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1 Introduction
The purpose of this paper is to discuss the technolory available for resolving
water problems in the Jordan and Euphrates drainage basins. In each of
these watersheds, the discharge is strongly seasonally dependent. In addi-
tion, both the flow and the water quality decrease downstream as a result of
evaporation losses, infiltration, and nonconsumptive uses. Because of these
quality and quantity issues, long-term economic grovrth depends upon ag-
gressive water resources management. Superimposed upon these quantity
and quality limits is an agricultural system which requires a siguificant and
continuing hydrological and energy investment for its sustenance.

Water resources technologies are aimed at controlling the quantity and
quality of water. In the regulation of water quantity, the objective is to
match the supply of water with the demand for it. Thus, these technolo-
gies may seek to control either demand (". g., conservation, drii irrigation
techniques, etc.) or supply (cloud seeding, storage reservoirs, supply sys-

tems, etc.). On the quality side, the technologies of interest are desigued
either to alter the nature of the water (". g., desalination) or to change the
nature of its use (development of salt-resistant crops, wastewater reuse).

Included in this paper are a review of the technologies used to improve
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water quality; a discussion of the use and the limitations of technology
in the context of the Jordan and Euphratesl and, a few examples of the
application of technology in the study area.

2 Euphrates
The headwaters of the Euphrates River provide a water which is of reput-
edly high quality. Data are not available to quantify this, althou$h'uan Aart
[1] states that irrigation waters used in the lower part of the Euphrates av-
erage 300-500 ppm salinity, and that the river water in the south may reach

600 ppm. Cressey [30] reports that the salinity of the Euphrates averages

about 250 to 445 ppm. However, the use of the water for irrigation pur-
poses upstream attests to its quality. In the estuary region located south of
Basra, the salinity levels are naturally much higher. This is especially true
at high tide in the autumn when the flow is lowest. During such periods,
the salinity is typically over 5000ppm [1].

Talling [80] presents groundwater data for the basin at stations located
at Musaiyib on the Euphrates and at El-Zubeir on the Shatt al-Arab. These
data indicate very high concentrations of dissolved ions, especially sodium,
magnesium, chloride, and sulfate. The salt content of the upper groundwa-
ter ranges from 7000 ppm in the central part of the Lower Mesopotamian
Plain to 30,000ppm in the south [1]. Talling aiso presents data showing
the salinity of the river increasing from 160 to 525 ppm over the seasonal
cycle as measured at Samawa, about 220km above Qurna. Other data pre-
sented by Talling show electroconductivity increasing from 575 mmho/cm
at Qaim to over 900 micromho/cm at and below Samawa. Edaphic factors
in the lower basin contribute naturally to a reduction in water quality as

the river moves downstream. In this regard, it is important to note that
the flooding of the Abu Dibis depression by the Iraqis in the 1.950s resulted
in a degraded water because of the rapid evaporation rate and the high salt
content in the soils of the depression.

The lower part of the Euphrates is naturally prone to the problems of
salinization. This results from a combination of poor drainage, centuries of
irrigation, and natural soil factors.

As noted in the section below, the three riparian states have extensive
plans for further developing the waters of the Euphrates. These plans are



expected to mature and be implemented over the next twenty years. The
intended results of the plans are increased irrigation, population glowth,
and an expanded industrial base. An unintended result will be the cer-

tain degradation of the quality of the water in the river's lower reaches.

This will undoubtedly render the water progressively less fit for use by the
Iraqis. It is not uueasonable to expect that the lower part of the Euphrates
will experience a degree of reduction in water quality proportional to that
observed in the River Jordan in recent decades.

2.L Current water use in the Euphrates Basin
T\rrkey makes use of the upper reaches of the Euphrates primarily for the
generation of electricity via hydroelectric stations. In the future, this is ex-
pected to change as there are in existence T\rrkish plans for making greater
use of the stream, particularly for krigation purposes.

The waters of the Euphrates and its major tributary, the Khabur, are
used primarily for agricultural purposes in Syria. The Syrian economy has
grown substantially during the past forty years, and much of this growth
has been attributed to increased agriculture. According to Beaumont [20],
water from the Euphrates for irrigation purposes amounted to 3000 Mcm
per year in the late 1-960s. The implementation of the Tabqa irrigation
projects over the next two decades will accentuate this trend. It is estimated
that the Tabqa dam will provide irrigation water for over 600, 000 ha, and
that further development of the Khabur will bring another 400,000 ha under
irrigation. As of 1984, only 60, 000 ha had been reclaimed [11]. Additionally,
Syria plans to develop this area as an industrial center.

Data are not readily available to document haq's use of the Euphrates.
Bari [18] states that little agriculture is supported in the al-Jazira region
in Iraq, in spite of the potential fertility of the soil. The bulk of Iraqi agri-
culture is based in central and southern Iraq in the region around Baghdad
and south of it. Barley, rice and dates are the staple foods. Beaumont

[20] indicates that the water withdrawn by Iraq rose from 27.3 percent of
mean flow in 1940-1949 to 45.1 percent in 1960-1969. Most of this increase
of approximately 65 percent (in twenty years) is attributable to expanded
agricultural irrigation. Gischler lA l indicates that 48 percent of the culti-
vated land is under irrigation and that 80 percent'of the irrigated land is
a^ffected by salinity.



Water demands in the basin will undoubtedly continue to grow. The
population growth in the three riparian states has averaged around 3 per-

cent per year [20]. The increasing population will produce a proportiona]
demand for electricity, agricultural production, and industrial production,
aII of which in turn will place a strain on the water resources of the re-
gion. For example, the Ministry of Planning for Iraq expects the amount
of surface water extracted in 1995 from surface sources for potable and in-
dustrial uses to be seven times the amount used in 1975 (increasing from
1553 to l},425Mcm per year). Whether accurate or not, the key point is
the anticipated stress placed on the water sources of the region in the near
future.

The use of the Euphrates system by the Syrirans and T\rrks has seri-

ous international consequences. Of particular concern is the downstream
riparian, Iraq. Contlnued use of the Euphrates for irrigation will lead to
degraded water quality in the Euphrates which will adversely affect the use

of the water in Iraq. The other ramification is that increased use upstream
by T\rrkey and Syria will reduce the flow in the river because the major
use of the water is for irrigation which, of course, is a consumptive use.

Additionally, the irrigation water which is returned will be of degraded
quality and will further aggravate the water quality problem. The role of
the Tigris-Euphrates link in Iraqi water supply is not yet fully developed.

Indeed, the three riparians have held discussions regarding the use of the
Euphrates. Such discussions have been kept secret, and the negotiations
have been linked to other watersheds (the Orontes) and to other issues.

Although the data are not available, it is apparent that the riparians have

had great difficulty reaching an accord with respect to allocations of the
flow of the Euphrates. In view of the competing plans for the further
development of the Euphrates River mentioned above, it is apparent that
a pact among the users will be required to prevent disagreements over the
next twenty years.

2.2 Large-scale constructed facilities on the Euphrates
The three riparians, T\rrkey, Syria and Iraq have all formulated plans and
implemented projects over the years to achieve flood control on the Eu-
phrates and to use its waters for the generation of hydroelectricity and
large-scale irrigation. Little effort has been made to coordinate the planning



of the three entities, and no formal agreement has been reached regarding
the allocation of the water to riparians.

The Hindiya dam was completed in 1913. This barrage is located in Iraq,
and it represents the earliest of the modern developments on the Euphrates.
The purpose of the Hindiya was to divert water to reconstructed irrigation
canals, including the Al Hillah irrigation channel. In the 1950s, a second
dam was built at ar-Ramadi. This project was designed for flood control
and it permitted flood waters to be impounded in Lake Habbaniyah and
the Abu Dibis depression. The soils of the depression proved saline and this
resulted in a degradation of water quality and the scrapping of the irrigation
plan. A third dam was planned for al-Haditha, further upstream above ar-
Ramadi and Hindiya. It was scheduled for completion in 1982, but the
Iran-Iraq war caused drastic cutbacks in Iraq's development spending. The
dam was dedicated in 1985. It is intended to damp seasonal fluctuations in
flow and, in the future, to probably provide irrigation water.

As noted in the discussion of the Orontes, Syria has achieved a con-
siderable gpowth in irrigated land over the past three decades. According
to Beaumont et al. [20], reserves of cultivable rain-fed lands have almost
been depleted. Given the experience of economic growth in Sypia, and its
anticipated continuation, an expansion of the amount of irrigated land is a
necessity. During the immediate post-World War II era, this was achieved
in the Orontes. F\rrther expansion of irrigation requires more complete use
of the Euphrates and the Khabur. Costly irrigation systems will be re-
quired for both rivers because each flows in a narrow deep channel. Plans
for the Khabur include the construction of additional dams downstream
from Tel Mahafy at Saab, Skouhar and At-Taaf to irrigate a predicted
120,000ha. On the Euphrates, an earthen dam has been constructed at
Tabqa (ath-Thawrah). The dam was completed in 1973. The lake behind
this dam stores approximately 40,000Mcm which is used to irrigate the
Raqqa plateau above the east bauk of the river, and the district of Re-
safe on the west. The plaaned amount of irrigated land was to be about
550,000 ha.

T\tkey has plans to make extensive use of the waters of the Euphrates
River for hydroelectric generation aud for irrigation. The first iuterest
shown by T\rrkey in the Euphrates was as a hydroelectric source. The
Keban dam, completed in 1973, was designed to produce electricity and
to attenuate the seasonal peaks in the flow regime of the river. The dam



is 200m high and forms a lake 115km long behind it. The power plant
has an installed capacity of 620 MW. The Keban is designed to provide a
minimum discharge of 450cu m/s, and to almost completely prevent dis-
charges greater than 1000 cu m/s. The lower Euphrates project anticipates
the irrigation of about 80,000 ha from groundwater in that river basin.

T\rrkey also has plans for three additional dams below the Keban' These

should be advancing towards completion, although the final date is un-
known. Recent evidence indicates that the construction schedule has been

accelerated. The dam at Ataturk (Karababa) is intended to supply irtiga-
tion water for 300,000ha in the Urfa, Harran, and Lower \dardin plains,
and to an additional 400,000ha in the Siverek-Hilvan, Upper Mardin and
Nusaybin-Cizre areas. (This dam is located furthest downstream, the oth-
ers, the Karakaya and the Golkoy, being designed for hydropower.)

The start-up date for the Ttrrkish irrigation works was reported to be
1983, with a planned construction period of about two decades. When
completed, it is projected that the irrigation system will require between
17.5 and 34 percent of the total flow of the Euphrates River at Keban. This
will result in a significant reduction in the river's flow which will not be
compensated by the seasonal flow regulation of the dams.

Given the proposed development schemes of each of the three users of
the Euphrates, it is apparent that in the near future, the waters of the river
will be completely utilized. In fact, successful completion of all the planned
projects may lead to a very small surplus (or even a small deficit) of water
in average flow years, ild severe shortages in drought periods [20]. The
anticipated completion dates of these projects are subject to conjecture and
some doubt; however, in the absence of improved efficiency atrd increased
conservation, it is reasonable to assume water shortages in the basin by the
end of the present ceutury.

Additional water resource projects will link the Euphrates'with Lake
Tharthar, north of Baghdad. This is especially interesting because it could
be used to provide a connection between the Tigris and the Euphrates in
Iraq. The Samara barrage on the Tigris, constructed in 1955-56, is capable
of diverting 9000 cu m/s towards the Wadi Tharthar, a natural depression
of storage capacity 72,840Mcm. The Tharthar Canal is 65km long. The
Tharthar-Euphrates canal, providing a link to the Euphrates is the next
phase. According to Khadduri [57], the plan is to store enough water in the
Tharthar lake in order to divert it to the Euphrates for irrigation as well as



to provide water for the Tigris in seasons when its water availability is too
Iow. The Tharthar and other water supplies are expected to provide water
for irrigation where rainfall is scarce and irregular. The efiect of soluble
salts in the Tharthar from the soil on water quality is not yet defined.
This may result in water quality sufficiently degraded to prevent use of the
water.

3 Jordan
The headwaters of the Jordan are generally of high quality. The three
tributaries of the Upper Jordan, the Dan, Hasbani and Baniyas, have a
salinity of about 20 ppm which is clearly sufficient to satisfy most uses.

The salinity of the Yarmuk River is also reasonably low, being reported
as L00ppm. The salinity of the lower portion of the Jordan River System
becomes progressively greater below the entry of the Upper Jordan into
Lake Tiberias.

A number of natural sources render Lale Tiberias water saline to the
extent of about 350 ppm [43] which is too high for some sensitive crops,
most notably the citrus fruits which are economically important in this re-
gion. Much of the salt results from the inflow of salty subterranean springs.
(Considerable efforts have been devoted to reducing the salinity of Lake
Tiberias. Current levels in the upper portion of Lake Tiberias are about
240 ppm which is still marginal for superior irrigation water.) As the Jor-
dan proceeds down into the Rift Valley towards the Dead Sea it becomes
saltier, reaching several thousand parts per million by the AIIenby Bridge
near Jericho. Ultimately the salinity of the Jordan River System reaches
25 percent (250, 000 ppm) in the Dead Sea, a level appro:cimately sevetr
times that of the ocean. Naturally, this is too high to support plant or
animal life, although certain minerals, especially bromines and potash can
be octracted by (solar) evaporative processes.

The development of the Jordan has accentuated the salinity of the Lower
Jordan. The salinity in the lower reaches of the river has increased in recent
years [66] as a result of the diversion of the low salinity headwaters both
to the National Water Carrier and to the East Ghor Canal.

Although the greatest water quality concern in this region is salinity
and its impact on the agricultural fitness of the water, there is some re-



cent concern with other water quality issues. The first of these is domestic
pollution of the Upper Jordan which may eventually threaten the National
Water Carrier. Additionally, there has been a heightened concern with eu-
trophication in Lake Tiberias, although evidence indicates that conditions
there are not representative of lakes undergoing typical cultural eutrophi-
cation [74].

3.1 Patterns of water use in the Jordan Basin
The primary users of the waters of the Jordan are Israel and Jordan. Be-
tween them, the Jordan River System has been extensively ocploited and
this river accounts for about one-half of their water demand. The other ri-
parian states are Lebanon and Syria. Lebanese use of the Jordan at present
is minor in comparison to that of the others. The extent to which Syria
uses the waters of the Jordan, i. e., the Yarmuk, is not presently known.

3.L.l- Israel

The current estimate for the total annual demand for water by Israel is
about 1750 Mcm, approximately 80 percent of which is used for irrigation,
L5 percent for domestic use, and 5 percent for industrial use. Approximately
43 percent of the cultivated land is irrigated. This amounts to 185,000ha
(1.85 million dunams). Present estimates indicate that Israel presently uses

as much as 95 percent of the total renewable water resource available to it
although Galnoor [42] states that the total stock of sustainable water yield
in Israel is only 1500-1600 Mcm per year. This represents an extremely
high degree of utilization of water resources. This is true in spite of the
fact that per capita consumption (537cu m per year; 86cu m per year for
domestic purposes only) is not out of line compared to other industrialized
nations (although it is high compared to its neighbors).

The role of the West Bank in the water economy of Israel is worth com-
ment. It is estimated that one-third of Israel's water requirement originates
in rainfall over the western slopes of the West Bank and is drawn from the
same aquifer system that supplies the West Bank.
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3.L.2 Jordan

Data are generally not availabie for water consumption by Jordan. The
history of irrigation in Jordan has been limited, and the estimates are that
only 4.6 percent of the cultivated land was irrigated in L972 (compared

to 41.1 percent for Israel and 7.6 percent for Syria) [68]. Gischler [44]
gives these figures as 7.2 percent and 9.8 percent for Jordan aud Syria,
respectively. The Jordan Valley has 36,000ha of cultivable land of which
24,000 were irrigated in 1979 [5S]. Eighty percent of the irrigation water of
the Jordan Valley is provided by the East Ghor Canal and the Yarmuk is the
main source. It is clear that the population of Jordan (and with it, water
consumption) has been rising at a rapid rate. Total annual consumption
was 555 Mcm for 1980 of which 465 Mcm were for agriculture, 30 Mcm for
industrial users, and 60 Mcm for domestic use. The estimates for the year
2000 are for a total annual demand in Jordan for 1009 Mcm.

The Jordan River is extensively developed by both Jordan and Israel.
For all practical purposes, the available quantity of high quality water is
presently extracted, Ieaving only poor quality highly saline waters in the
main stem of the River Jordan. The potential for conflict here is great
because the available water is being used and both societies are expanding
with an increasing thirst. It may very well be that the pressure created by
this complete exploitation of the Jordan will spill over into a nearby system
(". g., the Litani) as the principal riparian users of the Jordan seek other
sources.

3.2 Large-scale constructed facilities associated with
the Jordan Basin

3.2.1 Jordan

The development plan undertal<en by the Jordanians originally involved
cooperative efforts with the Syrians. The Jordanian Great Yarmuk Project
was undertaken at the same time as the Israeli's National Water Carrier

[43].
The first stage of the Great Yarmuk Project vras a headwater irriga-

tion program designed to provide controlled winter irrigation and expanded
dummer irrigation in the El-Muzeirib region of Syria. Initiallg the plan



called for two canals to run parallel to the Jordan aud carry low salinity
waters through the East and West Banks for irrigation and other uses.

These efforts were called the East Ghor Canal and the West Ghor Canal.
The West Ghor Canal was never started because of the 1.967 war and the
subsequent occupation of the West Bank. The Upper East Ghor Caual
phase was completed in 1962 172); by 1979, it had reached a Iength of
1-00km, and a further expansion has been planned to bring it adjacent to
the Dead Sea.

The Maqarin Dam phase of the Great Yarmuk Project idvolved the
planned construction of a dam at Maqarin on the Jordan-Syria border.
Two dams were eventually proposed for the Yarmuk River. The Maqarin
Dam was to be located approximately 35 km east of the confluence of the
Yarmuk River and the Jordan. The Mukheiba Dam was to be located about
10km east of the Yarmuk-Jordan confluence. Work on these two dams was

delayed because of Israeli land gains in the 1.967 war, and work on the
Mukheiba Dam, which lies below the occupied Golan Heights, was trever

resumed. Israel and Jordan were thought to have reached an agleement
mediated by Phitip Habib regarding the Maqarin Dam, but work has not
been resumed. The Maqarin Dam will be 125m high, store 150Mcm, and
irrigate 15, 000 ha. The King Talal Dam, completed in 1977,lies across the
Zarqa River. It has storage volume of 52 Mcm and a generating capacity
of 5 MW.

The Kufrein-Hesban Project, Iocated in the southern part of the Jordan
Valley, consists of a diversion dam on the Wadi Hesban, the Kufrein Dam,
a pipeline between Wadis Hesban and Kufrein, and a sprinkler irrigation
system. The purpose of the pipeline is to carry Hesban flows in -ercess of
local needs to the Kufrein reservoir.

3.2.2 National'Water Carrier

Fbr Israel, the implementation of water works following the non-ratification
of the Johnston PIan took the form of the construction of the National Wa-
ter Carrier, an extensive conduit system desigued to transport water from
the water-rich (at least 1000 mm precipitation/yr) north to the potentially
fertile but arid (30-200 mm/yr) out-of-basin regions of the Negev Desert.
The Carrier, completed in 1964, Iies entirely within Israel's pre-1967 bound-
aries and diverts water from the Jordan from the northern edge of Lake
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Tiberias primarily to coastal areas along the coast and to the Negev.

The Yarqon-Negev part of the National Water Carrier system, com-
pleted in 1955, is fed by weils east of Tel Aviv and provides 270 Mcm for
that city and for irrigating the Lachish area. Another portion of the system
is used to collect water from northern Galilean creeks which was formerly
discharged to the Mediterranean and to irrigate portions of the Esdraelon
Valley. A third part of the system drained marshy a,reas (Huleh Valley) in
an effort to improve the flow of the Upper Jordan. These three parts of
the overall system were completed early and are often not considered to be
part of the National Water Carrier proper.

The Carrier consists of a series of pumps, canals, and tunnels used to
convey water taken from Eshed Kinrot on Lake Tiberias (210m below sea

level) to as far as 200km to the south [51]. The average water flow is

320 Mcm per year and the maximum elevation difference is 360 m. Water
from Eshed Kinrot is pumped to the Eshkol Reservoir at elevation 145 m
above sea level. From the Eshkol Reservoir, a pressurized system conveys
water to the Zohar Reservoir. The connection between the two reservoirs
consists of 85 km of. a 2.7 m diameter prestressed concrete pipe which splits
to form two 60km lines, the Western Yarqon Line (1.8m) and the Eastern
Yarqon Line (1.7m). From the Zohar Reservoir, a 1.7m line carries water
further south to the Negev.

As an adjunct to the Carrier, work has been undertaken to reduce the
saline inputs to Lake Tiberias in an effort to reduce the salinity in that lake
which serves as a reservoir for the National Water Carrier [43]. Projections
are that the salinity of Lake Tiberias will eventually be reduced to about
130ppm.

Other Israeli development has included drainage and canalization work
in the Huleh Valley to control runoff and floodiug in the area. A program
of irrigation has been undertaken in the Golan Heights, which by 1980

involved the use of 22Mcm per year for the irrigation of 6500ha. This
water came from developing Iocal resources and by drawing water from
Lake Tiberias.
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4 Key Technologies

In much of the Middle East, the available supplies of high quality fresh water
are almost completely utilized. The pressures of expanding water demand
are inevitably leading managers to consider using water of progressively

poorer quality. Assuming for the moment that this water is to substitute
for cleaner (sweeter or less polluted) water, then it is apparent that its
quality must be improved to the level of those standards appropriate for a
particular use. In the Middle East, the most readily available alteruatives
are saline and brackish waters as well as various waste waters. In the
paragraphs below, technologies for desalination and waste water renovation
are reviewed.

4.L Regional Constraints on Technological Options

The design and operation of water resources systems in the Middle East is
certainly not an easy task. As noted above, the quantity of available water is
limited by the semi-arid to hyperarid climate of the region. The combined
efiects of evaporation, soil chemistry, and nonconsumptive use of water
contribute to degraded water quality throughout most of the downstream
reaches of the rivers under study.

Problems of water use in the Middle East are aggravated by the tradi-
tion of agriculture in conditions under which modern agriculture may be
pursued only through application of massive energy and water subsidies.
This is not unique to the Middle East; but in this region, and particularly
in Israel, the energy subsidy to the agricultural sector is excessively high,
in large part because of the great ocpense of briuging sufficient irrigation
water to the most productive soils. Fully one'fifth of the ener$' resources

currently consumed in Israel is used for pumping water, and 80 percent of
the water is used for agriculture. The historical and ideological commit-
ment to agricultural self-sufficiency is a major determinant of the pattern
of water utilization in the Middle East. In economic terms, considerations
of security, ideology, and politics are used to rationalize the provision of
water at costs that exceed its marginal value [38].
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5 Desalination Techniques

Desalination is one possible solution for some of the water needs of the
Middle East, since most countries of this region have coastal or other saline
water supplies available. As an example, Israeli water planners have fore-
casted an increase in water demand of at least 700 Mcm/yr by the end of
the century [22]. This additional demand will have to come from alterna-
tive supplies since virtually all fresh water is currently used. Reductions
in the cost of desalination make it less forbidding than it once was. Other
countries face a similar situation. Approximately two.thirds of the global
installed desalination capacity is found in the Middle East, much of it in
the Arabian peninsula, and the total installed desalination capacity in the
study area is at least 50 Mcm/yr.

The desalination technologies are used to reduce the concentration of to-
tal dissolved solids (TDS). Fresh water typically possesses less than approx-
imately 1000 mg TDS/L. Most published drinking water standards include
a prescribed maximum of 500mg TDS/L, and certain industrial applica-
tions, most notably boiler feed water, require no more than about 5 mg
TDS/L. Seawater is typically on the order of 33,000 mg/L, with deviations
depending on local rates of dilution and evaporation. Brackish water is usu-
ally deflned in an intermediate position, at approximately 1000 to 3000mg
TDS/L; brine refers to waters which are more saline than seawater.

In the following discussion, the various desalination methods have been
organized on the basis of their principal mode of operation. These include
technologies based on distillation, membranes, and ion exchange. In the-
ory, methods based on freezing are applicable to the desalination of water;
however, there have been no commercial operations based, and, as a result,
freezing is not included in the following discussion 14,261.

5.1 Distillation Methods
Distillation plants all operate on the principle that vapors boiled off or
evaporated from saline water are salt free and that purified water can be
produced by condensing these vapors. The distillation technologies axe
energy intensive because of the need to drive the change of state.
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5.1.L Multi-stage flash distillation

Since its first commercial application in 1960, multi-stage flash distillation
(MSF) has grown in use until today it is both the most corrmon evaP
orative process and the one with the greatest total worldwide operating
capacity (6.76Mcm/day [63]). MSF is applicable to even the saltiest sea-

water, and can yield a final product with as low as 25-50 ppm TDS. In
general, MSF achieves cost effectiveness only when used to process more

than approximately 1000cu m per day [23].

5.L.2 Multi-effect distillation

Multi-effect distillation (MED) is an evaporative process which was ex-
ploited commercially very early [23,39,82]. It then became less popular,
but, in recent years, has been developed into a highly efficient technolory
with further potential. The MED process is usually used for seawater and
yields a high purity product of about 20ppm TDS. In MED, evaporation
occurs on a heat exchange surface made either of horizontal or vertical
tubes. Hence, the two process variants are termed horizontal tube errapo-
ration (HTE) and vertical tube evaporation (VTE), respectively.

5.L.3 Vapor compression

Vapor compression (VC) is a third e'uaporation process. It is very differeut
from the two processes discussed above, because it is a single stage com-
pact systeml27,32,52]. This is a relatively new technology still undergoing
development. VC is a highly efficient process, most likely the least enerry
consumptive of all the evaporative processes. It is used only in smaller
operations, as it is economically favored at nominal capacities of less than
3800 cu m per day. The operating temperatures of this process are quite
low, 55 to 70'C, with higher efficiencies obtained at the higher tempera-
tures. Thus, the primary enerry is not heat, but the electrical energy to
operate the compressor. The low operating temperature also minimizes
scaling and corrosion. Pretreatment for scale prevention usually consists
solely of polyphosphate addition.
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5.2 Membrane Processes

The distinguishing feature of the membrane processes is that saline water at
ambient temperatures is forced through a barrier which allows the passage

of water molecules, but prevents the passage of dissolved materials. Thus,
two fractions accumulate, one lower (the product water) ,o4 the other
higher (the reject brine) in TDS than the feed water.

It is often conveaient to categorize the membrane processes in terms of
the potential gradient which provides the driving force through the mem-

brane. This may be pressure as in reverse osmosis (RO), or ultrafiltration
(UF). (UF does not separate low molecular weight organics or salt from
water. Hence, the UF process is of limited value in the soiution of the
pressing water problems of the study area and will not be considered fur-
ther in this paper.) On the other hand, the process may be non-pressure
driven as in electrodialysis (ED) or transport-depletion (to date, only used

at the laboratory scale). The reader is referred to the works of Applegate

[12] and Belfort [21] for relatively recent reviews of membrane technology.

5.2.t Reverse osmosis

The first commercial application of RO was in the late 1960s, when it
was used to desalt brackish water. The initial testing and development
for seawater desalination began in the mid-1970s. Today, it is the second

most widely used desalination process, behind only MSF in global installed
capacity. An excellent monograph on the theory and practice of reverse

osmosis has been edited by Bakish [17].
The scale of installed RO systems has steadily increased over the years.

The early conventional wisdom that RO was suited only for small plants
has been replaced by the understanding that the process is competitive
in large scale operations as well. An example is the Malta seawater RO
facility at Ghar Lapsi which, at an installed capacity of 20,000 cu m/day
is the world's largest RO facility [8].

5.2.2 Electrodialysis

Electrodialysis (ED) was developed in the early 1950s, and has been applied
primarily to brackish waters [54,55]. The ED process consists of alternating
anion and cation exchange membranes with the feed water flowing between



them. Direct current voltage is applied so that the anions and cations
pass through the anion and cation exchange membranes, respectively. This
demineralizes one stream and concentrates another. Membrane fouling is
a recurrent problem which can only be solved by stopping the process and
flushing the membranes with cleaning chemicals.

5.2.3 Electrodialysis reversal

Electrodialysis reversal (EDR) works on the sarne principles as ED except
that the direction of the DC field is periodically reversed [53,54,55]. When
the reversal occurs, automatic valves interchange the conceutrated and di-
lute streams. The process is thus self-cleaning because the films and scale

are carried away with the waste when the flow is reversed. Virtually all
electrodialysis equipment installed since the mid-1.970s has used polarity
reversal. The process has been used successfully to desalt brackish water
up to 4000 mg TDS/L with water recovery up to 93 percent. The energy
consumption is quite low, typically 3 to 5 kWh/gal brackish water (2850 to
4750kJ /L), including pumping. Electrodialysis processes have also entered
the market for seawater desalination. The world-wide installed capacity of
EDR technology has reached approximately 330,000cu m/day [81]. Many
of these installations are relatively small and most are institutional or in-
dustrial.

5.3 Ion exchange

Ion exchange occurs when ions in solution are occhanged for other ions on
a solid surface [19]. Water to be desalinated is passed through a bed of ion
exchange material (almost always syuthetic organic resins). In desalination
applications, both an anionic and a cationic resin would generally be used.

Once the exchangeable ions on the resin have been exchanged, the resin
must be regenerated. The reactions used in ion exchange are reversible,
and, therefore, contacting the spent resin with a high concentration of the
ion originally on it can shift the equilibrium point and regenerate the ion
exchange resin.
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5.4 Hybrid Systems

A variety of combinations of processes are possible to meet the particular
constraints of an individual situation. Increasing attention is being paid
to hybrids of RO and distillation. The various advantages of RO/MSF
have been discussed by Awerbuch [15]. Very high recoveries have been
shown to be possible using a hybrid system incorporating reverse osmosis
and vapor compression distillatiou [34]. The actual process train included
pellet softening for the removai of calcium, reverse osmosis operating at
90 percent recovery, followed by distillation of the RO brine using vapor
compression. The RO/VC combination is believed to be a promising one
for remote areas or for small communities [7]. Kamal et al. l52l concluded
that this process may be the way for distillation to compete with membrane
processes in single purpose (i. 

"., 
water only) seawater desalination.

Systems have been developed which combine reverse osmosis and ion
exchange for a more efficient desalination process. One example is to first
treat seawater by RO producing a bracl<ish permeate of 1600 ppm. The
water then passes through a thermally regenerated exchange system. The
resin is regenerated with the heat of the seawater upstream of the RO unit
[19]. The product is pH adjusted and combined with brackish permeate
to yield a final product of 500 mg salinity /L. A similar system was used
for treating ground water that had high concentrations of silica, sulfate,
alkalinity, and hardness. The ground water was processed by ion exchange
followed by reverse osmosis. After pH adjustment and appropriate blend-
ing, the product contained 400 to 500mg TDS/L. Process efficiency was
such that 91 percent recovery of groundwater was possible [29].

5.5 Comparison of Desalination Technologies

The type of desalination technique appropriate for a given situation depends
in large part on the raw water TDS and the desired product TDS. As a
general rule, the distillation based processes can be used to achieve very
high purity water (less than 50 or so mg TDS/L), whereas the membrane
based processes can achieve TDS levels in the range of several hundred
mg/L.Other factors of comparison include environmental impacts, energy
requirements, and costs which are discussed next.
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5.5.1 Environmental Effects of Desalination

The major impacts of desalination are related to the water intake and
discharge. These must both be carefully managed in order to minimize or
eliminate harmful environmental effects [25,28,85].

Discharge involves both physical and chemical effects. Physical effects
include temperature and flow changes from the discharge. The temperature
may rise appreciably downstream from thermal process plants. It is well
known that a change in the temperature may produce a wide range of
biological, chemical, and physical changes.

The chemical effects include increased concentrations of brine, chlorine
or other biocide residuals, and various descaling chemicals [85]. The to-
tal dissolved solids can also increase to 1.3 to 2.0 times the original level.

Heavy metals, especially copper which is well known for its toxicity are
also potential hazards. The quantities of heavy metals actually discharged
vary as a function of corrosion and the materials of construction. Heavy
metals and other toxicants may accumulate by transfer through the food
web.

Sludge disposal is also a possible problem with large scale desalina-
tion plants. Slurries containing the lime used for pretreatment and other
chemicals are frequently transported to evaporation ponds. These ponds
must be lined with an impervious material to prevent percolation into the
groundwater. Once the sludge is dried it should be covered to preveut air
dispersal.

5.5.2 Energy Considerations

Energy requirements for distillation processes are substantial due to the
change of state of the water. The enerry may be supplied by the combustion
of fossil fuels. This is especially attractive in areas where the cost of such

fuels is relatively low as it is in much of the Middle East. Alternativelg
desalination may be combined with the generation of electricity in such
a way that lower temperature, i. e., partly expanded, steam is used to
drive the distillation process. Other possibilities include nuclear, solar and
geothermal sources.

Dual purpose facilities. Dual purpose plants are those installations
which combine power generation and water desalination [14,79]. Most dis-
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tillation type facilities are operated this way because the evaporative pro-
cesses require low pressure steam. Some low pressure steam is thus diverted
from the production of electricity to the production of water. The incremen-
tal cost to produce the high pressure steam needed to generate electricity
is more than offset by the value of the electricity.

Dual purpose plants can also utilize membrane desalination. It has

recently been suggested that RO can function in a dual purpose electric-
ity/water production facility l2al. In such an application, the full potential
of the steam would be directed to the generation of electricity a fraction of
which would then be diverted to run the RO plant.

Solar Energy. Solar energy sounds like it ought to go very well with
desalination since there is an abundance of it in the arid areas which could
use desalination. However, it is rarely cheaper to use *free" solar energy
than to use fossil fuel [26,67,78]. The principal problem in any system
designed to use solar energy is collecting it because of its diffuse nature.
Solar powered desalination may be the most economic method of providing
desalted water to remote arid regions [3]. Solar powered RO is another
promising possibility for small scale and remote locations [2].

Collectors are the most costly part of solar desalination. In commercial
desalination plants, either flat or concentrating collectors may be used.

The flat collectors have an efficiency of 28 to 48 percent. Concentrating
collectors use mirrors or lenses to reflect or transfer the solar energy to a
heat absorber. Some of these coilectors track the sun during the day, giving
them efficiencies of up to 70 percent. The types of desalination plants used
with such collectors are MED (both HTE and VTE) and MSF, although
some work has been done with solar driven reverse osmosis.

Solar ponds provide another method for collecting solar energy 177,78).
Solar ponds are shallow artificial black-bottomed ponds or lakes. The heat
is kept at the bottom by a density gradient and temperatures over 90" C
can be obtained. Energy from solar ponds can be used directly or com-
bined with fossil fuel to operate low temperature MED plants. Under the
conditions prevalent in Israel, between 20 and 25 percent of the incoming
solar radiation can be collected from the bottom of a solar pond. This
amounts to 400 to 500 million kWh (thermal) per yr-sq km, and is approxi-
mately equivalent to 50,000tons of fossil fuel [77], depending on the enerry
conversion efficiency.

Geothermal. Geothermal energy represents an energy source which
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could be used to drive distillation processes. Certain geological formations
have been found in Israel which contain water saturated with salt at tem-
peratures of at least 100" C [59]. These formations were uncovered using
exploratory wells drilled at Ashdod. The specific formations were the lime-
stones and dolomites of the Zohar and Shderot formations of the Upper
Jurassic. The Zarqa Main hot springs on the east side of the Dead Sea in
Jordan may constitute a geothermal euergy source worth further study.

5.5.3 Comparative energy requirements

Regardiess of the particular desalination process selected, there are a trum-

ber of crucial operating cost factors, including the energ'y requhed, either
for the change of state of water or for overcoming the osmotic pressure
gradient. The energy requirements reported by a variety of authors have

been summarlzed recently by Keenan [56], see Table 1. In summary, the

Table 1: Enerry Requirements for Various Desalination Methods. The
energy units are MJ/cu m of product.

Process Energy Reference

Seawater RO 2L-36 15,24,,48,84,3L)
Brackish RO 4-8 3,46

Seawater EDR 32-48 t0
Brackish EDR 3-14 [10,70
Seawater MSF 46-60 5r3L,24

Seawater VC 45-68 1t

Seawater MED 33-37 6l

available data support the contention that one of the principal advantages
of RO relative to the distillation processes, especially MSF, is the reduced
enerry requirement.

6.5.4 Post-treatment Requirements

Desalted water, whether derived from membrane or from distillation tech-
nologies tends to be aggressive, i. e., corrosive in nature. ConsequentlS
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both distillates and permeates require a certain amount of post-treatment,
especially for corrosion control and to improve the potability of the product
water. A variety of different treatment methods are available [64], but most
typically, small amounts of alkali, such as lime, are added to the product
to stabilize it, i. e., to render the product less corrosive.

5.5.5 ComparativeCosts

The decade of the 1980's has seen a shift in the prevailing wisdom regarding
the economics of desalination. In the early 1980's, the economic situation
was such that membrane processes were favored over distillation for the
treatment of brackish waters, and for seawater desalination for small scale

operations and at sites where enerry costs were high. The data which
have become available since that time indicate that today, even for large

scale seawater applications, the membrane based technologies have become

competitive. The major reason is a reduction in the costs assodiated with
RO due to operation at higher pressures, increased erergy recovery, and
decreased chemical and membrane replacement costs. The relative price
of energy remains a critical criterion for the difference between the two
competing processes. A summary of recent cost data is presented in Table 2

[56].

Table 2: Cost comparison of distillation with RO desalination. The costs

are in units of Lst Quarter 1991 U. S. dollars per cu m of product.

RO Cost Distillation Cost Reference
L.5A-2.82 1.90-4.15 35

t.2L-L.54 1.25-1.80 61

1.34-1.96 t.40-2.L3 16

1.24-t.87 1.85-3.07 [5

L.44 2.55 31

1.31-1.36 1.36-1.82 62

An example is the Malta seawater RO facility at Ghar Lapsi which, at
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an installed capacity of 20,000 cu m/day, is the world's largest RO facility
[8]. The cost of water from this facility is $1.08 percu m produced [9].

In almost every case, desalinated water costs less when produced in a
dual purpose plant as opposed to single purpose plant. Economically, the
decision of a single vs. dual purpose plant depends on the difference in
investment for the high pressure steam generator used in a dual purpose
plant versus that for the low pressure steam generator in the single purpose
plant. The economics also depend on the investment required for the back
pressure turbogenerator for the dual purpose installation and on the income
from electricity sales. The distillation plant does not respond very quickly
to changes in the ioad so it is best to operate the system at full capac-
ity, sending both the water and the electricity to a large-scale distribution
network.Thus, it is most economical to have steady year-round water and
power demands; otherwise, pumping and storage of the desalted water is
necessary. In the Middle East, the electric power station in the large dual
purpose plants is almost always fossil fuel-fired.

The cost data suggest that RO is generally the most cost-effective pro-
cess for the desalination of brackish waters. EDR also tends to be most
economical in situations where the feed water is relatively low in dissolved
salts since the enerry requirements are roughly proportional to the TDS
concentration. For the other processes, enerry, and, therefore, total oper-
ating costs, are much more independent of the salt concentration. Fraivillig
[41] prepared a detailed comparison of RO versus EDR for 1 MGD (3785 cu
m/d) plants producing a 500 mg TDS/L product. Feed water concentra-
tions varied over the range of l-000 to 5000 mg TDS/L. The results are
presented in Table 3.

Table 3: Cost comparison of EDR with RO desalination. The costs are in
units of Lst Quarter 1991 U. S. dollars per cu m of product.

TDS mg/L RO Cost EDR Cost Reference
1000 1.25 1.56 4L

5000 2.25 4.88 l4L
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Among the distillation processes, there is increasing support for the
contention that MSF is not the least enpensive. Greig and Wearmouth [47]
concluded that mechanical vapor compression is the cheapest, followed by
thermal vapor compression. Leitner [61] states that MED, either in the
vertical or horizontal configuration, produces the lowest cost water among
the distillation technologies.

In summar5r, the technological state-of-the-art and the current economic
situation clearly favor the use of reverse osmosis for most situations in which
the desalination of either seawater or brackish water is needed. F\rrther-
more, RO is competitive in all situations including large-scale and dual
purpose facilities. The principal reason for this has been a significant re-
duction in the operating costs of RO installations, most notably energy,
membrane replacement, and chemicals.

5.6 Regional Desalination LJse

Countries in the Middle East are heavily involved in desalination research
and development. A low temperature rfia,por compression process was devel-
oped by Israel Desalination Engineering, as was the horizontal aluminum
tube multi-effect process. In addition, the Joint U. S.-Israel Desalination
Project Authority, Ltd., has built low temperature multi-effect plants in
the U. S. Virgin Islands and Ashdod, Israel. The world's largest MED was
started up in March 1983, at Ashdod, Israel [71], and the results of the first
year's operating experience have been summarized by Fisher et al. [40].
In their analysis of the MED plant at Ashdod, Fisher et al. [40] showed
that the total specific energy consumption for the first year of operation
was 8.2-9.4kWh/ton (32.5-37.3MJ/cu m). They estimated that in an op
timally designed dual purpose plant (combined with a 550MW turbine),
the energy requirement could be lowered to 5.7kWh f at m (20.5MJ lcu m).

In the case of a plant in the town of Eilat, on the Red Sea, ocperience
has been gained with a hybrid process combining ion exchange and reverse
osmosis [83]. A pre-existing RO plant was used to desalt brackish water
containing 6000ppm TDS at 50 percent recovery, leaving a 12,000ppm
TDS reject brine. It was found that process efficiency could be improved
by pretreating the reject brine with ion exchauge and recycling, it through
the RO plant. The ion exchange resin is regenerated using seawater. Reuse
of the reject lowered the cost by $0.17 to $0.30 per cubic meter compared
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to the cost to desalt new seawater with reverse osmosis.
Recent large scale work, also at Eilat, with low pressure desalting of

brackish water has been reported by Glueckstern et al. 146). This plant pro-
duces over 3000 cu m/d from brackish water at 600H500 mg TDS/L. The
plant achieves 65 percent recovery and operates at 195psi (1344kPa). Dur-
ing a full year of operation, permeate TDS was always less than 300 mE/L,
and the power consumption was approximately l kWh/cu m of product
(3.6MJ/cu m).

The increasing role of reverse osmosis in the study area is perhaps best
viewed from the perspective of the Mekerot Water Company [45]. The
plan for Israel is to increase the 1984 desalting capacity of 3 or 4 Mcm/yr
to as much as 100Mcm/yr by the year 2000 [22]. This increase is to be
achieved through the installation of reverse osmosis plants at Eilat, Ein
Boqeq, Nitzana, Mashabei Sade, and Nahal Taninum. The feed water will
largely (93 percent) be brackish water in the TDS range of 2400-6000 mg/L,
with the balance coming from seawater. It is also stated by Glueckstern [45]
that the longer term technological water fix for Israel will be predominately
RO.

6 Reclamation and Conservation Technolo-
gies

In this final section, the potential for increasing water availability via the
reclamation of stormwater and wastewater is orplored. The terms reclama-
tion and renovation here refer to those technologies used to render spent
waters fit for some other purpose.

6.1 Stormwater Renovation
The use of stormwater for a variety of purposes has had a long and obvious
history ranging from rain barrels through runoff agriculture. An unfor-
tunate artifact of modern life is that the quality of rainfall is rapidly de-
graded during runoff processes. The most important mechanism by which
stormwater becomes contaminated is entrainment of suspended particles.
(In urban areas, stormwater may become mixed with domestic wastew-
ater. The mixture is termed combined sewage.) Typical contaminants



axe suspended solids and associated absorbed materials including metals,

pesticides, fertilizers, pathogens, etc. Thus, depending upon its history,

stormwater may have a quality level almost as degraded as wastewater.

Stormwater treatment technologies are almost always directed to the
removal of suspended solids. Thus, sedimentation and (to a lesser extent)
filtration processes are most commonly encountered. Holding basius are

widely used in stormwater treatment systems. These may be designed in
either of two ways. First, with a lining to prevent percoiation, holding
basins may be used solely for solids separation with the clarified water

overflowing the basin. An alternative design is used to promote groundwa-

ter recharge in which case the basin is not lined and the water is allowed to
infiltrate into the ground. Solids removal occurs by filtration of the water

through the soil medium. In either case, the intercepted stormwater may

be readily used for agricultural purposes, either directly or indirectly.

6.2'Wastewater Reclamation
Wastewater reclamation can be an important method of supplementing
available water supplies. The potential role increases dramatically in a
water-scarce region such as the study area. The two principal purposes

served by wastewater reclamation are water supply augmentation and wa-

ter pollution control. If the wastewater is applied to the land, then the
application of nutrients and groundwater recharge are additional purposes.

Historically, the most important and earliest method of wastewater recla-

mation has been land treatment and disposal directly to agricultural land.
In general, the wastewater constituents of coucern in reuse applications

are suspended solids, organic matter (i. 
"., 

BOD), and pathogenic microor-
ganisms. In particular situations, especially where industrial wastewaters

are involved, the presence of toxic organics, heavy metals, etc., may be

issues. Suspended solids removal is typically achieved in sedimentation
processes, although filtration may be cost-effective in certain situations.
Organics removal may be accomplished by biological treatment, and occa-

sionally by chemical coagulation. In Middle East applications, stabilization
ponds are the most frequently encountered biological treatment units. Dis-
infection involves suspended solids removal and chlorination (or ozonation).

There are a number of filtration procedures by which particulate ma-

terials may be removed from water and wastewater. Filtration through a



bed of sand is probably the earliest, and still the most popular, method
of water filtration. Fbr water and wastewater treatment purposes, slow
and rapid sand filters are available. Dual and multiple media filters have
some applicability in wastewater treatment. Ultrafiltration is a relatively
new technology for filtering water and wastewater. The major applications
have been in the industrial sector where there is an economic incentive
to recover valuable materials and recycle the water. The orperience with
ultrafiltration is largely confined to the United States, Europe, and Japan.

6.3 LJse of reclaimed wastewater
The reuse of wastewater effiuent is a notion which is not readily accepted
by all peoples. For a variety of reasons, some people may reject the use of
effiuent for different purposes. In the Muslim countries, the use of effiuent
is still limited. On the other hand, in Israel, the reuse of wastewater is a
part of the national water policy [76].

Reclaimed wastewater can theoretically be used for any purpose to
which water can be applied. The major constraint is that the water must
be treated to the degree which is appropriate for that use. In some cases,

economics will prevent the use of reclaimed water for certain purposes.
However, for other purposes, notably irrigation and some industrial appli-
cations, wastewater effiuent is a technically acceptable alternative.

The principal use of reclaimed wastewater in the study area is associ-
ated with Israeli efforts. In this case, the major uses are in the agricul-
tural and industrial sectors. In fact, industrial reuse of water is legally
enforced in Israel. Other options for reuse include aquaculture, recre-
ational impoundments, some restricted municipal use, and groundwater
recharge [75]. Restricted municipal use refers to street cleaning, watering
golf courses, and other non-contact purposes. There are too many lingering
public health questions regarding the survivability of viruses and the pres-
ence of trace contaminants to recommend the use of reclaimed wastewater
for unrestricted municipal uses.

6.3.1 Health effects.

There are many potential problems that need to be confronted in order to
reuse wastewater safely. Problems may arise from food crop contamina-
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tion, ground or surface water pollution, or from pathogen-laden aerosols.

Pathogens of concern include various bacteria (bacterial dyseutery, cholera,
and the typhoid fever), viruses, protozoa, and helminth worms. It is essen-

tial that the technology used for wastewater reclamation be appropriate for
the purpose to which the water will be put, and, in general, this should
iuclude the capabilities to remove and/or destroy pathogenic organisms. In
the study area, the principal use of reclaimed wastewater is for irrigation.

Following their exhaustive review of the literature, Kowal et al. 160l
make the following recommendations regarding the use of wastewater ef-

fluent in irrigation applications. First, raw domestic wastewater should
never be used for irrigation. Second, the appropriate level of pretreatment
is much less than the secondary treatment ordinarily required by U. S.

regulatory groups. Their recommendations assume properly-designed sed-

imentation as the appropriate level of pretreatmentl however, installations
with greater public access or with shorter rest periods, would require greater
degrees of pretreatment. The risk of aerosols indicates that public access

should be prevented within 100 to 200 m of a spray source. Fbr human
food, they recommend a one month rest period for aerial crops; subsurface
and low-growing crops should not be grown for six months following the
last wastewater application. These waiting periods do not apply for the
production of animal feed crops.

The Israelis have also developed guidelines for wastewater reuse in agri-
cultural applications. These regulations establish buffer zones of 300 m be-
tween spray irrigated fields and residential areas when low quality effiuent is
used [76]. Under current regulations, effiuent may be used for unrestricted
i:rigation of all edible crops if the effiuent has been well-treated with col-
iform levels approaching those of drinking water. Oxidation pond treatment
is required for all cases of wastewater irrigation. The minimum adequate
treatment is considered to be one to two days detention in an anaerobic
pond followed by three to seven days detention in aerobic-facultative ponds.

6.3.2 Salinity Issues

Salinity is a major concern in all arid and semi-arid regions. The study
area is no exception. It has been estimated that 20 to 30 percent of all the
land in Iraq's traditionally irrigated area in-the Fertile Crescent between
the Tigris and Euphrates Rivers has been abandoned due to salinity. The
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pattern is one of over watering in conjunction with inadequate drainage
Ieading to waterloggmg and secondary salinization.

The omnipresence of the salinity threat in the study area requires that
any irigation system must supply proper drainage and adequate amounts
of leaching water to be viable. The application of such techniques can be
used to reclaim }and that has been salinized either through waterlogging or
through inadequate leaching

Irrigation can also lead to increasing salinity in surface waters. It has

been estimated that one-third of the salt load of the Colorado River is

due to irrigation [73]. Irrigation leads to increased salinity because of the
relatively higher TDS content of the irrigation return water which is due to
evaporation, dissolution of salts in the soil, and occasionally displacement
of highly saline groundwater.

The relative abundance of saline or brackish water in the study area
has led to consideration of ways to use water that is generally too saline for
agriculture. Irrigation with brackish waters should prompt special concern
for leaching requirements [73]. It is reported that the Saudi Arabians com-
monly use brackish water with over 2000 ppm TDS to irrigate sugar beets,
cotton, spinach, and date pakns [69].

Drip irrigation is extremely useful in efforts to irrigate with salty water.
Because the drip system applies water slowly, but consistently, the soil
salinity does not vary as much as it does with more cyclical irrigation
techniques. This permits the plants to adapt to the soil conditions and also

reduces the maximum stress to which they are o<posed. Forest plantations
have been grown in Ethiopia using irrigation water of salinity 10 ppt by
combining drip techniques with deep sandy soils [13].

6.3.3'Wastewater frrigation

The reuse of wastewater effiuents as irrigation water offers a means of aug-
menting the water supply of an area. As noted elsewhere, there are often
a variety of reasons why a given people will not reuse wastewater effiuents.
One the other hand, this approach allows water planners to align water
use with water quality constraints. That is, high quality water is saved for
high quality uses, and progressively lower quality uses receive lower quality
water.

There a,re a number of disadvantages associated with the use of re-
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claimed wastewater for irrigation purposes [65]. The production of wastew-
ater is more or less constant over the course of a year, but the demand
for irrigation water is seasonal. This necessitates the use of storage mech-
anisms or the disposal of effiuent during the non-growing season. Tteated
effiuent may contain sufficient small particles to plug spray nozzles and clog
the pores of soil. Certain effiuents may contain substances harmful to the
crops (chloride, sodium, boron, organic acids, phenols) or to the animals
and people consuming the crops (heavy metals, pathogens). Under some
conditions, the use of wastewater may produce nuisance conditions (odors,
insects).

6.4 Regional Reclamation Examples
The Dan Region Project is the largest, most advanced, and most contro-
versial wastewater reuse scheme in Israel. In fact, this effort is the sec-
ond largest wastewater reuse system in the world. It serves the Tel Aviv
metropolitan area, the largest in Israel, including Tel Aviv-Yafo, Ramat
Gan, Bnei Beraq, Givatayim, Petah Tiqwa, Rishon-Le-Zlon, Holon, and
Bat Yam. The purposes of the project are to stop pollution of the Tel
Aviv shore line due to wastewater discharge into the Mediterranean Sea,
and to recycle water to supplement Israel's limited natural water resources,
primarily for agricultural and industrial uses [37,49].

Stage I of the Dan Region Project went into complete operation in
January, L977. In Stage I, 25-30Mcm/yr of wastewater from'the south-
ern communities of the region undergo treatment consisting of recirculated
oxidation ponds, lime precipitation, and polishing ponds [36]. The effiu-
ent is recharged to the groundwater by intermittent application over fine
dune sand recharge basins. The water is reclaimed with recovery wells,
chlorinated, and distributed in the national distribution network.

Stage II of the Dan Region Project is scheduled for completion in the late
1980s. This facility will have an average treatment capacity of 50Mcm/yr
with provisions for expansion to 160 Mcm/yr after the year 2000. Raw
wastewater from an anticipated population of 1.3 million will be collected
and treated using a modified, low-rate activated sludge process, without
primary clarification. The process will be operated as a single sludge system
achieving nitrification, denitrification, and high removals of carbonaceous
BOD and phosphorus [37]. This second stage will connect with a dual
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supply system operating in the south of the country. High quality reclaimed
wastewater for non-potable uses, mainly irrigation, will come from one

system. The other will provide municipal drinking water from groundwater
wells and a different distribution main [49,76].

A key element of the wastewater reclamation and reuse program in the
Dan Region is the discharge of the treatment effiuent to basins from which
it recharges the local groundwater. The treated effiuent is spread over
leveled sand dunes about 4km east of the Mediterranean. The recharge
site lies above the central part of the coastal aquifer (Pleistocene) near
Rishon-Le-Zion. The aquifer is comprised largely of calcareous sandstone,
and is divided into subaquifers by silt and clay layers [50]. The recharge
facilities consist of four basins with a total area of 29 ha.

In the early yeaxs of the project, the treated effiuent was diluted in the
high quality groundwater aiready present in the aquifer, and the pumP
ing operation withdrew primarily the pre-existing groundwater. As one

would expect, that groundwater is being gradually replaced by the re-
claimed wastewater. By mid-1979, the plume of recharged effiuent had
migrated 600 m from the recharge site, but was still approximately 150 m
from the nearest recovery well. This was two years after start-up. The
significance is that long-term plans for utilizing the recharged water must
account for the time when the recovery wells are primarily pumping the
reclaimed wastewater.

7 Summary
The design and operation of water resources systems in the Middle East is
certaiuly not an easy task. As noted above, the quantity of available water is
limited by the semi-arid to hyperarid climate of the region. The combined
effects of evaporation, soil chemistry, and nonconsumptive use of water
contribute to degraded water quality throughout most of the dowustream
reaches of the rivers under study. Problems of water use in the Middle East
are aggravated by the tradition of agriculture in conditions under which
modern agriculture may be pursued only through application of massive
enerry and water subsidies.

On the technology side, two alternatives of major importance are the
desalination of saline waters and the reclamation of stormwater and wastew-
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ater. With respect to desalination, it is recognized that the economic situa-
tion has changed over the last decade such that the membrane processes axe

now sufficiently competitive that they should be considered as alternatives
in all projects. Examples of desalination and reclamation applications are
presented in the text.
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