineteenth century also gave the city extensive upstate
watershed rights. This system, with a storage capacity of 2.07 × 109 m3, safely furnishes about 8.5 million
people with an average of 5.3 × 106 m3/d of water. The system is not adequate today, but it has served well
except in years of serious drought. Water enters the city via two tunnels, one built in 1917 and the other in
1937. The projected cost of a third tunnel was estimated at $3.5 × 109 in 1981 dollars, but could end up being
as high as $5 − 6 × 109 by the time the tunnel is completed, with the first two stages currently scheduled
for completion in 2010 (4). Increased population in the vicinity of the water supply reservoirs, a watershed
approximately the size of the state of Delaware and as far as 160 km from the city, is increasingly threatening
the water quality there. The city has therefore taken steps in the recent years to establish a comprehensive
watershed protection program.

The 1974 Safe Drinking Water Act put all public water supplies in the United States under Federal
supervision. For example, the 94th Congress authorized a six-state water study, the High Plains Study Council,
one of several such studies conducted in past years, to develop a set of plans for increasing water supply in a
region which supplies about 15% of the nation’s wheat, corn, sorghum, and cotton, and 38% of its livestock, and
which depends on its rapidly dwindling groundwater (the Ogallala aquifer), mindful of the Dust Bowl drought
disaster of the 1930s (5). In 1990 it was estimated that the aquifer would be practically depleted by the year
2020. It was proposed that huge amounts of water from the Missouri and Arkansas Rivers be diverted to the
High Plains, with an estimate by the Army Corps of Engineers that it would take as long as 9 yr to design,
25 yr to build, and would cost $6 − 25 × 109 in 1982 dollars. Rising energy costs, costs of construction, local
objections to Federal intervention, environmental and navigation considerations, and various other problems
have prevented this and many other large water supply programs from materializing.

The problem of bringing water to southern California continues to be one producing controversy. The
region is essentially a desert, devoid of any significant water resources, yet its population is growing at a fast
pace: in 1990 it stood at 30 million and is expected to reach 49 million in 2020, with half of the increase expected
to occur in the arid South Coast region (6). Water is transported from northern California and from the Colorado
River, at distances of up to about 1000 km, expected to increase to about 1600 km by the year 2000, often against
the objections by those living around these sources. The project to build the so-called Peripheral Canal, a 67-km
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long, 120-m wide channel to carry water from the Sacramento River delta to an existing aqueduct and then to
the agriculturally productive San Joaquin Valley and thence to Southern California, was passed by California’s
legislature in 1980, and then defeated in 1982 owing to political opposition from a coalition of environmental
and local urban and agricultural interests. Elevated salinity in the California Aqueduct and some other water
canals has recently revived some interest in this project.

In some places and under certain conditions, freshwater can be obtained more cheaply by desalination of
seawater than by transporting water. This is true when all the costs of extremely large monetary investments
in dams, reservoirs, conduits, and pumps to move the water are considered. Before the rapid escalation of fuel
costs between 1973 and 1980, the cost of desalination of seawater to adequately supply southern California
would have been less than that of transport to the Peripheral Canal. This would have been the case even if there
were an unlimited supply of water in the mountains of northern California, a condition that does not appear
to exist. It has been shown that before 1973 a seacoast town could have been supplied with 7 − 12 × 104 m3/d
of freshwater more cheaply by desalination than by damming and piping water a distance of ≥160 km km
(7). Indeed, the 1987–1992 drought in California has compelled the city of Santa Barbara to construct a water
desalination plant, and a 76,000-m3/d plant is planned for the western coast of Florida (8).

Because construction costs have remained approximately constant since the mid-1980s, despite inflation,
desalination has a high potential of becoming less costly with improved technology, whereas the cost of trans-
porting water is not likely to decrease substantially. Desalination increases the total amount of freshwater;
transportation never does. The reduction of water costs, if possible at all, will, however, be limited. Desalination
is an energy-intensive process, and no presently conceivable alternatives promise any reduction of energy costs.
The cost savings obtained as a consequence of advances in desalination technology have been counterbalanced
by the increase in energy costs since the oil embargo of 1973.

2. The Water Problem

Many cities of the world do not levy a separate fee on water distributed, and even in those places where water
is in shortest supply, a minimal ration may be free to everyone. The problem of wasted water and unmetered
water adding to the overall water demand is not new. In ancient Rome, fountains were connected to the public
water by privately installed and owned lead pipelines, many of which were unrecorded, illegal, and hence
untaxed. Frontius, the water commissioner of Emperor Nerva of Rome in AD 96, developed crude meters to
increase revenue and cut demand.

Today in the United States, three times as much water is used per capita than in 1900; with inclusion
of all industrial and agricultural uses, this quantity is probably ten times as great as at the turn of the
century. Individual usage in some southern cities, with swimming pools, lawns, air conditioners, and other local
demands, can be as much as twice the national average. Population increase multiplies the total withdrawals,
particularly in cities, where they may be as much as 1.06 m3/d/person. In New York City, for example, which
did not practice adequate water metering, per capita consumption grew from 0.69 m3/d/person in 1970 to 0.76
m3/d/person in 1981. Improved metering and water conservation have reversed this trend over the recent years,
and in 1995 the per capita consumption fell to 0.68 m3/d/person, about the same as in 1970 (4). Philadelphia
is also able to meter or bill only a part of the supplied water, and the total per capita water consumption
has grown from 1970 to 1990 by 30%, to about 0.9 m3/d/person, whereas the metered and billed accounts are
expected to have a consumption of only 0.35 m3/d/person (9).

The use of ground and surface freshwater in the United States from 1950–1990 is shown in Figure 1
(10). Whereas the overall increase in use had been slightly reduced and then arrested after 1980, this was
primarily because of a reduction in use for irrigation and industry. In some part it is a result of conservation
and improved efficiency, but in large part it is the result of a decline in agricultural and industrial production.
Public supply continues to increase, approximately keeping pace with population growth.
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Fig. 1. Trends of estimated ground and surface freshwater use in the United States, 1950–1990 (10).

An analysis of freshwater use in the United States predicted that by the year 2040, barring major changes
in use patterns and natural water cycles, withdrawals and consumption will increase by about 40% (11). Most
of this increase must be met by reuse, and thus water recycling should be raised significantly. For example,
in manufacturing, recycling currently provides a reuse ratio, defined as the quantity ratio of (water actually
used)/(its natural water source), of 1.3, which must be increased by the year 2020 to above 6.3. The balance
between water supply and demand is worsening most seriously in the Rio Grande, upper and lower Colorado,
Great Basin, High Plains, and California water resources regions of the United States.

In some areas of the United States, twice as much water is pumped from the ground as soaks into it.
Although the amount of groundwater within 0.8 km of the surface is estimated at 3.8 × 1016 m3, in some places
the water table has dropped by 1–5 m for each year of the present generation, thus exhausting a historical
treasure. Not only is the groundwater being depleted, but often this withdrawal causes sinking of the ground
level, as it has near Houston, Texas; Mexico City; and in Florida. Las Vegas, Nevada, is growing rapidly upon a
ground level that has sunk about a meter in recent years as a result of greatly increased mining of prehistoric
water. This water supplies many acres of swimming pools, many thousands of “tons of refrigeration” for air
conditioning, and other water uses. It is water from wells in a desert where only 7.5–10 cm of rain falls each
year. Over-pumping since the 1920s, mostly to supply the needs of Southern California, has caused the land in
the California San Joaquin Valley to sink by as much as 9 m.

Southern California is suffering from seawater intrusion in certain aquifers because of overpumping. To
minimize the problem, the Orange County Water District in 1975 began a pioneering effort, known as Water
Factory 21, to treat 57,000 m3/d of sewage by secondary effluent treatment processes, purify about one third of
the product water by reverse osmosis (RO), blend the remainder of the treatment product with the RO process
product and with high quality groundwater, and inject the mixture into the aquifer. Apart from recharging
thereby the aquifer, it also reduces, if not stops, seawater intrusion into it (12, 13) (see Reverse osmosis). The
plant continues to produce drinking-quality water for injection with no adverse effects on groundwater.

Water is far from evenly distributed in the United States, with major shortages in some very populous
areas. California and the Southwest have always been water-short, but in the first half of the 1960s and
the late 1970s, the northeast, too, experienced water shortages. Particularly ominous was the recent six-year
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(1987–1992) drought in California in which the water supplies were insufficient to meet the demands, an
event that portends even worse shortages in the future, of 8.6 × 109 11.1 × 109 m3/yr in drought seasons,
and 4.6 × 109 − 7.0 × 109 m3/yr in normal seasons, by the year 2020 (6). Restrictions of water use in many
states have become virtually annual occurrences in years of low rainfall. Whereas the overall water supply in
the United States is expected to meet demand in the foreseeable future, serious imbalances are expected to
continue and worsen owing to geographic, seasonal, and annual variations in the supplies (11).

Two out of five U.S. cities have inadequate water supplies, and at least a quarter of the U.S. population
faces serious water shortages. Yet, half the states, having two-thirds of the industry and over half of the
population, have direct access to as much as they can draw of the approximately 3.3 × 108 km3 of seawater.
The solids content of this water, mainly salts, varies worldwide from 25,000 ppm (2.5%) in the Baltic Sea to
over 45,000 ppm (4.5%) in some of the more confined gulfs of the Indian Ocean. The waters of the wide oceans
are almost constant, at 35,000 ppm (3.5%). Also, many inland areas have access to large quantities of water
too brackish to drink.

Increasing pollution of water sources worldwide is a major contributor to the climbing shortage of usable
water. A recent report of the U.S. Environmental Protection Agency (14) points out that about 40% of the U.S.
rivers, lakes, and estuaries surveyed are too polluted for even basic uses such as fishing or swimming. Especially
grim is the condition of the Great Lakes, which contain one-fifth of the world’s fresh surface water. About 97%
of the Great Lakes waters were found to be substandard for designated uses, and particularly worrisome is the
fact that the lakes are continuously polluted by toxic chemicals. Some of the good water in the U.S. is considered
to be “threatened,” and a projection of need for sewage treatment costing over $100 billion was made. In this
context it is important to note the vital importance of water-quality legislation. Along with the Clean Air Act,
the Clean Water Act of 1972 is of unprecedented value in U.S. environmental protection history. Launched to
“restore and maintain the chemical, physical, and biological integrity of the Nation’s waters,” it has resulted
in a significant slowdown of the pollution processes and in many cases reversed the trend. Many rivers and
creeks, for example, such as the Delaware and Schuykill Rivers passing through Philadelphia, which had
owing to severe pollution lost most aquatic life and became inaccessible for recreation, are now largely restored
again. The Delaware River, for example, became septic in the 1940s and 1950s, dissolved oxygen concentration
dropped to zero in the warmer months, and fish became extinct. The situation now, while still not perfect, is
highly improved, with herring and shad swimming upstream to spawn. The activities in support of the Clean
Water act incur, however, an economic cost, and the Act is continuously threatened by interest groups which
object to this cost and inconvenience. Many countries in the world, especially the developing ones, and those
currently or formerly under communist regimes, still do not have such legislation or enforcement and have
severely polluted waters. A World Bank report issued in 1995 stated that 80 countries with 40% of the world’s
population already have water shortages which could cripple agriculture and industry, and that about 95% of
the world’s urban areas dump raw sewage into rivers and other water bodies, with dirty water killing 10 million
or more people every year and causing untold economical damage. The water supply and quality situation is
worsening rapidly. It was estimated that the developing countries alone would need $600 − 800 × 109 for water
projects over the next 10 years, with no identifiable available funding sources.

Some of the most attractive areas of the world, particularly islands and beaches, are almost devoid of
freshwater. The biggest and one of the fastest growing of the industries of the world is tourism. It is a particularly
attractive industry to developing countries, and in some of these it may be almost the only nonagricultural
industry. Tourism accounts for a substantial use of the available freshwater, and it may be stifled or entirely
prevented in otherwise attractive places if there is insufficient freshwater. To conserve available water supplies,
some hotels might use double water systems, ie, seawater for flushing, but they still must provide on the order
of 400–600 L/d per tourist to assure a comfort to guests unaccustomed to water shortages. Production of these
quantities of water by desalination techniques has become an important expense to the hotels. Today, the cost
of production of desalinated water can be as high as $4.00–5.25/m3, and in some locations even higher.
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The island of Bermuda, for example, derives the largest percentage of its income of any country from
tourism, receiving over 500,000 visitors per year. It has no surface water and its ground water became increas-
ingly saline as a result of excessive pumping. By law, each house there must have no less than four-fifths of
its roof area guttered for catching rainwater, and a covered tank of 100 imperial gallons (0.45 m3) capacity for
every 10 ft2 (0.9 m2) of prescribed area of catchment to store the rainwater. It is estimated that about 4000
m3/d is acquired in this manner, serving as the main potable water source for the island (15). The U.S. Virgin
Islands has similar regulations. Vegetation is cleared from hill slopes above the natural limestone and coral,
which are plastered to give drains and catchments for heavy seasonal rains. But even with all this, some water
had to be imported until adequate desalination capacity was introduced, at this time totaling 30,000 m3/d, with
a water cost of $4.76/m3 (16).

The newly acquired wealth of the countries in the Middle East has given an unexpected boost in desalina-
tion for the region. Starting with nearly zero, Saudi Arabia, Kuwait, and the United Arab Emirates have over
the past three decades added plants producing about 9 × 106 m3/d of freshwater, representing nearly one-half
the worldwide desalination capacity (17). This includes the world’s largest single-site, 946,000-m3 multistage
flash distillation (MSF) complex, in Al-Jubail, Saudi Arabia; the world’s largest (2,400-m3/d each) MSF units in
Abu Dhabi; and the world’s largest (113,600 m3/d) reverse osmosis seawater desalination plant, in Jedda, Saudi
Arabia. Following the Arab Peninsula in order of desalination capacity are the United States, North Africa,
the rest of the Middle East, the European Mediterranean area, Southeast Asia, the rest of Europe, and the
Caribbean islands. Water desalination is increasingly used for the treatment of effluent waters for reuse, and
of river and city waters to improve purity for various industrial applications such as boiler feed and ultrapure
water for the electronics industry.

In many of the developing nations, lack of water hampers the profitable exploitation of material resources
(18). For example, proven mines on Egypt’s Red Sea Coast cannot be operated; others on the same coast are
operable only with desalination water for processing phosphate ores and for mining lead and zinc. The workers
were rationed 15–35 L/d of water. Fishing industries on South America’s arid Pacific Coast cannot be expanded
for lack of water to process the haul. These represent great losses in the world’s supplies of minerals and foods;
there are many others. Not all freshwater shortages are in the torrid tropics; a substantial iron-ore deposit
in a small waterless island off the coast of Iceland needs water for workers. Needed is a desalination plant
or some means of utilizing as liquid water the heavy fogs that prevail there. Offshore oil-drilling rigs around
the world similarly need water. Technological progress in the last decade has made readily available packaged
small (10–400 m3/d) seawater RO and vapor-compression systems. In fact, virtually all offshore drilling rigs
today have their own seawater conversion plants. Desalination facilities, and in turn desalinated water, become
readily available, contingent only on the availability of funds.

Cities on the lower reaches of a large river, with many cities above, use water that has been through
sewers upstream many times. On the lower Mississippi, a water inventory indicates such reuse averages 14
times, with biochemical oxidation of the wastes during the flow between cities. The Rhine River, in passing
through several countries, all of which drink from and dump into its waters, is subject to international problems
of pollution. Of considerable import here is the fact that many so-called hard contaminants present in sewage
increase almost proportionally with reuse of the water. Such materials do not ferment or oxidize under ordinary
sewage treatments, and some are known carcinogens, which presents serious health problems to potable waters
drawn from these bodies.

The U.S. government spent ca $150 × 106 in fiscal 1969 on water resources research relating to artificial
rainmaking, soil conservation, waste treatment, desalting, public health, and planning research. This level
of annual expenditure, large compared to the rest of the world, has in the meantime diminished (19), even
though it was even then considered to be rather small for supporting a need estimated at >$100 × 109 for water
facilities worldwide within 10–15 yr (20). Several government agencies conduct water research, primarily the
U.S. Geological Survey, the Environmental Protection Agency, the Bureau of Reclamation, and the Department
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of Agriculture. Practically all of the reports and results of research on water in the United States are available
from the National Technical Information Service, U.S. Department of Commerce, Springfield, VA 22161.

2.1. Saline Water for Municipal Distribution

Only a very small amount of potable water is actually taken by people or animals internally, and it is quite
uneconomical to desalinate all municipally piped water, although all distributed water must be clear and free
of harmful bacteria. Most of the water piped to cities and industry is used for little more than to carry off small
amounts of waste materials or waste heat. In many locations, seawater can be used for most of this service.
If chlorination is required, it can be accomplished by direct electrolysis of the dissolved salt (21). Arrayed
against the obvious advantage of economy, there are several disadvantages: use of seawater requires different
detergents; sewage treatment plants must be modified; the usual metal pipes, pumps, condensers, coolers,
meters, and other equipment corrode more readily; chlorination could cause environmental pollution; and dual
water systems must be built and maintained.

Pipes, valves, fittings, and almost all other components of small equipment are now available in plastic
or ceramics, which do not corrode in salt water and are less expensive than the metals now used. Synthetic
detergents are now available for use with seawater, although a final rinse with freshwater may be desired.
Saltwater sewage can be treated successfully. Dual water systems using freshwater and seawater are already
in use on ships and in many island resort hotels. Many of these also have seawater systems for fire fighting.
This trend will grow.

Some inland municipalities now distribute water with salt content exceeding 1000 ppm, water so brackish
as to be unpleasant to the taste, even though it is distributed as potable water. Each home may produce or
purchase the very small requirement of freshwater for drinking and cooking. Small membrane and ion-exchange
desalinators are available; these produce the relatively few liters of potable water required (see Membrane
technology; Ion exchange). They can be purchased from and periodically serviced by service companies in many
communities. The cost per liter of potable water produced in the home is several times as great as the cost in
a central desalination plant, but the amount of desalinated water needed is only a small fraction of the total
supply.

Home desalinators are possible only for industrialized countries with a central service organization. They
will eventually become available on a rental/service contract basis, as is standard practice for water softeners
in many communities. Although rental of water softeners is common in the United States, home membrane-
system rental is not established.

Alternatively, small amounts of potable water may be delivered by truck to distribution centers or to tanks
on house roofs. This system exists in Kuwait, which has many filling stations from which tank-truck operators
buy water at $1.00/m3 for distribution at about $3.00/m3. Although much water is directly piped to residences
in Kuwait today, 12% of the people still get their water by truck. In Khartoum, Sudan, families that buy from
vendors, who deliver sacks of water by donkey, pay an average of $16 per month.

2.2. Water in Industry

Freshwater for industry can often be replaced by saline or brackish water, usually after sedimentation, filtra-
tion, and chlorination (electrical or chemical), or other treatments (22). Such treatment is not necessary for the
largest user of water, the electric power industry, which in the United States passed through its heat exchang-
ers in 1990 about 40% of the total supply of surface water, a quantity similar to that used for agriculture, and
it was 48% of the combined fresh and saline water withdrawals (10). Single stations of 1000 MW may heat as
much as 12 Mm3/d by as much as 10–15◦C.

The power-plant cooling water is either returned directly to its source, such as rivers, lakes, or oceans, or
is recycled by circulation and consequent cooling in cooling towers. Cooling towers circulate the warmed water



8 WATER, SUPPLY AND DESALINATION

downward against a rising stream of air which removes heat by evaporating a part of the water to cool the
balance. In the United States, cooling towers are not so common as in Europe because of the large bodies of
water available.

Construction of new power plants in the coal region of the western United States presents serious problems
in states whose laws dictate zero effluent. In these plants, cooling-tower water withdrawn from rivers cannot
be returned to them. In these situations, cooling-tower effluent is purified by distillation (vapor-compression
plants have predominated) and by a combination of distillation and membrane technology. The converted water
then is used as boiler feedwater; the plant blowdown (effluent) is evaporated from open-air lined pools, and
pool sediment is periodically buried back in the coal mine with the flue ashes.

Although 600 m3 of water is used to make a metric ton of fertilizer, 150–240 m3 to make a tonne of steel,
480 m3 to make a tonne of gasoline, and 1000 m3 to make a tonne of acetate fiber, little if any is required
chemically in any of these processes. Recycling can reduce industrial requirements by a factor of 10–50. Much
of this water, particularly that for cooling, and often that for washing, can be saline. Some petroleum refiners
have used salt water to remove heat (water’s principal role in gasoline production), and some have actually
produced table salt by evaporation in cooling towers.

The pulp and paper industry has tried for many years to use salt water for some of the 250–400 m3 of
water required to make a metric ton of paper (see Pulp; Paper). Here, however, salt is disadvantageous to the
chemical processes, either in pulping the lignocellulose or in the recovery of values from the black liquor after
pulping, and can corrode expensive papermaking machinery. The possibility of recovering and reusing at least
part of this water after membrane processing is under study.

The textile industry, also a large consumer of water, must always be located in areas with abundant water
supply (see Textiles–SURVEY). Before long, advances in purification of textile industry effluents are expected
to free the industry of this limitation and enable textile plants to locate in virtually any area. The great fluid
reservoir of heat, the alternative to water, fresh or salt, is the atmosphere. Increasingly, industry is using air
coolers to dissipate the large quantities of heat from power plants, petroleum distillation, and other process
use. This would reduce the use of cooling water correspondingly.

Air coolers almost invariably add considerably to plant cost, but they are competitive in operating cost
based on direct once-through use of water that requires no treatment. If the alternative to air coolers is the
use of water that requires substantial treatment or pumping costs, the air coolers will cost less to operate.

2.3. Water for Agriculture

Two liters of water in some form is the daily requirement of the average human, depending on many personal
and external conditions. However, at least several hundred liters per day are required for the growing of
vegetables, fruits, and grain that make up the absolute minimal daily food ration for a vegetarian. About 0.48
m3 is required to produce an egg, and 31 m3 to produce a kilogram of beef, based on the cereals required by the
animals. The quality of water (in particular, its salinity) is of considerable importance to agriculture. There
are crops that can grow in water of relatively high salinity (for example, sugar beets tolerate salinity of up to
5,000 ppm), but most crops cannot tolerate salinity exceeding 1000 ppm. This limit led to the treaty between
the United States and Mexico in which the United States agreed to limit the salinity of the lower Colorado
River reaching Mexico to approximately 1000 ppm, a requirement that had to be met by constructing a 276,000
m3/d RO desalination plant (the largest RO plant constructed to date) in Yuma, Arizona, which would reduce
the salinity of the agricultural drainage water from 3200 ppm to 250 ppm. The desalted water is then mixed
with Colorado River waters to reduce their overall salinity to the required limits (23). Originally planned
to start in 1981, various delays made it ready for starting only in 1983, a year in which unusually large
water flow in the Colorado River made desalination unnecessary. The plant ran successfully in 1991–1992,
but subsequent funding problems restricted capacity to only about one-third of the total, and then stopped
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operation altogether, but the plant is available for restarting if needed. The salinity problem is being resolved
in the interim by diverting the saline waters to the marshy area of the Santa Clara Slough in Mexico.

A loaf of bread contains little of the more than a ton of water necessary to grow the wheat therein. The
water content of vegetables comes from the 1000–2000 times their weight of it that is needed to grow them.
Some of the main losses in agriculture may be reduced by agronomists and plant physiologists. Increasingly, the
balance sheet for irrigation plant technology now makes use of agronomic WUE (water-use efficiency), which
is a ratio of the amount of harvestable or economic biomass to the water consumed by evapotranspiration.
Studies are being made to determine whether it is possible to supply less water to the roots, with better
absorption there and smaller losses by transpiration through the leaves. For example, research includes tissue-
culture work with protoplast fusion and recombinant DNA technologies to reduce stresses of salinity, drought,
flooding, ion toxicities, nutrient deficiencies, temperature extremes, and photosynthetic efficiency. Certainly,
plant structures of an entirely different type will be necessary to prevent, for example, the loss by transpiration
in a field of corn on an August day, of an amount that may be equivalent to more than a centimeter of rainfall.
However, the recently developed high yield grains, which use much less water than the conventional varieties,
are a great aid to the developing nations.

It is possible to breed plants that have more efficient systems for utilization of water, and agricultural
technology can help existing crop plants by spraying impervious coatings on them. Extremely small amounts
of long-chain, fatty alcohols reduce evaporation losses from quiet lakes or reservoirs to less than 5% of the
normal surface evaporation.

Waterproofing sandy soils to prevent drain-through has been successful in increasing crops as much as
400% with the same rainfall. A special plow lifts the soil to allow melted asphalt to be layered in overlapping
impermeable strips 82 cm wide and 50 cm below the surface (18). Waterproofing the surface in Israel by
compacting with chemicals increases runoff to basins or fields on slopes below. In many places, barren slopes
have been coated with asphalt or concrete in layers as thin as 0.3 cm to catch rain, which is conducted to catch
basins for irrigation or other uses. In St. Thomas, U.S. Virgin Islands, such catchment basins have, however,
now been abandoned in favor of desalination.

The one-seventh of the world’s crop lands that are irrigated produce one-quarter of the world’s crops.
Irrigation’s main losses result directly from seepage and evaporation from the open water-carrying channels
and the soil. Only a small fraction of the water withdrawn from the irrigation ditch or pipe is absorbed by the
plants. Plastic films, as ground covers through which the plants protrude, prevent some losses but at great
expense for film and labor. Cheaper systems are necessary to assure better water utilization by plants. Other
possible goals would be food plants with membranes capable of separating freshwater from brackish water, to
give a non-salty crop. Progress has been made in both of these directions, and some plants have been developed
that accumulate salt from the ground.

Vegetables and fruits such as melons are profitably grown in four or five crops per year by hydroponics,
ie, the growth of plants in large, shallow concrete tanks containing no soil but gravel and water with added
nutrients. Such installations can even be found in areas known for their water scarcity such as Aruba and St.
Croix (U.S. Virgin Islands) where both desalinated seawater and brackish water are used for the purpose. Much
water is still necessary per unit weight of crops, but the largest losses of ordinary irrigation are prevented, as
indeed they must be because of the comparatively high cost of the water. Such concentrated agriculture is very
expensive in preparation of land area, but economical for water and labor requirements. Production is high in
the tropics, and hydroponics offers a major opportunity to many developing countries.

Other locations where desalinated water of either brackish or sea origin is used for agriculture are the
Channel Island Guernsey, Israel, Libya, and countries in the Arabian Gulf including Saudi Arabia. The cost of
such agricultural use is at best marginal and at worst exorbitant, depending on the amounts of water required.
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Table 1. Residential Water Costs, U.S. $ / 1000 ft3 (28.3 m3)a

City

Year
El Paso,
Texas

Albuquerque, New
Mexico

Los Angeles,
California

Newark, New
Jersey

Boston,
Massachusetts

Philadelphia,
Pennsylvania

1978 3.99 4.48 4.55 7.79 8.90 8.13
1994 7.89 10.54 15.80 15.13 19.92 14.07

aRef. 24.

3. Economic Aspects

As shown in Table 1, residential water rates in the U.S. have gone up significantly between 1978 and 1994 (24).

According to the 1994 National Water and Wastewater Rate Survey (24), the lowest rate per 28.3 m3 of
water in the United States was $5.40 in Saginaw, Michigan, and the highest, $44.88 in Scranton, Pennsylvania.
Since the rates for wastewater were higher, by an average of $2.59, increased rapidly from a surfeit of $0.05 in
1986, and since an increasing number of utilities also charge customers for stormwater runoff treatment, the
actual costs to the customer are higher than those shown in Table 1.

The range of consumer prices for water in the developed countries in 1990 ranged from about $9.90
in Norway to $45.28 in Greece, per 28.3 m3, or $0.35–1.60/m3. In comparison, 1993 water costs from large
desalination plants were in the $1.50–2.00/m3 range (25).

Paradoxically, even rapid lowering of demand may cause rapid cost escalation; this was the case in New
Jersey during a 1981 drought when conservation caused substantial shrinking of demand and private water
companies had to double their water prices. The continued increase of demand and reduction of supply portend
real and relentless water-cost increases in every part of the United States in the future. One possible way to
assure at least adequate supplies, and possibly to moderate these cost increases, is through water reuse.

4. Desalination Development Programs and Associations

4.1. U.S. Department of the Interior: U.S. Geological Survey and the Bureau of Reclamation

The U.S. Department of the Interior (USDI), long active in many areas of water resources and management,
was authorized by Congress in 1952 to organize the Office of Saline Water (OSW), later transformed into
the Office of Water Research and Technology (OWRT), for research, development, and demonstration (RD&D)
to develop economical processes for desalination. In 1996 dollars, the expenditure for this purpose rose from
$1.2 × 106 in 1953, to a peak $130.4 × 106 in 1967, remaining around the $100 × 106 level through 1973. One
fundamental principle guiding these efforts and enunciated by one President of the United States is that all
scientific and engineering knowledge and skills developed in the wide reaches of this program are to be made
immediately and freely available to every nation in the world, as a generous contribution to the betterment of
the lives of all humankind.

This dissemination of knowledge has occurred, and desalination technology developed in the United
States has resulted in a significant benefit to the world at large, even though the U.S. desalination industry has
not always shared in the profits from the exploitation of this technology. In its effort, OSW and its successor,
OWRT, supported the full range of activities, from fundamental through demonstration plants, covering all
desalination technologies. In membrane technology, it was responsible for a number of landmark discoveries,
including the desalination properties of cellulose acetate RO membranes, seawater conversion with membranes,
construction of spiral-wound modules, composite-film seawater membranes, and very large membrane modules.
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The early demonstration distillation plants utilizing diverse distillation techniques have also made their mark
(see Hollow-fiber membranes). The results were published in more than 1,200 government reports, all in the
public domain, and thousands of professional papers.

The training of many of today’s industrial leaders in desalination technology was supported by these
agencies.

Declaring that water desalination was a mature industry which did not require substantial governmental
support any longer, the federal government stopped this RD&D desalination initiative in 1972, gradually
reduced the annual expenditure for desalination to about $2 × 106 and closed the OWRT in 1982, with funding
for this purpose continuing at this annual level and diminishing somewhat, under the auspices of the U.S.
Geological Survey (USGS) and the Bureau of Reclamation (BuRec).

4.2. United Nations

The U.N. Department of Economic and Social Development; U.N. Children’s Fund (UNICEF); U.N. Development
Program; U.N. Environment Program; the U.N. University; the Economic Commissions for Africa, Europe,
Latin America, and the Caribbean; the Economic and Social Commissions for Asia and the Pacific and Western
Asia; the U.N. Centre for Human Settlements; the U.N. Disaster Relief Coordinator Office; the International
Research and Training Institute for the Advancement of Women; and the World Food Program are all engaged
in addressing water problems. The International Labor Organization, the Food and Agriculture Organization
of the U.N., UNESCO, the World Health Organization, the World Bank, the World Meteorological Organization,
United Nations Industrial Development Organization, and the International Atomic Energy Agency are also
involved. The wide variety of water-related activities conducted by these many organizations is coordinated by
the U.N. Intersecretariat Group for Water Resources, and a summary of them is given in Reference 26.

A milestone event was the United Nations Water Conference held in Mar del Plata, Argentina, in 1977,
which dealt with the integrated planning and development of water resources, reported in the Mar del Plata
Action Plan adopted by the Conference (27). The Action Plan contains a set of resolutions and recommendations
on a wide spectrum of activities in the field of water resources development, covering such questions as as-
sessment of water resources; water use and efficiency, including its development and use for sectoral purposes;
environment, health, and pollution control; policy, planning, administration, and institutional aspects; edu-
cation, training and research; natural hazards and regional and international cooperation. A major outcome
of the conference was the General Assembly Resolution 35/18, which proclaimed the period 1981–1990 the
International Drinking Water Supply and Sanitation Decade, committing member countries of the U.N. to a
substantial improvement in the standards and levels of services in drinking water by 1990.

In 1990 the members of the Intersecretariat Group for Water Resources undertook regional assessments
of the situation concerning key areas of the Mar del Plata Action Plan, in order to formulate a strategy for its
implementation in the decade of the 1990s and beyond (28). Further stock-taking and planning was done at
the International Conference on Water and the Environment—Development Issues for the 21st Century, held
January 26–31, 1992, in Dublin, Ireland (26).

Sound international agreements on the sharing and proper maintenance of water resources are an impor-
tant condition for peaceful coexistence among nations which have geohydrological links. The World Bank’s vice
president for Environmentally Sustained Development was quoted in 1995 to say that “many of the wars in
this century were about oil, but wars of the next century will be over water.” A good example is the negotiations
on the future of water resources coordination in the course of the peace-building process between Israel and
its Arab neighbors, in which the United Nations obviously has a role (29).

Details about the various U.N. water-related activities can be found in References (26–29), as well as in
topical reports published by the United Nations.
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4.3. International Desalination Association

The IDA (formerly IDEA) is the major association specifically devoted to desalination. Beginning in 1976 it
began organizing international congresses in desalination and water reuse. The proceedings of its conferences
have been published (30). It also publishes a trade magazine (31).

4.4. American Desalination Association

The ADA, formerly the National Water Supply Improvement Association (NWSIA), is devoted to water supply
improvement and considers desalination as a major technique. The association publishes a newsletter, ADA
News.

The European Desalination Society, formed recently, is the successor of the European Federation of
Chemical Engineers Working Party on Desalination and Water Technology. The latter organization has held
seven symposia in different parts of the world, and their published proceedings contain much valuable material
(32).

5. Desalination: Manufactured Freshwater

Desalination has been used for providing drinking water on seafaring ships since ancient times (using solar or
fuel heat), and an early reference to the scientific or miraculous conversion by Moses of bitter groundwater to
fresh, viz, “. . . and the Lord showed him a wood and he put it into the water and the water became sweet,” is
made in the Old Testament (33). The possibility of producing freshwater from seawater or brackish water by
separation of the salts opens a new dimension in the supply of freshwater. Areas bordering the sea would have an
available raw material without limit or cost of transportation to the water facility. The successful realization of
desalination by the combined effort of chemists, and chemical, mechanical, and materials engineers, as opposed
to the search for and transport of existing freshwater, gives new hope for adequate water in many, but not all,
cases. Figure 2 shows the remarkable growth of the cumulative contracted capacity of large desalination plants
since 1959, when large-scale, land-based desalination began. As of the end of 1994, a total of 10,300 desalting
plants having a capacity of at least 100 m3/d each, with a total capacity of 19,200,000 m3/d, have been installed
or contracted worldwide (17). This output can easily satisfy the domestic and public (excluding industrial and
irrigation) water needs of at least 50 million people. About two-thirds of these plants are for desalting seawater,
and one-quarter for desalting brackish water. About 70% of the desalted water is for municipal use, 20% for
industrial use, and the remainder is used in the power industry, in discharge treatment, and by the military.
There are more than 1700 companies and institutions involved in water desalination (34).

Cost remains the main stumbling block to desalination procedures, but freshwater is now one of those
materials produced as it is needed. Water has significant differences from other manufactured materials, eg,
the very low value of the commodity and the very large amount of the product needed. Thus, plant costs might
be expected to be high compared to unit sales value of production, and the capital charges for the production
equipment do make up a very large percentage of costs in comparison to other production industries.

Obstacles attend this new solution of the freshwater problem, which magnify those familiar to the chem-
ical engineer in purifying other cheap or worthless raw materials into valuable products by treatment with
chemicals or thermal or electrical energy. These obstacles are quite different from the previous main problem of
water supply, ie, the factor of happenstance in finding a river or lake nearby or of making a fortunate geological
strike.

In many places, the need for desalination is even more urgent than the production of food, which is
limited by water shortages. These shortages exist both in the petroleum-rich countries and in many of the
least-developed and poorest countries of the world. In the case of the former, the improved water supply
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Fig. 2. History of the cumulative water production capacity of all existing and contracted land-based desalting plants
which can each produce at least 100 m3/d of freshwater (17).

obtained through desalination has already had stunning effects; by contrast, little hope for progress is on the
horizon for the poor countries.

Water desalination is a process that separates the water from a saline water solution. The natural wa-
ter cycle is the prevalent, and best, example of water desalination. Ocean waters evaporate as a result of
solar heating and atmospheric influences, the vapor, consisting mostly of freshwater because of the negligible
volatility of the salts at these temperatures, rises buoyantly and condenses into clouds in the cooler atmo-
spheric regions, is transported across the sky by cloud motion, and is eventually deposited back on the earth’s
surface as freshwater rain, snow, and hail. The global freshwater supply from this natural cycle is ample,
but, as mentioned before, many regions on earth do not receive an adequate share. Population growth, rapidly
increasing demand for freshwater, and increasing contamination of the available natural freshwater resources
render water desalination increasingly attractive.

In addition to freshwater, seawater is also a source for sodium, magnesium, chlorides, iodine, bromine,
and magnesium metal (see Sodium compounds; Magnesium compounds; Iodine; Bromine; Magnesium and
magnesium alloys). Many other elements are certain to be economically obtained from the ocean as technology
for the recovery improves.

Many ways are available for separating water from a saline water solution. The oldest and still prevalent
desalination process is distillation. The evaporation of the solution is effected by the addition of heat or by
lowering of its vapor pressure, and condensation of these vapors on a cold surface produces freshwater. The
three dominant distillation processes are multistage flash (MSF), multieffect (ME), and vapor compression (VC).
Until the early 1980s, the MSF process was prevalent for desalination. Now membrane processes, especially
reverse osmosis (RO), are economical enough to have gained about one-third of the market. In all membrane
processes, separation occurs as a result of the selective nature of a membrane’s permeability, which, under the
influence of an external driving force, permits the preferential passage of either water or salt ions, but not both.
The force driving the process may be pressure (as in RO), electric potential (as in electrodialysis, ED), or heat
(as in membrane distillation, MD). A process used for low salinity solutions is the well-known Ion exchange
(IE), in which salt ions are preferentially adsorbed onto a material that has the required selective adsorption
property, and thus reduce the salinity of the water in the solution.

The cost of desalted water is composed of the capital cost of the plant, the cost of the energy needed for the
process, and the costs of operation, maintenance staff, and supplies. In large seawater desalination plants the
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cost of water is about $1.4–2/m3, dropping to less than $1/m3 for desalting brackish water. A methodology for
assessing the economic viability of desalination in comparison with other water supply methods is described
in Reference 34. Desalination plants are relatively simple to operate, and progress toward advanced controls
and automation is gradually reducing operator expenses.

5.1. Minimal Energy Requirements

The relative effect of the cost of the energy on the cost of the freshwater produced depends on local conditions,
and is up to one-half of the total. In attempting to reduce this cost, it is of interest to determine the minimal
energy amount thermodynamically needed for separating the water from the saline solution. The physical
background to this will be introduced in a simple example. Because of the negligible volatility of the salts, the
vapor of an aqueous saline solution is practically pure H2O. It is well known that the vapor pressure of a saline
water solution at a constant temperature decreases as the solution salinity increases. Thus, the vapor pressure
of such a solution is lower than the vapor pressure of pure water at the same temperature. Withdrawal of
this pure water (here in vapor form) from the saline solution to a pure water product storage vessel which is
maintained at the same temperature thus requires pumping of the vapor from the vapor under lower pressure
above the saline solution to the vapor under higher pressure above the pure water. The work needed for that
vapor pumping, assuming a 100%-efficient pump (compressor) and perfectly insulated vessels, is the minimal
energy needed for separating the water from the saline solution.

The effect of salt concentration on the vapor pressure of the solution has its well-known temperature
exposition, called the boiling point elevation. Because the vapor pressure of saline solutions is lower than that
of pure water, their boiling point temperature is higher. The difference between the boiling points is called
the boiling point elevation, which rises with the concentration, and it can thus be seen as the measure of the
extra energy needed for separation, ie, here the required raising of the temperature of the solution by this
amount to attain boiling. Thermodynamically reversible separation defines the minimal energy requirement
for that process. The minimal energy of separation Wmin in such a process is the change in the Gibbs Free
Energy between the beginning and end of the process, �G. The minimal work when the number of moles of the
solution changes from n1 to n2 is thus

Wmin =
∫ n2

n1

(�G) dnW (1)

.
Bromley and co-workers (36) have calculated the minimal energy of separation of water from seawater

containing 3.45 wt % salt, at 25◦C, to be 2.55 kJ/(kg fresh water) for the case of zero fresh water recovery
(infinitesimal concentration change) and 2.91 kJ/(kg fresh water) for the case of 25% fresh water recovery. Wmin
is, however, severalfold smaller than the energy necessary for water desalination in practice.

Improved energy economy can be obtained when desalination plants are integrated with power generation
plants (37, 38). If the power generation part of such a dual-purpose plant is of the Rankine (steam) type, a
back-pressure or extraction turbine is typically used to supply the low pressure and temperature steam as
the heat source for the desalination plant. If the power plant is of the gas-turbine type, the turbine exhaust
gas is typically used as the heat source for a boiler which provides heating steam for the desalination plant.
Diesel engine reject heat, both from the engine coolant and the exhaust can also be used as the heat source
for desalination. Dual-purpose plants lead to important energy savings, but also to increases in capital cost
and complexity of operation. It is important to be able to deal effectively with possible transient mismatches in
power and water demand. Practically all of the operating distillation-type desalination plants with a capacity
above 1000 m3/d are of the dual-purpose type.
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5.2. Materials and Scaling Issues

Two aspects of the basically simple desalination process require special attention. One is the high corrosivity
of seawater, especially pronounced in the higher temperature distillation processes, which requires the use
of corrosion-resistant, and therefore expensive, materials. Typical materials in use are copper–nickel alloys,
stainless steel, titanium, and, at lower temperatures, fiber-reinforced polymers and special concrete composi-
tions (39). It is noteworthy that in quest of a lower initial cost, the use of inadequate materials of construction
in many locations combined with poor operation by virtually untrained hands led to rapid deterioration and
failure of plants long before their estimated design life. Adequate experience suggests by now how to avoid
such failures. The other aspect is scale formation (40, 41), discussed in more detail below.

Obtaining maximum performance from a seawater distillation unit requires minimizing the detrimental
effects of scale formation. The term scale describes deposits of calcium carbonate, magnesium hydroxide, or
calcium sulfate that can form in the brine heater and the heat-recovery condensers. The carbonates and
the hydroxide are conventionally called alkaline scales, and the sulfate, nonalkaline scale. The presence of
bicarbonate, carbonate, and hydroxide ions, the total concentration of which is referred to as the alkalinity of
the seawater, leads to the alkaline scale formation. In seawater, the bicarbonate ions decompose to carbonate
and hydroxide ions, giving most of the alkalinity.

2 HCO−
3 � CO2−

3 + CO2 + H2O

H2O + CO2−
3 � 2 OH− + CO2 (2)

The kinetics of the formation of the magnesium hydroxide and calcium carbonate are functions of the
concentration of the bicarbonate ions, the temperature, and the rate of release of CO2 from the solution. At
temperatures up to 82◦C, CaCO3 predominates, but as the temperature exceeds 93◦C, Mg(OH)2 becomes the
principal scale. Thus, in seawater, there is a considerable tendency for surfaces to scale with an increase in
temperature.

The interrelationship of nonalkaline scales (CaSO4, CaSO4·1/2H2O, CaSO4·2H2O) depends on tempera-
ture and the concentration of CaSO4. To assure that no hemihydrate scale forms, MSF operators must run
their plants in such a manner as to assure that the concentration of the total dissolved solids does not exceed
70,000 ppm at temperatures of 120◦C. With average-salinity seawater, plants can operate at a concentration
factor of 2, but in the Middle East where water salinity can be as high as 50,000 ppm, the concentration factor
should not exceed 1.4. Under no circumstances should the total dissolved solids exceed 70,000 ppm, ie, twice
the concentration of normal seawater at 120◦C.

A number of options for controlling scale formation are used in plant operations around the world. One
approach is use of mechanical means, including thermal shock. Although rare today (ca 1997), this practice
can be found in use with the few obsolete submerged tube evaporators.

Another approach, the so-called seeding technique, provides preferential sites for the nucleation of scale,
which permits the heat-transfer surfaces to remain clean of scale. Extensive studies of this technique have
been conducted, and field use was reported in the former USSR as early as the mid-1960s (42). The use of
ion-exchange methods is another possible approach. For calcium, the exchange can be represented as

2 RNa + Ca2+ −→ R2Ca + 2 Na+ (3)

Magnesium can be exchanged in a similar fashion. To date, cost considerations have prevented the use of ion
exchange for scale control.
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Another approach is the use of polyphosphate-based blends including proprietary chemicals. The exact
mechanism of the observed effect is not completely understood. In the polyphosphate mode of operation, the
polyphosphate is dosed in quantities of 2–5 ppm; periodically, sludge resulting from phosphate treatments is
removed by acid cleaning (see Dispersants).

In another option, the hydrogen ion from added acid decomposes the bicarbonate ions.

HCO−
3 + H+ −→ CO2↑ + H2O (4)

About 120 ppm of sulfuric acid must be provided for normal seawater. Control of acid dosing is critical; the
amount of acid must be stoichiometric to the alkalinity expressed as CaCO3. In conjunction with acid dosing,
the CO2 formed must be removed and some sodium hydroxide added to maintain ca pH 8 in the system.
Alternatively, less than-stoichiometric amounts of acid can be added to retain some alkalinity in the untreated
feed; in either case, CO2 removal is done with packed columns. Acid-dosed feed is passed through a column
with air flow that sweeps the CO2 from the feed saturated with carbon dioxide. This is usually followed by a
deaeration, during which both the air and CO2 are reduced to the levels needed to minimize, if not eliminate,
corrosion. Although acid-dosing does permit higher operating temperatures, it often has had a devastating
effect on plant life.

The option most promising today involves use of a new family of polymers, the so-called high tempera-
ture scale-control chemicals. These are compounds that, added in 3–8 ppm, lead to lattice distortion and the
formation of a nonadhering scale. Belgard (CIBA-GEIGY) was the first compound exemplifying this type of
MSF operation, which is now steadily displacing acid in the operation of MSF plants around the world, with
important contribution to plant life (43) (see Dispersants).

While the ambient-temperature operation of membrane processes reduces scaling, membranes are much
more susceptible not only to minute amounts of scaling or even dirt, but also to the presence of certain
salts and other compounds that reduce their ability to separate salt from water. To reduce corrosion, scaling,
and other problems, the water to be desalted is pretreated. The pretreatment consists of filtration, and may
include removal of air (deaeration), removal of CO2 (decarbonation), and selective removal of scale-forming
salts (softening). It also includes the addition of chemicals that allow operation without scale deposition, or
which retard scale deposition or cause the precipitation of scale which does not adhere to solid surfaces, and
that prevent foam formation during the desalination process.

Saline waters, including seawater, contain, besides a variety of inorganic salts, also organic materials and
various particles. They differ in composition from site to site, and also change with time as a result of both
natural and human causes. Design and operation of desalination plants requires good knowledge of the saline
water composition and properties (41, 44).

5.3. Desalination Plant Security

Ingestion into the plant of saline water feed which has been contaminated by undesirable components may not
only impair product water quality, but also impair or incapacitate the plant for future operation. Membrane-
based desalination plants are exceptionally sensitive to such damage. One of the obvious contaminants, espe-
cially in the oil-producing countries, is spilled oil. Heavy metals, detergents and other undesirable components
which increasingly pollute the seas and oceans must be kept out of the plant intakes. Screens, filters, and oil
booms are commonly used for protecting the plant intake. The latter have been especially appreciated during
the Gulf War, in which the Iraqi forces intentionally dumped oil into the Gulf in order to incapacitate the
desalination plants of the Gulf countries. Contamination also arose from their firing of the Kuwaiti oil wells
and destruction of the water treatment facilities which released large amounts of sewage into the Gulf. As
described in (43, 44) they have also engaged in massive destruction of the Kuwaiti desalination and power
plants.
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Because of the vulnerability of desalination plants to damage which may arise from poor regional man-
agement, accidents, war, and terrorism, and the consequent severe impact on the water supply of countries
which primarily depend on desalination, it is vitally important (1) to design the plant with robust safeguards
against ingestion of undesirably contaminated saline water, (2) to ensure that regional resources’ management
prevents such contamination, (3) to provide for adequate freshwater storage, and (4) to provide adequate plant
security.

6. The Major Desalination Processes

The major water desalination processes that are currently in use or in advanced research stages are described
herein. Information on detailed modeling can be found in the literature cited. The major texts on water
desalination written since the 1980s are those by Spiegler and Laird (47), Khan (48), which contains many
practical design aspects, Lior (49) on the measurements and control aspects, Heitman (40) on pretreatment and
chemistry aspects, and Spiegler and El-Sayed (50), an overview primer. Extensive data sources are provided
in References 39 and 51.

7. Distillation Processes

7.1. Multistage Flash Evaporation (MSF)

Almost all of the large desalination plants use the MSF process shown schematically in Figure 3. A photograph
of a modern operating plant is shown in Figure 4. The seawater feed is preheated by internal heat recovery
from condensing water vapor during passage through a series of stages, and then heated to its top temperature
by steam generated by an external heat source. The hot seawater then flows as a horizontal free-surface
stream through a series of stages, created by vertical walls which separate the vapor space of each stage
from the others. These walls allow the vapor space of each stage to be maintained at a different pressure,
which is gradually decreased along the flow path as a result of the gradually decreasing temperature in
the condenser/seawater-preheater installed above the free stream. The seawater is superheated by a few ◦C
relative to the vapor pressure in each stage it enters, and consequently evaporates in each stage along its
flow path. The latent heat of the evaporation is supplied by equivalent reduction of the sensible heat of the
evaporating water, resulting in a gradual lowering of the stream temperature. The evaporation is vigorous,
causing intensive bubble generation and growth with accompanying stream turbulence, a process known as
flash evaporation (52–54). One of the primary advantages of the MSF process is the fact that evaporation
occurs from the saline water stream and not, as in other distillation processes such as submerged tube and
multiple-effect evaporation, on heated surfaces, where evaporation typically causes scale deposition and thus
gradual impairment of heat-transfer rates. Also, the fact that the sensible heat of water is much smaller
than its latent heat of evaporation, the specific heat cp = 4.182 kJ/kg per ◦C change of water temperature
vs hfg = 2378 kJ/kg, respectively, and that the top temperature is limited by considerations of scaling and
corrosion, dictate the requirement for a very large flow rate of the evaporating stream. For example, (in the
following subscripts b, d, and s refer to distillate, brine, and steam, respectively) in operating between a typical
top temperature Tb,t of 90◦C at the inlet to the evaporator and an exit temperature Tb,e of 40◦C corresponding
to the ambient conditions, the overall temperature drop of the evaporating stream is 50◦C. Using these values,
the heat balance between the sensible heat of the water stream, flowing at a mass flow rate mb, and the latent
heat needed for generating water vapor (distillate) at a mass flow rate md is

(ṁb − ṁd) cp
(
Tb,t − Tb,e

) ≈ ṁdhfg (5)
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Fig. 3. Schematic flow and temperature diagram of the multistage flash (MSF) process for a recirculation type plant.

which yields the brine-to-product mass flow ratio as

ṁb

ṁd
=

hfg

cp
(
Tb,t − Tb,e

) + 1 =
2378

(4.182) (50)
+ 1 = 12.37 (6)

Therefore, 12.37 kg saline water are needed in this case to produce 1 kg distillate. This high flow rate incurs
corresponding pumping equipment and energy expenses, sluggish system dynamics, and, because the stream
level depth is limited to about 0.3–0.5 m for best evaporation rates, also requires large evaporator vessels with
their associated expense.

The generated water vapor rises through a screen (demister) placed to remove entrained saline water
droplets. Rising further, it then condenses on the condenser tube bank, and internal heat recovery is achieved
by transferring its heat of condensation to the seawater feed that is thus being preheated. This internal heat
recovery is another of the primary advantages of the MSF process. The energy performance of distillation
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Fig. 4. The 341,000-m3/d multistage flash (MSF) evaporation desalination plant Al Taweelah B in Abu Dhabi, United
Arab Emirates. Courtesy of Italimpianti SpA. It is a dual-purpose plant, composed of six identical power and desalination
units. The desalination units at 56,800 m3/d each are currently (1997) the largest in the world. They have 17 recovery and
3 reject stages and a Performance Ratio of 8:1. The plant also produces 732 MWe of power.

plants is often evaluated by the performance ratio, PR, typically defined as

PR ≡ ṁd

ṁs
(7)

where m˙s is the mass flow rate of heating steam. Since the latent heat of evaporation is almost the same for
the distillate and the heating steam, PR is also the ratio of the heat energy needed for producing one unit
mass of product (distillate) to the external heat actually used for that purpose. Most of the heating of the brine
stream to the top temperature Tb,t is by internal heat recovery, and as seen in Figure 3, the external heat input
is only the amount of heat needed to elevate the temperature of the preheated brine from its exit from the
hottest stage at Tb,2 to Tb,t.

Assuming for simplification that the temperature drop of the flashing brine, �Tb, is the same in each
stage and that the specific and latent heat of the brine remains the same throughout the plant, the relationship
between the number of stages, n, and the performance ratio is expressed by

PR =
1

LTD
Tb,t−Tb,e

+ 1
n

(8)

where LTD is the lowest temperature difference between the flashed vapor and the heated feedwater, in each
stage (Fig. 3). Equation 8 shows that increasing the number of stages increases the PR. This implies that more
heat is then recovered internally, which would thus require a larger condenser/brine-preheater heat-transfer
area. The required heat transfer area, A, per unit mass of distillate produced for the entire heat recovery
section (composed of nrec stages), and taking average values of the overall vapor-to-feedwater heat transfer
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coefficient U and LMTD per stage, is

A =
hb, fg

U (LMTD)
(9)

where hb,fg is the average latent heat of evaporation of the flashing brine, LMTD, the log-mean temperature
difference between the vapor condensing on the tubes and the heated brine flowing inside the tubes, for an
average stage defined as

LMTD =
GTD − LTD

ln GTD
LTD

=

(
Tb,t − Tb,2

) − LTD

ln
(

Tb,t−Tb,2
LTD

) (10)

where GTD is the greatest temperature difference between the flashing brine and the brine heated in the
condenser. The size of the heat transfer area per unit mass of distillate produced by the plant is

A =
hfg,b

U
nrec(

Tb,t − Tb,e
) ln

(
nrec

nrec − PR

)
(11)

Examination of this equation will show that the required heat transfer area for the heat recovery section per
unit mass of distillate produced, A, increases significantly when PR is increased, and decreases slightly as the
number of heat recovery stage, nrec, is increased.

The MSF plant shown in Figure 3 is of the recirculation type, where not all of the brine stream emerging
from the last evaporation stage is discharged from the plant, as it would have been in a once-through type of
plant. A fraction of the emerging brine is mixed with pretreated seawater and recirculated into the condenser
of the heat-recovery section of the plant. Because only a fraction of the entire stream in this configuration is
new seawater, which needs to be pretreated (removal of air and CO2, ie, deaeration and decarbonation, and the
addition of chemicals that reduce scale deposition, corrosion and foaming), the overall process cost is reduced.
The recirculation plant is also easier to control than the once-through type.

Whereas most of the energy exchange in the plant is internal, steady-state operation requires that energy
in an amount equal to all external energy input also be discharged from the plant. Consequently, the heat
supplied in the brine heater plus any pumping energy is discharged in the heat-rejection stages section of the
plant (Fig. 3). Assuming, for purposes of estimation, an equal temperature drop in each stage and that the
pumping energy can be neglected relative to the heat input in the brine heater indicates that the ratio of the
number of the heat-recovery to heat-rejection stages is approximately equal to the performance ratio PR.

Further detail about MSF desalination can be found in References (48, 55), and 56. A detailed design of
an MSF plant producing 9,500 m3/d gallons of fresh water per day was published by the U.S. government (57).

7.2. Multi-Effect Distillation (ME)

The principle of the multi-effect (ME) distillation process is that the latent heat of condensation of the vapor
generated in one effect is used to generate vapor in the next effect, thus obtaining internal heat recovery
and good energy efficiency. Such plants have been used for many years in the salt, sugar, and other process
industries. Several ME plant configurations, most prominently the horizontal tube multi-effect (HTME) (Fig.
5) and the vertical tube evaporator (VTE), shown schematically in Figure 6, are in use. In the HTME, vapor
is circulated through a horizontal tube bundle, which is subjected to an external spray of somewhat colder
saline water. The vapor flowing in these spray-cooled tubes condenses, and the latent heat of condensation
is transferred through the tube wall to the saline water spray striking the exterior of the tube, causing it to
evaporate. The vapor generated thereby flows into the tubes in the next effect, and the process is repeated
from effect to effect. A low temperature multi-effect distillation plant developed to operate at an upper limit
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Fig. 5. A horizontal-tube multi-effect (HTME) desalination unit, producing 5000 m3/d in St. Croix, U.S. Virgin Islands.
Courtesy of I.D.E. Technologies Ltd.

Fig. 6. Simplified schematic flow diagram of a typical 4-effect vertical-tube multi-effect (VTE) desalination plant, where (—
) represents brine, (− �− ) represents vapor, (− − − − ) represents condensate, denotes pretreatment, elements enclosed
by a cylinder-like shape constitute an effect, and � s represent pumps.

of 70◦C, illustrated in Figure 5, has a low fuel consumption, estimated by the manufacturer at 2.4–2.8 kg fuel
per 1000 m3, and lower capital cost because the whole plant is built of aluminum (58). Many such plants have
been installed and operated successfully.

In the vertical tube multi-effect evaporator (VTE), the saline water typically flows downward inside
vertical tubes, and evaporates as a result of condensation of vapor coming from a higher temperature effect, on
the tube exterior. While internal heat recovery is a feature common to both MSF and ME processes, there are
at least three important differences between them. One is that evaporation in the ME process occurs on the
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heat-transfer surfaces (tubes), whereas in the MSF process it takes place in the free stream. This makes the
ME process much more susceptible to scale formation. At the same time, the heat-transfer coefficient between
the vapor and the preheated brine is lower in the MSF process because the heated brine does not boil. In the
ME process it does boil, and it is well known that boiling heat-transfer coefficients are significantly higher
than those where the heating does not result in boiling. In using direct transfer of latent heat of condensation
to latent heat of evaporation, instead of sensible heat reduction to latent heat of evaporation as in MSF, the
ME process requires a much smaller brine flow than the MSF. Limiting brine concentration in the last effect
to about three times that of the entering seawater, for example, requires a brine flow of only about 1.5 times
that of the distillate produced. At the same time, a pump (although much smaller than the two pumps needed
in MSF) is needed for each effect.

The performance ratio of ME plants is just slightly lower than the number of effects, which is determined
as an optimized compromise between energy efficiency and capital cost. Six effects are typical, although plants
with as many as 18 effects have been built. Further detail about ME desalination can be found in (56, 59).

7.3. Vapor Compression Distillation (VC)

The vapor pressure of saline water is lower than that of pure water at the same temperature, the pressure
difference being proportional to the boiling point elevation of the saline water. Desalination is attained by
evaporating the saline water and condensing the vapor on top of the pure water. Therefore, the pressure of the
saline water vapor must be raised by the magnitude of that pressure difference, plus some additional amount
to compensate for various losses. This is the principle governing the vapor compression desalination method.
Moreover, as shown in the VC plant flow diagram in Figure 7, the heat of condensation of the compressed
vapor is recovered internally by using it to evaporate the saline water. Additional heat recovery is obtained by
transferring heat from the concentrated brine effluent and the produced fresh water (which need to be cooled
down to as close to ambient conditions as possible anyway) to the feed saline water, which is thus preheated.
The schematic flow diagram in Figure 7 shows a design in which the preheated seawater is sprayed onto a bank
of horizontal tubes carrying condensing compressed vapor at a temperature higher than that of the seawater.
The spray thus evaporates on contact with the exterior of the tube and provides the cooling needed for the
internal condensation. Considering the fact that the energy required for vapor compression over a typical
overall temperature difference of 4◦C and a vapor compressor efficiency of 0.8 is 34 kJ/kg (easily calculated
from an enthalpy balance), and that the latent heat of condensation is about 2400 kJ/kg, one can see that a
small amount of compression energy enables a large amount of heat to be used internally for desalination. One
can thus envisage the VC plant as a large flywheel, wheeling a large amount of energy around at the expense
of a small amount needed for sustaining its motion.

The compressor can be driven by electric motors, gas or steam turbines, or internal combustion (usually
diesel) engines. The compressor can also be a steam-driven ejector (Fig. 7b), which improves plant reliability
because of its simplicity and absence of moving parts, but also reduces its efficiency because an ejector is less
efficient than a mechanical compressor. In all of the thermally driven devices, turbines, engines, and the ejector
mentioned herein, the exhaust heat can be used for process efficiency improvement, or for desalination by an
additional distillation plant. Figure 8 shows a flow diagram of the vertical-tube vapor compression process.

Figure 9 shows a multi-effect VC plant. Using more than a single effect reduces the vapor volume that
needs to be compressed. Moreover, the overall required heat-transfer area is also decreased because much of
the single-phase heat-transfer process in the preheater of the single-effect plant is replaced by the high heat-
transfer condensation–evaporation processes in the effects. Although the multi-effect feature also increases
the required compression ratio, the cost of produced water is reduced overall. An operating two-stage 700-m3/d
VC brine concentration plant is shown in Figure 10.
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Fig. 7. Schematic flow diagram of a basic horizontal-tube vapor compression (VC) desalination plant, shown (a) with a
mechanical, motor-driven compressor and (b) with a thermocompressor, using an ejector, where (−·−·) represents vapor;
(—), brine; and (− − − − ), product.

VC plants are of small (<4, 000 m3/d) capacity and relatively high energy efficiency, the latter depending
on the number of effects incorporated, eg, a two-effect plant had an energy use of 57 kJ per kg water produced.
Further detail about VC desalination can be found in References (48, 55, 56), and 60.

7.4. Freeze-Desalination

It is rather well known that freezing of saline water solutions is an effective separation process in that it
generates ice crystals which are essentially salt-free, surrounded by a more salt-concentrated solution. This
phenomenon has significant underlying appeal for its use as a water desalination process: (1) compared with
distillation, which requires sensible heating of the saline water from an ambient temperature of, eg, 25◦C to
about 100◦C, a 75◦C rise, freezing needs cooling by only about 25◦C to the freezing point; (2) in distillation, a
latent heat investment of about 2400 kJ/kg is needed for generating the pure water vapor, whereas the latent
heat of freezing is only about 333 kJ/kg, almost 8-fold smaller; (3) operation at freezing temperatures reduces
the problems of corrosion and scaling significantly; and (4) the low temperature also allows the use of less
expensive construction materials.



24 WATER, SUPPLY AND DESALINATION

Fig. 8. Pictorial view (a) and flow diagram (b) for a vertical-tube vapor-compression process. Courtesy of Resources
Conservation Co.

Cooling to the freezing point can be attained by using a mechanically or thermally driven refrigeration
process where a refrigerant is cooled down and used to withdraw heat from the saline water, a process known
as secondary refrigerant direct or indirect freezing. Another way, shown in Figure 11, is by using the water
itself as the refrigerant in the direct freezing process (61). Pretreated and deaerated seawater is precooled
in a heat exchanger, where the product and blow-down brine are thus heated to ambient temperature. The
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Fig. 9. Schematic flow diagram of a multi-effect vapor-compression submerged-tube desalination plant with three effects,
where (−·−· ) represents vapor; (—), brine; and (− − − − ), product.

cooled seawater then enters a vacuum chamber, ∼500 Pa , in which the pressure is below that corresponding
to saturation. The seawater therefore flashes there into vapor, just like the phenomenon in a stage of a multi-
stage flash evaporation plant. All of the latent heat of evaporation is obtained from the sensible heat of the
solution, thus reducing its temperature significantly and causing it to freeze into freshwater crystals. The
freezing point of saline water is depressed to below that of freshwater to a degree proportional to the salt
concentration. The concentration in the crystallizer is about twice that of raw seawater, and the freezing point
is then about −3.8◦C. To condense the vapor, also composed of freshwater, it is compressed to a pressure that
is high enough to allow its condensation on the formed ice, ie, corresponding approximately to that at the
saturation temperature of pure water, 0◦C.

The ice crystals must be separated from the saline solution surrounding them, and washed with fresh-
water. This is accomplished by a downward countercurrent flow of a small amount of freshwater through the
ice slurry in the washer–melter unit. Keeping that unit at about 0◦C limits the needed pressure rise by the
compressor to only about 130–260 Pa, and an auxiliary refrigerator is often used to compensate for heat gains
from the ambient and the compression.

In principle, freeze-desalination is perhaps the most energy-efficient desalination process, but it has not
yet (ca 1997) reached commercial introduction for several reasons, such as the difficulty in developing efficient
and economical compressors for vapor having the extremely high specific volume at the low process pressure,
and difficulties in maintaining the vacuum system leak-free and in effecting reliable washing of the ice crystals.
A review of freeze desalination processes is given in Reference 62.
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Fig. 10. A two-stage 700-m3/d VC brine concentration plant.(Courtesy of I.D.E. Technologies Ltd.)

8. Membrane Separation Processes

8.1. Reverse Osmosis (RO)

The reverse osmosis process may be introduced by comparing it to the well-known process of filtration, which
separates particulate matter from a fluid by applying pressure to the fluid and passing it through a porous
membrane. Here particles larger than the pore size remain on the upstream side of the membrane and the fluid
cleaned thereby flows to its downstream side. Semipermeable, very dense membranes that actually separate
salt molecules (ions) from the water, by similarly keeping the salt on the upstream side and allowing the
pressurized pure water to flow through the membrane, were developed in the late 1950s and early 1960s. The
reverse of this process, osmosis, is well known. For example, if a membrane is placed to separate water from
an aqueous salt solution, and the membrane is semipermeable (here meaning that it permits transfer of water
only, not the salt components in the aqueous solution) the water will naturally migrate through this membrane
into the salt solution until the thermodynamic potentials are balanced. Osmosis is, for example, the major
mass transport phenomenon across living cells. The driving force for this water flux is the thermodynamic
potential difference, proportional to the concentration difference between the two sides of the membrane, and
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Fig. 11. Flow diagram of the vacuum-freeze (direct) vapor-compression desalination process.

is exhibited as the so-called osmotic pressure. For typical seawater at 25◦C, the osmotic pressure is higher by
2.51 MPa on the freshwater side of the membrane. If a pressure higher than the osmotic pressure is applied
to the concentrated solution side of the membrane, the water will move across the membrane in the reverse
direction, from the saline solution side to the pure water one. This process is called reverse osmosis (and
sometimes hyperfiltration), and is the basic principle underlying reverse-osmosis desalination.

Unlike filtration of particulates, the selective filtration of the water in reverse osmosis is not the result
of the relationship of the membrane pore size to the relative sizes of the salt and water molecules. One way
to view the process is that the very thin active surface layer of the membrane forms hydrogen bonds with
water molecules and thus makes them unavailable for dissolving salt. Salt thus cannot penetrate through that
layer. Water molecules approaching that pure water layer are, however, transported through it by forming such
hydrogen bonds with it and in that process displacing water molecules that were previously hydrogen-bonded
at these sites. The displaced water molecules then move by the forces of the hydraulic pressure difference
through the pores of the remainder of the membrane, emerging at its other side. Several other mechanisms for
explaining and modeling RO transport exist in the literature (63–67). It is noteworthy that RO also separates
small-molecule organic solutes from the water.

The prevalent membrane configurations used in RO plants are of the spiral-wound and hollow fiber types.
The basic spiral-wound-type module (Fig. 12a) is made of two sheets placed upon each other and rolled together
in a spiral around a cylindrical perforated tube. One of the sheets is in the form of a sandwich typically composed
of five layers bonded together along three edges. The two outer layers are the semipermeable membranes. Each
of them is backed by a porous material layer for mechanical strength, and the central layer is a thicker porous
material layer that collects and transports the produced fresh water. The second sheet is a porous mesh spacer
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Fig. 12. A spiral-wound reverse osmosis membrane element: (a) schematic depiction; (b) cross section of a spiral-wound
thin-film composite RO Filmtec membrane element (40% conversion). Courtesy of Dow Chemical Co.

through which the high-pressure saline water feed is passed in an axial direction. Product water separates
from the saline solution and permeates through the two adjacent semipermeable membranes into the central
product-water carrying layer, which conducts it spirally to the unbonded edge of the sandwich to the central
perforated tube. The semipermeable membranes are typically made from cellulose acetate, and more recently
have been made from composites of polyamide polymers on polysulfone support membranes. Fig. 12b shows a
version of a contemporary commercial element of that type.

Hollow-fiber modules have a configuration similar to a shell-and-tube heat exchanger, with the fibers
taking the place of the tubes. A very large number of typically 25–250 µm outside-diameter semipermeable
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Fig. 13. A hollow-fiber reverse osmosis membrane element. Courtesy of DuPont Permasep. In this twin design, the
feedwater is fed under pressure into a central distributor tube where half the water is forced out radially through the first,
ie, left-hand, fiber bundle and thus desalted. The remaining portion of the feedwater flows through the interconnector to
an annular feed tube of the second, ie, right-hand, fiber bundle. As in the first bundle, the pressurized feedwater is forced
out radially and desalted. The product water flows through the hollow fibers, collects at each end of the element, and exits
there. The concentrated brine from both bundles flows through the concentric tube in the center of the second bundle and
exits the element on the right.

hollow fibers (wall thickness typically 5–50 µm) are bundled together and placed in a saline water-pressure
vessel. The hollow core of each fiber is sealed on one end. The pressurized saline water is brought into the
module through a central porous feed tube (Fig. 13) to circulate on the exterior surface of the fibers, and water
permeates through the fiber wall into its hollow core, through which it flows to a permeate collection manifold
at the open end of the fiber bundle. The increasingly concentrated saline water flows radially and is discharged
at the exterior shell of the bundle. The hollow fibers are typically made of polyamide or cellulose triacetate,
and offer about 20-fold more surface (separation) area per unit volume than the spiral-wound configuration.

The basic approximate equation for the separation process gives the water flux, ṁ′′
w (kg/m2/s) across an

RO membrane, in the absence of fouling, as

ṁ′′
w = Kpe Kcf

[(
Pf − Pp

) − (
π f − πp

)]
(12)

where Kpe = the water permeability constant of the membrane (in kg/m2/s·Pa), typically increasing strongly
as the temperature rises: a plant designed to operate at 20◦C may produce up to 24% more water if the water
temperature is 28◦C; Kcf = the Compaction Correction Factor (dimensionless) which corrects for the fact that
the flux is reduced as a result of densification of the barrier layer (a phenomenon similar to creep) of the
membrane, and which increases with the operating pressure and temperature. It is often calculated by the
relationship

Kcf = BC (T) C (P) C (t) (13)

where B is a constant, C(T) represents the temperature dependence of the compaction correction factor for the
particular membrane of interest;C(P) represents its pressure dependence: whereas a higher pressure difference
across the membrane is shown in equation 12 to increase the water flux, higher feed pressure, (Pf ), also tends
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to compact the membrane and thus reduce its water flux, typically according to

C (P) = Pn
f (14)

where n is a negative number, and where the time dependence C(t) is represented by

Ccf = tm (15)

where t is the operating time (eg, in days) and m is a negative number depending on the membrane; P = water
or saline solution pressure (in Pa); π = osmotic pressure (in Pa); and the subscripts f and p pertain to the saline
feed water and to the desalted product water, respectively.

The required membrane area A can be estimated by

A =
ṁp

ṁ′′
p f

(16)

where m˙p is the freshwater mass-production rate of the plant, and f (0 < f ≤ 1.0) is the area utilization factor
that corrects for the fact that the membrane surface is incompletely in contact with the saline water feed
stream owing to the porous mesh and other devices, such as turbulence promoters, placed in the feed stream
path; in a good design f < 0.9.

Examination of equation 12 shows that water separation rate increases with the Water Permeability
Constant Kpe. Unfortunately, the salt flux across the membrane also does, resulting in a more salty product.
An approximation for this salt flow is

ṁs = KKs
(
C f m − Cp

)
(17)

where ṁs = salt mass transfer rate across the membrane, kg/s; K = a proportionality constant, dimensionless;
Ks = the salt permeation constant, kg/s, which increases with pressure and temperature.

The salinity of the product water, Cp, can be estimated by the formula

Cp = Kcp (1 − η) C (18)

where Kcp = the concentration polarization coefficient, ≡ C f m/C , a measure of the increase of the feedwater
salinity at the membrane wall beyond that of the bulk solution; C f m = the the salt concentration at the
membrane wall; C = the bulksalinity of the saline water feed, ≈ (C f + Cr)/2 , where Cr = the salt concentration
of the reject brine; and η = the salt rejection factor, ≡ (amount of salts rejected by the membrane)/(amount of
salts in the brine feed).

The pressure to be used for reverse osmosis depends on the salinity of the feedwater, the type of membrane,
and the desired product purity. It ranges from about 1.5 MPa for low feed concentrations or high flux membranes,
through 2.5–4 MPa for brackish waters, and to 6–8.4 MPa for seawater desalination. In desalination of brackish
or sea water, typical product water fluxes through spiral-wound membranes are about 600–800 kg/m2/d at a
recovery ratio RR of 15% and an average salt rejection of 99.5%, where

RR =
ṁp

ṁf

∼= 1 − C f

Cr
(19)

The fluxes in hollow-fiber membranes used in seawater desalination are 20–30-fold smaller, but the overall
RO system size does not increase because the hollow-fiber membranes have a much larger surface area per
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module unit volume. In use with seawater, their RR is about 12–17.5% and the salt rejection ratio is up to
99.5%.

Because the concentrated reject brine is still at high pressure, it is possible to recover energy by passing
this brine through hydraulic turbines and thus reduce the overall energy consumption by up to 20%. The
energy requirements of seawater RO desalination plants with energy recovery are about 5–9 kWh, or 18–33
MJ, of mechanical or electric power per m3 fresh water produced. In comparison, the MSF desalination process
requires about 120–280 MJ of heat and about 15 MJ of mechanical/electric power (for pumping and auxiliaries)
per m3. The energy requirement of the RO process is thus smaller than that of the MSF process even if the
RO energy requirement is multiplied by the thermal-to-mechanical (or electrical) power conversion factor of
3–4. The specific exergy (or availability, the thermodynamic potential of useful work) consumption of the MSF
process using 120◦C steam is about 2–3-fold higher than that of the RO process, but becomes comparable in
magnitude if the steam temperature is lowered to 80◦C.

The life of membranes is affected by gradual chemical decomposition or change. For example, cellulose
acetate membranes hydrolyze with time. The rate of hydrolysis has a steep minimum at a solution pH of
4.5–5.0, and increases drastically with temperature.

Membranes are very susceptible to fouling by solids (soil, sand, colloids, precipitated salts and corrosion
products, and microbial growth) and to deterioration in their selectivity caused by various species present
in the saline water. Very careful pretreatment of the feedwater is therefore necessary. It typically consists
of clarification, filtration, chlorination for destroying organic matter and microorganisms, removal of excess
chlorine to prevent membrane oxidation, and dosing with additives to prevent calcium sulfate scaling and
foam formation. Periodical chemical or mechanical cleaning is also necessary. Pretreatment and cleaning are
significant and increasing fractions of the RO plant capital and operating costs.

The plant scheme shown in Figure 14a is generally used in brackish-water conversion; that in Figure 14b
is utilized in seawater-conversion plants.

Further detail about RO desalination can be found in References (60–64).

8.2. Electrodialysis

In electrodialysis (ED), the saline solution is placed between two membranes, one permeable to cations only
and the other to anions only. A direct electrical current is passed across this system by means of two electrodes,
causing the cations in the saline solution to move toward the cathode, and the anions to the anode. As shown
in Figure 15, the anions can only leave one compartment in their travel to the anode, because a membrane
separating them from the anode is permeable to them. Cations are both excluded from one compartment and
concentrated in the compartment toward the cathode. This reduces the salt concentration in some compart-
ments, and increases it in others. Tens to hundreds of such compartments are stacked together in practical
ED plants, leading to the creation of alternating compartments of fresh and salt-concentrated water. ED is a
continuous-flow process, where saline feed is continuously fed into all compartments and the product water and
concentrated brine flow out of alternate compartments. The flow along the membranes also improves the mass
transport there, and the separators between the membranes are constructed to provide good flow distribution
and mixing on the membrane surfaces. Membrane sizes are often about 0.5 × 1 m, spaced about 1 mm apart.
Many types of polymers are used to manufacture these ion-exchange-selective membranes, which are often
reinforced by strong fabrics made of other polymers or glass fibers.

Since membrane fouling could quickly render the system inefficient, very careful and thorough feedwater
pretreatment similar to that described in the section on RO, is required. Some pretreatment needs, and
operational problems of scaling are diminished in the electrodialysis reversal (EDR) process, in which the
electric current flow direction is periodically (eg, 3–4 times/h) reversed, with simultaneous switching of the
water-flow connections. This also reverses the salt concentration buildup at the membrane and electrode
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Fig. 14. Reverse osmosis plant configurations. (a) A single-stage RO plant configuration with parallel membrane assem-
blies, with some typical operational parameters given. (b) A multistage RO plant configuration with reject staging. This
configuration is referred to as having a cascade, tapered, or pyramid configuration. Two stages are shown here; three-stage
units, with recoveries of 85–90%, are also used.

surfaces, and prevents concentrations that cause the precipitation of salts and scale deposition. A schematic
and photograph of a typical ED plant are shown in Figure 16.

The voltage used for electrodialysis is about 1 V per membrane pair, and the current flux is of the order of
100 A/m2 of membrane surface. The total power requirement increases with the feedwater salt concentration,
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Fig. 15. Ion movements in the electrodialysis process. Courtesy U.S. Agency for International Development. (a) Many of
the substances which make up the total dissolved solids in brackish water are strong electrolytes. When dissolved in water,
they ionize; ie, the compounds dissociate into ions which carry an electric charge. Typical of the ions in brackish water
are Cl− , Na+, HCO−

3 , Mg2+ , SO2−
4 , and Ca2+. These ions tend to attract the dipolar water molecules and to be diffused, in time,

fairly evenly throughout a solution. (b) If two electrodes are placed in a solution of ions, and energized by a battery or other
direct-current source, the current is carried through the solution by the charged particles and the ions tend to migrate to
the electrode of the opposite charge. (c) If, alternatively, fixed-charge membranes, which are selectively permeable to ions of
the opposite charge, are placed in the path of the migrating ions, the ions are trapped between the alternate cells formed. A
positively fixed-charge (anionic) membrane allows negative ions to pass but repels positive ions. A negatively fixed-charge
(cationic) membrane allows positive ions to pass, but repels negative ions. (d) If this continues, almost all the ions become
trapped in the alternate cells, which lack ions, have a lower level of dissolved constituents, and have a high resistance to
current flow. (e) The phenomenon illustrated above is used in electrodialysis to remove ions from incoming saline water on
a continuous basis. Feedwater enters both the concentrate and product cells. Up to about half of the ions in the product
cells migrate and are trapped in the concentrate cells. Two streams emerge from the device: one of concentrated brine and
the other with a much lower concentration of dissolved solids (product water).

amounting to about 10 MW per m3 product water per 1000 ppm reduction in salinity. About half this power is
required for separation and half for pumping. Many plant flow arrangements exist, and their description can
be found, along with other details about the process, in References 68 and 69. Many ED plants, as large as
15,000 m3/d, are in operation, reducing brackish water concentration typically by a factor of 3–4.
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Fig. 16. Schematic (a) and basic components (b) of an electrodialysis unit.(Courtesy of Ionics.)

9. Solar Desalination

The benefits of using the nonpolluting and inexhaustible energy of the sun for water desalination are obvious.
Furthermore, many water-poor regions also have a relatively high solar flux for a large fraction of the time.
The major impediment to the use of solar energy is economical: the diffuse nature of solar energy, even at its
highest, dictates the need for constructing a large solar energy collection area. For example, typical annually
averaged solar energy inputs in sunny regions range from 17–23 MJ/m2/d. The latent heat of evaporation of
water is about 2.407 MJ/kg at 40◦C, and assuming a single-effect solar still efficiency of 50% (which is the upper
practical limit for conventional designs), the still would produce at most about 3.5–4.8 (kg fresh water)/m2/d,
or a 208–286-m2 solar still would be required to produce 1 m3 of fresh water per day. More realistic still
efficiences reduce the production rate to about 2 (kg fresh water)/m2/d and increase the still area requirement
for producing 1 m3 of fresh water per day to about 500 m2. Consequently, whereas the energy input for solar
desalination is free, the capital investment may be high and thus the cost of solar-desalted water may be higher
than that of water desalted by processes which indeed require nonfree energy input (such as fuel) but have
lower capital costs. Solar desalination technology is mature and reliable, and thus becomes competitive with
other desalination processes in regions or circumstances where the solar energy input and cost of fuel or of
environmental penalties of its use are high, and the construction costs of the solar plant are low.
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Fig. 17. A typical basin-type solar still.

A typical solar still, shown in Figure 17, consists of a saline water container in which the water is exposed
to the sun and heated by it. The temperature rise to above ambient causes net evaporation of the saline
water, thus separating pure water vapor from the solution. The transparent cover of the still serves several
important functions: it prevents vapors from escaping the still; exposed to air at temperatures lower than the
heated saline water in the basin, it serves as a condenser for the vapor; given proper inclination and geometric
configuration, it channels the condensed fresh water to product collection troughs; it reduces heat loss from
the warm saline water to the outside; and it prevents dirt from entering the still. However, it also must be as
transparent as possible to solar radiation so that maximal heat gain by the still can be accomplished.

Because water of depths below about 2 m does not absorb much solar radiation directly, the radiation is
absorbed and converted to heat primarily in the basin floor, which thus should have high radiative absorptance
in the solar radiation spectrum. It is also noteworthy that if the still is designed to have low heat losses to the
ambient, and if the ambient temperature drops, distillation will continue for some time even in the absence of
solar energy input, because the saline water may remain warmer than the condensing glass surface and thus
continue evaporating.

Solar stills of the type depicted in Figure 17, in many sizes and constructional variants, have been built
and used successfully in many countries in the world. They are simple, easy to construct, reliable, and require
very little maintenance.

Because the heat of condensation in single-effect stills of the type shown in Figure 17 is lost to the
ambient, it is obvious that more energy-efficient operation would be achieved if a multi-effect design could
be implemented, in which the heat of condensation is used to evaporate additional saline water. There are
several problems with the design implementation of this concept. The principal one is the rather low available
temperature driving force for separation in even a single-effect still: the condensation temperature is the
ambient, say at 25◦C, whereas the diurnal average temperature of the saline water in the still is around 40◦C,
only 15◦C higher. Another difficulty is configurational, owing to the need for adding effects without at the same
time obstructing solar radiation incidence on the saline water. A number of such stills were built and tested
successfully, but are not yet (ca 1997) commercially competitive.

Solar stills integrate the desalination and solar energy collection processes. Another approach to solar
desalination is to use separately a conventional desalination process and a solar energy supply system suitable
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for it. Any compatible desalination and solar energy collection processes could be used. Distillation, such as
MSF or ME, can be used with heat input from solar collectors or concentrators (70) or from solar ponds (71–73).
Net average solar energy conversion efficiencies of solar collectors (74, 75) are about 25%, and of solar ponds
(r71–r73,r76,r77), 18%, similar to that of solar stills, but the MSF or ME plants can operate at performance
ratios of 10 or more, thus basically increasing the freshwater production rate by at least tenfold, or reducing
the required solar collection area by at least tenfold for the same production rate.

Still in the R&D stage, open-cycle ocean–thermal energy conversion (OTEC) plants using surface con-
densers produce desalted water (78, 79). The concept is illustrated in Figure 18. The warmer surface ocean
water is pumped into a flash evaporation vessel from which the air has been evacuated. The vapor generated
by flashing passes through a turbine and thus produces power, and is then condensed in a deaerated surface
condenser cooled by colder (typically by about 20◦C) seawater pumped to it from the ocean depths. The con-
densed vapor is freshwater, which can then be pumped out and used. In addition to requiring no fuel or other
form of nonrenewable energy, OTEC and solar pond desalination have an advantage in that thermal energy
storage is naturally included in the large thermal mass of the ocean or pond, while such storage may need to
be constructed where the heat to the desalination process is supplied by solar collectors. It is noteworthy that
fresh water can be produced by the OTEC-type cycle even without power production.

Solar or wind energy can also be used for desalination processes which are driven by mechanical or
electrical power, such as VC, RO, and ED. The solar heat can be used to generate the required power by a
variety of means. Figure 19 shows the flow diagram of a reverse osmosis plant in which the pumps are driven
by photovoltaic solar cells, built by the French Atomic Energy Commission at Cadarache, France (80). A similar
system, powered by an 8-kW array of photovoltaic modules has also been installed in Jedda, Saudi Arabia (81).
A wind-powered vapor compression desalination demonstration plant using a 60-kW (max) electric power
output wind turbine and producing up to 48 m3/d of freshwater was installed on the island of Borkum, and a
prototype plant using a 300 kW (max) electric power wind turbine and producing up to 360 m3/d of freshwater
was installed on the island of Rügen, both in the North Sea of Germany (82). The electricity produced by the
wind-turbine–generator system is used to drive the VC plant compressor and to provide resistance heat to the
VC system. Variable water output by the plant resulting from variations in wind velocity is accommodated
easily by product water storage. The reported initial results have shown efficient and reliable operation.

10. Summary and Future Prospects

Rising population, standards of living, and water pollution are gradually diminishing the amounts of naturally
available freshwater of good quality, whereas the demand is relentlessly increasing. Manufactured water in
the form of water desalination is today making a considerable contribution to the world’s potable water supply
as well as water for industry, ranging from boiler feedwater for the power industry to ultrapure water for the
electronics industry. The process industries are also looking at desalination technology either for better process
water, or as means of conservation through recycling of wastewaters. In some industries, it is considered a
technique for recovering some process chemicals from water and lowering the cost of purification of polluting
discharges. Some desalinated water is also used in agriculture, but only to a limited extent because of cost. The
technology is improving both in cost–performance and reliability, as evidenced not only by the rapid growth
in worldwide desalination capacity, but also by the encouraging observation that costs of desalted water have
remained the same despite inflation.

Although desalination technologies are diverse, MSF has been for some time, and will remain well into
the next century, the main process for desalination of seawater. Inroads are being made by the multi-effect
processes and, in particular, by the low temperature ME processes.

Important advances in the membrane field were responsible for the commercialization of seawater RO.
This technique both saves energy and offers much-reduced plant construction time. Compared with distillation,
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Fig. 18. Flow schematic of an open-cycle ocean–thermal energy conversion (OTEC) and desalination plant (77), where
(—) represents liquids; (− − −), vapors or gases.

RO treatment of seawater has had a meteoric success beginning in the early 1990s, and further growth is
expected. Considering brackish-water RO and EDR as well, the membrane processes have become an integral
and growing part of desalination. In fact, their combined growth appears to exceed that of distillation.

The steady growth in water consumption around the world without any real growth of available water
resources is focusing increasing attention on water reuse. Desalination technology is expected to be an integral
part of all water reuse schemes. Water reuse is already receiving serious consideration ca 1997, and within the
next ten years there will be water-reuse schemes in virtually all areas of water use, ie, not only in water-scarce
regions, but also in water-abundant regions such as the industrial northeast of the United States. Municipal
authorities will become intimately involved in conversion of their wastewater in the future.

Much progress has been effected in desalination technology, but all desalination processes remain energy-
intensive. Although energy costs have prompted the consideration of renewable energy resources as sources for
desalination, these sources are unlikely to become significant, except in certain limited circumstances, until
there are significant unforeseen breakthroughs in either energy conversion or desalination technologies.
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Fig. 19. Flow diagram of the experimental solar RO unit at Cadarache, France. Feedwater flow=1.38 L/s , product water
flow=0.69 L/s , energy consumption without recovery=0.89 kW−h/m3 (76).(Courtesy of Commissariat d’Energie Atomique, France.)

Despite the cost of desalination technology, it has made water available in places where it was not before.
Not only has water become available in these places, but the quantities available have also opened prospects
for industrial development. This has led to important improvements in the standard of living with prospects
for even further improvements in countries fortunate enough to be able to meet the cost of the technology.
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