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ABSTRACT

Rapid population growth, climate impediments, poor implementation of regulatory
frameworks, and challenging political relations have led to over-exploitation of conventional
water resources in the Middle East. This situation may have impelled out-of-the-box think-
ing and advances in research on non-conventional water resources including desalination,
wastewater reuse, rainwater harvesting, and long-distance water transfer. This paper aims
to assess the extent of research on non-conventional water resources in the Middle East,
and identify original and innovative research findings. Cyprus, Egypt, Israel, Lebanon, the
Palestinian Territories, Sudan, Syria, and Turkey were selected for this purpose. A system-
atic online library search of the scientific literature was conducted, and relations between
national indicators and the number of articles and citations were assessed. There was an
increasing trend in the number of articles addressing non-conventional water resources.
Desalination was the most popular research topic (44%; 5.4 citations, on average), followed
by wastewater reuse (37%; 11.5 citations, on average). Publication of desalination articles
has increased significantly since 2001, with a substantial number authored by private
companies. Non-conventional approaches include commercial salt production at a desalina-
tion plant, the strengthening of wastewater reuse standards based on the adverse effects of
long-term reuse, the application of a water-harvesting plough for large-scale rangeland
rehabilitation, and the development of a 78-km long under-sea pipeline for water transfer.
Research on off-site effects and environmental impacts was lacking. Investment in research
capacity, as an element of social capital, can contribute to water resources diversification
and sustainable solutions both for water-stressed and more humid countries.
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1. Introduction

Five percent of the world’s population lives in the
Middle East and North Africa regions. Residents of

these countries have, however, access to no more than
1% of the world’s freshwater [1]. Population growth
and expanding urbanization have increased the
pressure on limited water resources. Per capita renew-
able fresh water in the region fell from 4,000m3/year
in 1950 to 1,100m3 today and is expected to drop to*Corresponding author.
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550m3 by 2050 [2]. Besides the population increase,
reduction in precipitation as a result of climate change
will also exacerbate the situation. Chenoweth et al. [3]
reported an about 10% decline in precipitation across
the region by both the middle and the end of this cen-
tury based on results of regional climate model simu-
lations. These authors stated that Turkey and Syria,
because of the large agricultural workforces, Iraq
because of its downstream location, and Jordan
because of its limited per capita water resources cou-
pled with limited options for desalination, will be fac-
ing great challenges arising from climate change and
the projected precipitation decline.

According to the latest Human Development
Report [4], the Arab region, which is the world’s most
arid, has already water problems that affect more than
60% of the region’s poor. The major rivers in this
region are transboundary and 66% of the fresh surface
water originates outside the region. Using satellite
observations, Voss et al. [5] found alarming rates of
groundwater depletion in the Middle Eastern coun-
tries. Agriculture accounts for the highest water con-
sumption in the region, accounting for around 70% of
the total water demand [6]. This notwithstanding,
countries in the region are unable to produce suffi-
cient food for its population, importing more than
50% of their total cereal consumption [1].

In addition to climatic challenges, political problems
complicate the situation in the region. For example, the
average defense expenditure for the years 2004–2010
covered 4–7% of the GDP of Israel, Sudan, and
Lebanon, while it was less than 2% for European coun-
tries like Spain and Italy, according to the World Bank
[7]. The Middle East has a number of countries whose
political perceptions and actions are not aligned or in
conflict with their neighboring countries or with the
international political mainstream and do not have
sustainable, co-operative agreements on sharing their
transboundary water resources [8,9]. Gunasekara et al.
[10] classified most of the countries of the Middle East
as highly vulnerable for water-conflicts.

In the Middle East, depletion of conventional water
resources and political complexities may have pro-
pelled out-of-the-box thinking and advances in non-
conventional water resources research. UNESCO [11]
reported that expansion of non-conventional water
resources has become an important response to water
scarcity in the Arab region. Non-conventional water
resources that are used in this region include desali-
nated seawater, rainfall-runoff water captured by
water harvesting, marginal quality water, freshwater
obtained through long-distance transportation, and
virtual water obtained through food trade [12]. Non-
conventional water resources supply 20–55% of

Israel’s total water demand, while this can be up to
10% for other countries in the region [6]. The Israeli
government agreed to double the desalinated water
production by 2020 and a similar strategy is being fol-
lowed by the Cypriot government [13,14]. Syria
reportedly uses 90% of its treated and untreated
wastewater in agriculture, according to the FAO [15].

The objective of this paper is to assess the extent of
non-conventional water resources research in the
Middle East and identify original and innovative
research findings. Desalination, wastewater reuse,
rainwater harvesting, and long-distance water transfer
are the non-conventional water resource practices ana-
lyzed in this paper. A subset of countries, covering
the divided island of Cyprus, Egypt, Israel, Lebanon,
the Palestinian Territories, Sudan and South Sudan,
Syria, and Turkey, which are sharing surface and
groundwater resources were selected for the research.

2. Methodology

The research methodology is schematically
depicted in Fig. 1. Key word searches were conducted
in the ISI-Web of Science electronic library database
(upto December 2012) to find articles about non-con-
ventional water resources in the selected countries. As
search terms, the country names with a combination
of different keywords for each non-conventional water
resource practices were used:

Desalination: Country name AND (desalination OR
desalting OR desalinisation).

Wastewater reuse: Country name AND (“sewage
water” OR “marginal quality water” OR “waste
water” OR wastewater OR “treated sewage” OR
“recycled water” OR “drainage water”) AND reuse.

Water harvesting: Country name AND (“water har-
vesting” OR “rainwater harvesting” OR “runoff farm-
ing” OR “runoff harvesting” OR “desert agriculture”).

Water transportation: Country name AND (“water
transport” OR “water transfer” OR “water export” OR
“water import” OR “pipeline” OR “medusa balloons”
OR “trans basin”).

After the search, the abstracts were read and arti-
cles that did not deal with non-conventional water
resources, for example, articles on oil and gas pipe-
lines, were eliminated. The remaining articles were
exported to the Refworks literature database. Articles
that covered more than one country were counted for
all countries.

The number of citations to each article and the
locations of first author affiliations were recorded. The
number of citations measures the popularity of an
article, which indicates several factors such as
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importance of findings, dissemination success, crowd-
edness of the particular scientific field, popularity of
the subject of the article, and persistence (an article
that gets cited once is more likely to be accessed and
then cited by someone else) [16]. First author affilia-
tions were classified as foreign or domestic to assess
the in-country research capacity. Average citations
(AC) per water resource were calculated. The h-index
was also used as a capacity and quality indicator of a
country. The h-index is normally used for measuring
the quality and productivity of published work of a
scientist [17]. A scientist with an index of h has pub-
lished h papers, each of which has been cited in other
papers at least h times. In this work we computed the
h-index per country and per non-conventional water
resource, meaning there were h non-conventional
water articles in a country cited more than h times.
The h-index does not include articles with a low num-
ber of citations and can be used as a research capacity
indicator when the number of articles is relatively
large. To obtain a better understanding of the evolu-
tion of the research needs and directions, the changing
number of publications for the different non-
conventional resources was plotted over time.

Country-based economic (GDP per capita), aca-
demic (expenditure on education, total number of
published journal articles), and water resources
(renewable water resources per capita, total non-con-
ventional water production) indicators were used to
assess the relations between these factors and non-con-
ventional water resources research. Information on
water resources was obtained from Aquastat, FAO’s
global information system [15], while economic and
academic indicators were obtained from the World
Bank [7]. For the purpose of this review, the data for
Sudan and South Sudan, which became independent
in July 2011, were not disaggregated. Country names
in the key word search for Sudan included Sudan and
South Sudan and for the Palestinian Territories, Gaza
and West Bank.

Lastly, to identify novel research findings, all arti-
cles that were published in or after the year 2000 were

reviewed. The research findings of the selected coun-
tries were placed in a more global perspective through
a comparison with findings from global studies,
results from other regions and state of the art reviews.
Finally, recommendations for future research direc-
tions were extracted.

3. Results and discussions

3.1. Non-conventional water resources research and
development

The total number of non-conventional water arti-
cles, the first author affiliation location ratio (domestic
over total), the average number of citations, and
h-index per territory and per resource are presented in
Table 1. A total of 433 non-conventional water
resource articles were found for the selected territories
(see auxiliary material for the full list). Desalination
was the topic of 44% of the articles, and 37% of the
articles dealt with wastewater reuse. However, the
h-index indicated that the wastewater reuse articles
were better appreciated than the desalination articles.
The highest percentage of domestic first author affilia-
tion was for wastewater reuse articles with 78%.
Water transfer articles contributed only 6% of the total
articles and 76% of these articles had a foreign first
author affiliation location.

Israel had the highest number of articles followed
by Egypt and Turkey. Sudan and Syria had the lowest
number of articles and 70% these articles had a foreign
first author affiliation location. This indicates that
these countries have low research capacity or limited
research interest in the area of non-conventional water
resources. In Cyprus, Egypt, and Israel, the majority
of the articles were about desalination. Cyprus’ and
Israel’s high number of desalination articles could be
related to a higher GDP and lower renewable water
resources per capita than the other countries (Table 2),
making the relatively expensive desalination technol-
ogy an attractive source of water. In Lebanon, the
Palestinian Territories, and Turkey, wastewater reuse

 

 

 

 

 

 
 Summary of notable research findings and 

future research needs 

Assessment of research impact and extent 
based on number of articles, first author 
affiliation location, average citations (AC), 
h-index and relations with national 
indicators 
Review of the evolution of the research 

 Subset of articles (2000-2012) 

 ISI-Web of Science database search per 
water resource and country  

 Screening of articles  

Global state of the art review articles 

Fig. 1. Schematic overview of research methodology.
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research had the highest number of articles. In Sudan
and Syria, water harvesting articles were more than
the number of articles on the other resource
technologies. This might be related to the relatively

low investment cost of water-harvesting techniques,
considering that Syria’s and Sudan’s GDP per capita is
relatively low. There were no articles on water
harvesting from Cyprus.

Table 1
Non-conventional water resources research indicators

Resource Cyprus Egypt Israel Lebanon Palest. Sudan Syria Turkey Total

Desalination
Articles (#) 35 53 66 5 12 1 2 17 191
Domestic first author aff.a 0.49 0.64 0.82 0.60 0.67 0 0 0.88 0.69
Average citation 5.1 5.8 6.2 3.2 3.2 1 1.5 4.7
h-index 7 11 10 2 3 1 1 5 15
Wastewater re.
Articles (#) 13 25 61 9 14 1 4 36 163
Domestic first author aff. 0.77 0.64 0.92 0.44 0.71 0 0 0.86 0.78
Average citation 17.6 5.6 11.7 17.3 11 0 38 9.3
h-index 6 9 15 4 3 0 3 8 19
Water harv.
Articles (#) 0 4 31 1 4 8 5 1 54
Domestic first author aff. 0 0.50 0.68 1.00 0.50 0.25 0.40 0 0.55
Average citation 0 0.7 10.9 5 7.5 4.2 1 0
h-index 0 1 10 1 3 4 1 0 13
Water transfer
Articles (#) 4 2 4 1 1 1 1 11 25
Domestic first author aff. 0 0 0.25 0 0 0 0 0.45 0.24
Average citation 4.2 3.5 16.7 1 1 0 15 2.8
h-index 1 2 2 1 1 0 1 3 5
Total
Articles (#) 52 84 162 16 31 11 12 65 433
Domestic first author aff. 0.52 0.62 0.81 0.50 0.64 0.18 0.17 0.78 0.68

aThe number of articles with a domestic first author divided by the total number of articles.

Table 2
National indicators and number of non-conventional water resource articles

Country
Populationa

(106)

Renewable water
resourcesb

(m3/inhab/year)
Dependency
ratiob,c (%)

GDP per
capitaa

(US$)

Military
expenditure
(% of GDP)

Total scientific
and technical
articlesa,d

Non-conventional
water resource
articles

Cyprus 1.1 698 0 30,670 2.0 1,485 52
Egypt 82.5 694 97 2,781 2.4 36,067 84
Israel 7.8 235 58 31,282 7.0 144,203 162
Lebanon 4.3 1,057 1 9,413 4.3 3,131 16
Palest.

Ter.
4.0 201 3 1,123 NA NA 31

Sudan 34.3 1,445 77 1,435 4.2 1,322 11
Syria 20.8 808 72 2,893 4.2 1,227 12
Turkey 73.6 2,857 2 10,524 2.4 87,793 65
Italy 60.8 3,147 5 36,103 1.8 26,755 101
Spain 46.4 2,400 0.3 31,943 1.3 21,543 209

aLatest numbers from the World Bank [7], note that the year of the data can vary per country.
bLatest numbers from the Aquastat [15], year of data can vary per country.
cPercentage of total renewable water resources originating outside the country.
dTotal number scientific and technical articles published between the years 1985 and 2009.
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Table 2 presents the national indicators that could
have influenced non-conventional water resource
research. No clear relation between the indicators and
the number of non-conventional water resource arti-
cles were found. However, there were some notable
findings. Cyprus had the highest per capita article
ratio with 47 non-conventional water resources articles
per million people followed by Israel with 20 and the
Palestinian Territories with 8. This indicated that both
water scarcity and economic capacity could have stim-
ulated non-conventional water resources research. The
total number of published scientific and technical arti-
cles is an indication of a country’s research capacity,
and the percentage of non-conventional water research
articles from this total can be used to compare the
capacity and interest of a country in non-conventional
water resources research with other scientific domains
in the country. This non-conventional water resources
research percentage was highest in Cyprus with 3.5
followed by Syria with 0.9 and lowest in Israel and
Turkey, both 0.1.

Ren et al. [18] found that the eight most prolific
water resources management publishers in the Web of
Science online library database between 1990 and 2012
were USA with 2,224 papers, P.R. China with 1,607,
Australia with 716, UK with 641, Germany with 515,
Canada with 487, India with 381, and Spain with 380
papers. Despite the water related challenges in the
Middle East, none of the Middle Eastern countries
made it on this list. More specifically, Sowers et al.
[19] concluded in their study on climate change, water
resources, and the politics of adaptation in the Middle
East and North Africa that the countries in this region
have limited scientific capacity to conduct local
research on water and climate. They pointed out a
host of interrelated factors that hamper scientific
research in the region such as security concerns, lim-
ited cross-border cooperation on water issues, military
control over data access, political constrains, limited
investments, inadequate compensation, and emigra-
tion of scientists.

Fig. 2 shows the number of water reuse articles vs.
annual water use per capita from treated municipal
wastewater and the number of desalination articles vs.
total annual water use from desalination. There were
no comparable data on water use per country from
water harvesting and water transfer. Data on desalina-
tion for the Palestinian Territories, Syria, and Lebanon
were available at DesalData [20] and for Sudan,
Turkey, Cyprus, Egypt, and Israel, the data were
obtained from Aquastat [15]. There were no data for
Sudan about treated wastewater reuse in Aquastat,
neither in the literature in general, therefore it was
assumed to be zero. A positive relation between the

number of articles and the resource could be
observed.

The evolution of the number of non-conventional
water resources research articles over time is pre-
sented in Fig. 3. There was an increase in the number
of articles for all resources over time. Since 1981, desa-
lination articles in the region were published at a rate
of 1–4 articles per year up to 2001 when a sharp
increase occurred. The increase in the number of
water harvesting and water transfer publications was
less substantial than for wastewater reuse and
desalination.

Israel’s pioneering role in non-conventional water
resources research among the selected countries
became apparent when we scrutinized the research
evolution over time. Israel was the object of 67% of
the desalination articles published until 2001. The
increase of the desalination articles in 2001 was mainly
caused by the contribution of Cyprus (40%) and Egypt
(32%), while there were no desalination articles from
Cyprus until that year.

Private sector involvement in the increase of the
number of desalination articles in 2001 was notable as
one third of the articles published in the selected

(a)

(b)

Fig. 2. Relations between number of desalination articles
and desalinated water production (a) and number of waste
water articles and treated wastewater reuse (b).
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countries in this year were authored by private com-
panies. Also, between the years of 2000 and 2012, four
articles from the top 10 most highly cited articles were
authored and another four were co-authored by pri-
vate companies. This might be because most articles
were about technological advances, which needs sub-
stantial economic capital (e.g. experimental results
from pilot plants).

Israel was the focus of 74% of the wastewater
reuse articles between 1978 and 1994. However,
Israel’s share in wastewater reuse articles dropped to
26% between 2009 and 2012. This was not only
because Israel did not publish as many wastewater
reuse articles as before but also because other coun-
tries in the region started to publish more wastewater
reuse articles. Israel was also the topic of 89% of the
rainwater harvesting articles between 1962 and 1995.
Several countries started to publish on rainwater har-
vesting in the region after 1995.

The development of Israel’s water resources strate-
gies, described by Tal [21], followed a similar trend as
the publication of research articles. He reported that
Israel was the first country in the world to set stan-
dards for wastewater reuse in 1953. Long-distance
water transfer became a strategy in 1964 when the
“National Water Carrier” project was completed to
carry water from Lake Kinneret in Israel’s relatively
wet northern region to the drier south of the country.
Starting in the 1980s, a network of 178 reservoirs was
established across the country in order to collect rain-
water runoff mostly in semiarid and hyper-arid
regions. The Israeli government decided to build five
new desalination plants in 2002 when desalination
became more economical. Israel’s continuously

evolving water resources development and manage-
ment process has resulted in a combined strategy of
water transport, rainwater harvesting, wastewater
reuse, and desalination.

3.2. Research findings

3.2.1. Desalination

Elimelech and Phillip [22] suggested in their global
review that despite major improvements in desalina-
tion technology, energy consumption of these technol-
ogies is still higher than that of other conventional
fresh water treatment technologies. A number of
highly cited articles in our selected countries reported
that between 25 and 70% of the price of desalinated
water was attributed to the energy cost [23–25]. This
wide range indicates, besides differences in the vari-
ous cost categories in the different countries, also that
energy efficiencies can still be optimized.

Solar energy for seawater desalination was a popu-
lar topic in almost every country in the region.
Abu-Jabal et al. [26], Fath et al. [27], Audah et al. [28]
and Nafey et al. [29,30] were the highest cited articles,
with an average of 22 citations, which investigated
solar energy for seawater desalination. As Nafey et al.
[30] explained, solar desalination technologies employ
two types of solar energy collector systems; direct and
indirect. Direct collection systems use solar energy
directly to produce distillated water. Indirect collector
systems combine solar energy collection systems with
conventional desalination systems, such that solar
energy is used either to generate the heat required for
desalination and/or to generate electricity to provide

Fig. 3. Number of non-conventional water resources research articles over time (five-year moving average).
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the required power for conventional desalination
plants. Articles concerned with both [26–32] solar
desalination systems were present in our region of
investigation.

Li et al. [33] investigated solar assisted desalination
plants around the globe from the USA to Europe and
from the Gulf Countries to India in their recent
review. They concluded that most current solar desali-
nation systems are indirect solar desalination systems.
These systems are relatively expensive and their per-
formance depends on location, weather, and season.
They found that hybrid solar/fossil desalination sys-
tems are more economical and could overcome the
intermittence of solar energy. Economic investigations
of such solar/fossil hybrid desalination systems were
not present in the journal articles of the selected coun-
tries. Lamei et al. [32] concluded that for indirect solar
desalination plants, photovoltaic systems were more
costly than solar thermal systems. They reported that
solar thermal costs (0.06–0.09 US$/kWh) were similar
as local energy prices at the time in Egypt, but photo-
voltaics are more suitable for small- to medium-sized
projects (capacity of up to 15,000m3/d) in remote
areas.

Competition for socially and economically impor-
tant coastal land, damage to the marine environment,
increased use of energy, damage to underground
water (in the case of Gaza strip where brackish
groundwater is desalinated), and noise pollution were
reported as the negative aspects of desalination in the
selected countries [34–40] reviewed articles around the
globe on environmental aspects of desalination, and
concluded that a large proportion of the published
work was descriptive and provided little quantitative
data. This was also the case in the selected countries
in our study region.

An interesting case study about the environmental
damage caused by desalination units was presented by
Assaf [34] and Baalousha [36]. They reported that in
the Gaza Strip, six reverse osmosis desalination plants,
owned by government authorities, and many small
desalination units, owned and operated by private
investors for commercial purposes, use brackish
groundwater instead of seawater for desalination due
to economic advantages. They suggested that abstract-
ing brackish groundwater from beneath fresh ground-
water lenses might contribute to a loss of fresh water
resources and increased intrusion of seawater into the
fresh water aquifers. Effluent from these desalination
plants is not regulated and is disposed in nearby fields,
causing further groundwater contamination [36].

Quantitative studies about environmental aspects
of desalination were conducted by Drami et al. [41]
and Abd el Wahab and Hamoda [39]. Drami et al. [41]

studied the effects of the brine discharge from the
Ashkelon seawater reverse osmosis plant (Israel) to
the Mediterranean, and identified effects of the dis-
charges on water quality and neritic microbial com-
munity. Temperature increase due to the discharge
ranged between 3.2 and 7.3˚C and salinity increase at
the discharge location reached 1.6 parts per thousand,
compared to the background levels. They reported
that nutrient concentrations were higher at the outfall,
while phytoplankton densities were lower. They found
that chlorophyll-a and picophytoplankton cell num-
bers were negatively correlated with salinity, but more
significantly with temperature up to a distance of
1,340m from the discharge location.

Abd el Wahab and Hamoda [39] found increased
salinity and increased temperature close to the dis-
charge unit of a desalination plant in the Red Sea in
Egypt. They reported that salinity of the discharged
water ranged between 50 parts per thousand to 68
parts per thousand and caused an increase of up to
1.5% in mortality for planktonic larvae, at the dis-
charge location. They also detected chemical pollu-
tants such as chlorine, antiscalants, and heavy metals.

An interesting case of handling brine was pre-
sented by Ravizky and Nadav [42] from Israel where
brine was used for high-quality table salt production.
The brine from the desalination plant was blended
with seawater and fed to a series of evaporation
ponds before entering the salt processing factory.
Brine discharge line expenses were spared by the
desalination plant and damage to the marine environ-
ment was prevented. In addition, salt production of
the company was increased by 30%. This case is also a
good example of co-operation between the govern-
ment (desalination plant) and private sector (salt pro-
duction company), where electric power bills and the
investment in the intake and the supply of piping
were shared.

3.2.2. Wastewater reuse

Water scarcity has driven farmers to use untreated
or poorly treated sewage water for irrigation, as
reported in studies in Cyprus, Egypt, Israel, Syria, and
Turkey [43–50]. This has given rise to various concerns
and has motivated research on the effects of sewage
water on crop yields, soil quality, and human health.

There are articles investigating various aspects of
the use of effluents from primary, secondary, and ter-
tiary level wastewater treatment plants. The literature
in the region revolves around pros and cons of using
effluents of different levels of treatment with
continuous improvement of standards of wastewater
reuse. According to FAO [51], the objective of primary
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treatment is to remove organic and inorganic solids
and scum (floating material) by sedimentation and
skimming. Some organic nitrogen, organic phospho-
rus, and heavy metals associated with solids are also
removed, but colloidal and dissolved constituents
remain unchanged. The secondary treatment aims to
further treat the effluent from primary treatment to
remove the remaining organics and suspended solids.
It removes biodegradable dissolved and colloidal
organic matter with aerobic biological treatment. Ter-
tiary wastewater treatment includes individual treat-
ment processes that are necessary to remove nitrogen,
phosphorus, additional suspended solids, refractory
organics, heavy metals, and dissolved solids.

The identification of pollutants and pathogens in
wastewater and the formulation of standards for its
reuse have been part of a continuous trial and error
process in the region. Israel has been a pioneering
country for wastewater reuse as it started setting stan-
dards in the early 1950s [21]. After health concerns
and the improvement of treatment technologies, new
standards for secondary treatment facilities were set
by national law in 1992. Following a regulation that
limited the boron and sodium content in detergents in
1999, Israel further limited the concentration of salts in
all industrial effluents by the national water law in
2003 [52]. The average concentration of chloride and
boron in sewage water reaching the treatment plants
has declined 50% after the introduction of the law.
These improvements were still not sufficient for the
sustainable reuse of the wastewater and several stud-
ies have suggested partial desalination of treated
wastewater to prevent salinization of land and water
[53,54].

Secondary treatment standards proved to be inade-
quate in other countries as well for several reasons.
Firstly, the range of crops that can be grown at this
treatment level is relatively narrow because of the
presence of pathogens in the effluents and secondly,
the salinity in the wastewater posed risks to soils and
freshwater sources [21,55,56]. Heavy metals, originat-
ing from wastewater reuse as irrigation, were also
detected by a number of researchers in the region.
Cobalt contamination of soils due to wastewater reuse
for irrigation was reported in Egypt [57], and lead,
cadmium, and chromium were detected in rice plants
in Turkey [58]. Levy [50] reviewed field and labora-
tory studies on the effect of treated wastewater use on
soil properties in the past 15 years in Israel. He
reported that treated wastewater can enhance clay
swelling and dispersion in soil, resulting in increased
clay depletion from the upper soil layer, deterioration
of aggregate stability, decreased soil hydraulic
conductivity, and increased soil susceptibility to seal

formation, runoff, and soil erosion. Wallach et al. [59]
also reported severe soil water repellency in the top
5 cm of the soil and preferential flow paths in the soil
profile, in a 20-year long wastewater irrigated field in
Israel.

Based on the above experiences, Israel and Cyprus
have set stricter and more detailed guidelines for
wastewater reuse, than the 1989 guidelines of the
World Health Organization (WHO) [21,55,60]. Both
countries have set standards for different groups of
crops. Israel now targets nationwide tertiary treat-
ment, while Cyprus prescribes secondary or tertiary
treatment, both with infection, or long-term (more
than 60 d) stabilization ponds [21,55]. On the other
hand, the WHO recognized that low- and medium-
income countries had difficulties achieving their 1989
standards and proposed a radically new approach in
2006 [61]. The 2006 WHO guidelines are based on a
risk assessment and management framework that
shifts the focus from water quality thresholds to man-
ageable health risks.

An important property of wastewater is its nutrient
content, which decreases with increasing levels of treat-
ment. Papadopoulos and Savvides [48] and Kiziloglu
et al. [62] found higher yields for crops irrigated with
untreated, primary- or secondary-treated wastewater,
compared with yields of groundwater-irrigated crops.
However, neither of the studies analyzed microbiologi-
cal pollution. Furthermore, Kiziloglu et al. [62] found
that the heavy metal content of the irrigated vegetables
was significantly affected by the wastewater irrigation.
Another aspect of wastewater irrigation was high-
lighted by Fine and Hadas [63]. They suggested that
secondary level treatment can provide six times more
greenhouse gas emission abatement potential (e.g. CO2-
eqm− 3) than tertiary treatment, because less manufac-
tured fertilizers are needed due to the preservation of
the wastewater’s value as a fertilizer. Although the
fertilizer value of wastewater can be beneficial as sug-
gested by the aforementioned papers, excessive or
imbalanced nutrient applications can cause undesirable
vegetative growth, delayed or uneven maturity, and
reduce crop quality and pollute groundwater and
surface water as reported by Qadir et al. [64]. These
authors also suggested that long-term studies on
these issues are rare and that farm-level monitoring to
adjust fertilizer or sewage irrigation rates is generally
lacking.

Tertiary treatment reduces the nutrient content of
the wastewater for irrigation but may still not be
sufficient to prevent soil and groundwater pollution.
Several articles from the selected countries investi-
gated the fate of emerging contaminants such as
pharmaceutical and endocrine-disrupting compounds
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in advanced secondary and tertiary treated wastewa-
ter [65–67]. Zoller [67] detected endocrine disrupting
compounds of polycyclic aromatic hydrocarbons and
alkylphyenol ethoxylates in the rivers/streams and
groundwater bodies of Israel originating from tertiary
treated wastewater used for irrigation. He concluded
that irrigation with wastewater is not sustainable since
it poses ecotoxicological and health related risks. Kfir
et al. [68] also emphasized the need for regulations for
hormones and antibiotics present in tertiary treated
wastewater effluent. Fatta-Kassinos et al. [69] stated in
their review article that there is a lack of knowledge
on the accumulation of heavy metals and other ele-
ments in the soil, and on uptake by crops arising from
irrigation with tertiary treated wastewater.

Technological improvements in wastewater treat-
ment have been made over time. Similarly, identifica-
tion and quantification of a number of compounds in
treated wastewater has improved with the technologi-
cal progress in analytical chromatographic methods.
The number of studies focusing on the analysis and
the toxicological assessment of such compounds in
treated wastewater, crops, and the environment is
expected to increase globally. In our selected coun-
tries, the studies on wastewater reuse in early years
started with investigations on bigger molecules in
abundance (pathogens, nutrients, and salts) and in
more recent years, with the advancement of chromato-
graphic technology, studies focused more on smaller
molecules and trace elements (heavy metals, pharma-
ceuticals, and endocrine disrupters). It became clear
from our literature review that the favorable conclu-
sions for wastewater reuse become less favorable with
the advancement of chromatographic technology.
There is definitely a need for further research on the
ways of retaining the nutritional value of wastewater
while reducing the levels of undesired contaminants
to acceptable levels.

3.2.3. Water harvesting

Water harvesting technologies include micro-catch-
ment water harvesting for crops, trees or shrubs;
macro-catchment water harvesting for small surface
water reservoirs or groundwater recharge and rooftop
water harvesting for household or garden use. Water
harvesting has a long tradition in the arid and semi-
arid countries of the Middle East. Runoff farming,
micro-catchments, and cross-channel terraces have
supported agriculture throughout the ages in the
Negev desert, dating all the way back to the 6th
millennium BCE [70]. Various studies have analyzed
the functioning of such ancient water-harvesting sys-
tems in our study countries [70–73]. Field research in

the Negev during the 1960–1980s found that wheat,
barley, grapes, and other crops can be grown in areas
that receive only 85mm of average annual rainfall.
Basic requirements for such systems are (i) a runoff
contributing area with high runoff potential, (ii) a
topography to sustain runoff flow to terraced agricul-
tural fields in the valleys, and (iii) deep soils with
good water holding capacity (e.g. silt–loam) [70,74].
Avni et al. [74] used optically stimulated luminescence
dating of sediment and found that water harvesting
structures were developed both in the Iron age (ca.
2700 BCE) and in the late Roman and early Islamic
periods (200-900 CE). Berking et al. [72] applied a
rainfall–runoff model (HEC–HMS) to estimate the
surface runoff flowing to the water-harvesting
reservoirs in the ancient cities of Naga, Sudan, and
Resafa, Syria. They found that these reservoirs could
still be filled today.

There are also great expectations for water harvest-
ing to improve food security for our growing world
population. A global vegetation and water balance
modeling study indicated that if 25% of runoff could
be harvested and applied as irrigation during periods
of crop water stress, net primary productivity could
increase by 11% [75]. Similarly, Wisser et al. [76]
found that water-harvesting reservoirs in low-yield
areas could increase global wheat production by
20–38%. However, these studies indicated that the
majority of these gains are made in humid
environments with highly seasonal rainfall, while the
potential for production increase in the drier areas of
our study region are much more limited.

A method for ranking potential sites for small
water-harvesting reservoirs has been developed by
El-Awar et al. [77]. The method includes an Analytic
Hierarchy Process and an interactive participatory
approach was applied to make use of local farmers’
experience. The method was successfully applied to
an agricultural area along the western slopes of the
anti-Lebanon mountains, with an average annual
rainfall of 300mm. In central Sudan, the construction
of a dam on a seasonal stream to protect Gadarif city
against floods was found to provide a new source of
groundwater recharge [78]. This unexpected result led
to the building of four more recharge dams.

Two water-harvesting studies in even drier envi-
ronments in Syria focused on surface runoff in micro-
catchment systems. Bruggeman et al. [79] analyzed
surface runoff in a highly sloping olive field (8–15%
slope) in an area with a long-term annual rainfall of
210mm. They found that the harvested water could
replace one or two irrigations (121–150 L/year), but
that the efficiency of the micro-catchments was con-
straint by the limited depths of the soils. Ali et al. [80]
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constructed 5,000 micro-catchments with the help of a
special tractor-pulled plow in a degraded rangeland
environment, with an average annual rain of 111mm.
The catchments were planted with shrub seedlings.
They found that surface runoff on the slightly sloping
land (2–5%) ranged between 5 and 85% of the annual
rainfall, with an average value of 30%. However,
no farmer field studies have been published during
2000–2012 that analyzed the effect of water harvesting
on changes in productivity in our study countries.

Water supply shortages are widespread in the
Palestinian Territories, which seems to have motivated
a number of rooftop water-harvesting studies [81,82].
Al-Salaymeh et al. [81] found that 65% of the house-
holds in Hebron had a cistern for rainwater harvesting
or for water storage from other sources. The authors
sampled 100 cisterns and found that 95% of the sam-
ples was contaminated with total Coliform and 57%
with faecal Coliform. This renders the water unaccept-
able for drinking purposes, even though all users indi-
cated that they used the water for drinking. The
authors concluded that it is imperative that the har-
vested rainwater should be disinfected (e.g. via chlori-
nation). They also recommended the cleaning of
cisterns and water-harvesting surfaces and to divert
the dirty water of the first season storm or the first
few millimeters of each storm away from the cistern.
Similar findings were reported by Meera and
Ahammed [83] in a review study on the quality of
rooftop water-harvesting systems. These authors
reported that microbiological contamination was
found in most studies, unless special care was taken
during collection and storage of the harvested water.
Lange et al. [82] found in a survey of 500 households
in Ramallah that 40% of the households had a water-
harvesting reservoir, but that one third of those were
out of use. These results seem to contradict with those
obtained as part of a comprehensive life cycle impact
assessment study by Nazer et al. [84]. These authors
found that 85% of 244 survey participants were
willing to pay for a water-harvesting reservoir. Lange
et al. [82] used a 1-parameter model to analyze poten-
tial rainwater-harvesting volumes. They found that
urban rainwater harvesting provides a relatively small
contribution to overcome water scarcity in the region
and decreases significantly during droughts. However,
its importance should not be overlooked as it is a
sustainable, local water resource.

Regulations and incentives that foster the use of
urban rainwater systems are increasingly being devel-
oped worldwide. In Catalonia (Spain), more than 40
municipalities have approved local regulations that
promote the use of rainwater harvesting [85]. An
example of such regulations is a building code that

mandates the installation of rainwater-harvesting
systems for buildings with a garden area of more than
300m2. A user survey in one of these municipality
indicated that both regulations and subsidies are good
strategies to advocate and expand rainwater-harvesting
technologies in residential areas. The harvested water
is mainly used for landscape irrigation but also for
toilet flushing, cleaning, and swimming pools.

3.2.4. Water transfer

Turkey’s per capita renewable water resource is
highest among the selected countries and this is
reflected in the international water transfer studies, as
almost half of the articles were about Turkey. Gruen
[86] examined political strategies employed by Turkey
to foster regional peace by exporting water from
Turkish rivers to Cyprus, Israel, the Gaza Strip, Jor-
dan, and other Arab countries. Moreover, Kohn [87]
assessed the managerial aspects of possible water
shipping from Turkey to Cyprus, Israel, Jordan, and
Arab countries and concluded that this trade could
not only foster an efficient allocation of a scarce
resource across and within countries but could also
establish a highly visible market price for water. How-
ever, Elkiran and Ongul [88] reported that the transfer
of water from Turkey to Cyprus between 1998 and
2002 (4.1 × 109 m3 in 5 years) in so-called medusa bal-
loons pulled behind tankers was costly (upto $0.33/
m3) and could not meet the required needs.

More recently, Turkey started the construction of a
78 km long undersea pipeline, which is expected to
transfer 75 millionm3 of water per year from Turkey
to the occupied north of Cyprus [89]. Numerical simu-
lations that investigated the vibration and instability
of the suspended undersea pipeline indicate that all
cases with different forces and modes are in an unsta-
ble state [89,90]. The authors recommend that some
engineering measures must be considered. Further-
more, no academic studies have been published that
assessed the potential to recover the environmental,
resource, and financial costs of this water supply, as
required by the European Water Framework Directive.

There were also several articles about water trans-
fer within the national borders [21,91,92]. Tal [21] pre-
sented managerial aspects and water quality issues of
water transfer from northern to southern Israel, which
has increased the cultivated area and agricultural pro-
duction. He reported that high salinity (390mg/L)
and turbidity levels of the transported water have
caused soil and groundwater pollution. He also noted
that experts and environmentalists advocate the de-
commissioning of the pipeline because of the long-
term salinization damage and steady drying of the
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Dead Sea (an average drop in water level of
1.2 m/year) due to the water deprived of the Jordan
River for the pipeline. Lamei et al. [92] compared the
economic aspects of long-distance water piping from
the Nile to reverse osmosis desalination for the tourist
city of Sharm El Sheikh at the Red Sea in South Sinai,
Egypt. They found that unit capital costs for pipelines
longer than 140 km are higher than a reverse osmosis
desalination plant at any flow capacity. Unit produc-
tion cost of a desalination plant are lower than long-
distance piping when the length of pipelines are
300 km or more and the capacity is equal or more than
2,000m3/d. Hussein and Awad [91] proposed several
developments, including groundwater recharge and
long-distance water transfer, as part of an integrated
water management plan for Eastern Sudan. They sug-
gested piping water from the River Atbara to a natural
watercourse from which it can flow by gravity to the
Delta for irrigation with minimal costs.

4. Conclusions and recommendations for further
research

The number of articles on non-conventional water
resource technologies in the selected semi-arid coun-
tries in the Middle East increased from two articles
per year in the 1980s to more than twenty in the first
decade of 2000. During the same time, the share of
non-conventional water resources research articles in
all scientific and technical journal articles in the
selected countries increased also from 0.4 to 1.5% [7].
The increase in the number of desalination and waste-
water reuse articles was more drastic than that of the
transfer and water-harvesting articles. Countries with
lower GDP (Syria, Sudan) had more articles on water
harvesting than on the more costly technologies, indi-
cating that the nonconventional water resources
research capacity and interest of a country may be
influenced by its GDP.

Desalination research in Cyprus, Egypt, Israel, and
Turkey is proceeding with involvement of the private
sector. Research on reduction of energy consumption
of a desalination plant with solar energy is a popular
research topic in the region [28,31] and could contrib-
ute to cleaner future desalination. On the other hand,
there were only two studies with quantitative informa-
tion on the environmental aspects of desalination
plants on the marine microbial community [39,41],
while expansion of desalination continues unabated.

Irrigation with untreated or poorly treated waste-
water will continue to increase as long as wastewater
treatment does not keep pace with population growth
and food demands [64]. Field experience and research

has led Israel and Cyprus to the development of strict
guidelines for wastewater reuse. However, laboratory
analyses obtained with state-of-the-art chromato-
graphic technologies are discovering an increasing
number of compounds in treated wastewater, indicat-
ing that these guidelines may still be insufficient for a
sustainable and safe use of the water [50,55,56]. More
research on pollutant uptake by plants and long-term
effects of wastewater irrigation on soil and groundwa-
ter is needed to prevent adverse effects on human
health and the environment.

Motorized pumping and piped water supply have
greatly reduced the scope of water-harvesting prac-
tices, which seem to occur nowadays mainly under
conditions where water is very scarce or costly. Even
though global studies indicate a potential increase in
crop production as a result of water harvesting, no
quantitative farmer-field crop and water-harvesting
studies have been published recently in the region.
Legal, financial, and environmental incentives are con-
tributing to an increase in urban rainwater-harvesting
systems worldwide [85], but these systems may pro-
vide only a small contribution to overcome water scar-
city in our region [82] and suffer from water quality
problems [81]. The ecological impacts of rainwater
harvesting and the equity of water use have not been
addressed by the researchers in the selected countries.

Consideration of socio-economic and climate
change in the planning, design, and management of
long-distance water transfer projects is becoming
increasingly more important. Integrating financial,
environmental, and resource costs in the price of
transferred water, as required by the European Water
Framework Directive, may be an option to improve
the sustainability of this resource. As indicated by Tal
[21] and Ghaffour [93], diversification of water
resources with integral water resource management
can provide a more secure and sustainable water
supply in these water scarce countries. However, man-
agement of demand is equally important and should
be a part of integrated water management strategies
[12]. The limited extent and quality of the non-conven-
tional water resources research in these water scarce
countries indicate a lack of social capital. Nevertheless,
as we can conclude from the reviewed articles, the
Middle East is an interesting pilot case for non-con-
ventional water resources research. Evolving trial and
error processes in water resources management pro-
vide fruitful examples for our changing globe. There
is, however, a need to improve the capacity of the
academic sector in these countries to analyze and pub-
lish interesting case studies and findings and thereby,
contribute to sustainable water use and governance.

2300 H. Djuma et al. / Desalination and Water Treatment 57 (2016) 2290–2303



Acknowledgment

This work has received funding from the European
Union’s Seventh Framework Program, CLICO project
on Climate Change, Hydro-conflicts and Human
Security (Grant Agreement 244443).

References

[1] United Nations Economic and Social Comission for
Western Asia (UNESCWA), Food Security and Con-
flict in the ESCWA Region, United Nations, New
York, NY, 2010.

[2] E. Rached, D.B. Brooks, Water governance in the
Middle East and North Africa: An unfinished agenda,
Int. J. Water Resour. Dev. 26 (2010) 141–155,
doi: 10.1080/07900621003693321.

[3] J. Chenoweth, P. Hadjinicolaou, A. Bruggeman,
J. Lelieveld, Z. Levin, M.A. Lange, E. Xoplaki,
M. Hadjikakou, Impact of climate change on the water
resources of the eastern Mediterranean and Middle
East region: Modeled 21st century changes and
implications, Water Resour. Res. 47 (2011) W06506,
doi: 10.1029/2010WR010269.

[4] Human Development Report (HDR), Sustainability
and Equity: A Better Future for All, UNDP, New
York, NY, 2011.

[5] K.A. Voss, J.S. Famiglietti, M. Lo, C. de Linage,
M. Rodell, S.C. Swenson, Groundwater depletion in
the Middle East from GRACE with implications for
transboundary water management in the Tigris-
Euphrates-Western Iran region, Water Resour. Res. 49
(2013) 904–914, doi: 10.1002/wrcr.20078

[6] Food and Agriculture Organization (FAO), Irrigation
in the Middle East Region in Figures, FAO Water
Reports 34, Rome, 2009.

[7] World Bank, Data per Country. Available from: http://
data.worldbank.org/ 2013. (Accessed 27 June 2013).

[8] F. Halliday, The Middle East in International Rela-
tions, University Cambridge, Cambridge, 2005.

[9] A. Milman, L. Bunclark, D. Conway, W.N. Adger,
Assessment of institutional capacity to adapt to cli-
mate change in transboundary river basins, Clim.
Change 121 (2013) 755–770.

[10] N.K. Gunasekara, S. Kazama, D. Yamazaki, Water con-
flict risk due to water resource availability and unequal
distribution, Water Resour. Manage. 28 (2014) 169–184.

[11] United Nations Educational Scientific and Cultural
Organisation (UNESCO), The United Nations World
Water Development Report 4: Managing Water under
Uncertainty and Risk UNESCO, Paris, 2012.

[12] M. Qadir, B.R. Sharma, A. Bruggeman, R. Choukr-
Allah, F. Karajeh, Non-conventional water resources
and opportunities for water augmentation to achieve
food security in water scarce countries, Agric. Water
Manage. 87 (2007) 2–22.

[13] A. Tenne, Sea Water Desalination in Israel: Planning,
Coping with Difficulties, and Economic Aspects of
Long-term Risks, Water authority of the state of Israel,
Desalination division Tel-Aviv, Israel, 2010.

[14] I. Iacovides, Water resources in Cyprus: Endowments
and water management practices, in: P. Koundouri (Ed.),
Water Resources Allocation: Policy and Socioeconomic

Issues in Cyprus, Global Issues in Water Policy 1,
Spinger, Netherlands, 2011, pp. 11–21.

[15] Aquastat, Food and Agriculture Organization Data
per Country. Available from: www.fao.org/nr/water/
aquastat/data, 2013. (Accessed 27 June 2013).

[16] D. Koutsoyiannis, Z.W. Kundzewicz, Editorial—Quan-
tifying the impact of hydrological studies, Hydrol. Sci.
J. 52 (2007) 3–17

[17] J.E. Hirsch, An index to quantify an individual’s sci-
entific research output, Proc. Natl. Acad. Sci. USA 102
(2005) 16569–16572.

[18] J. Ren, P. Lyu, X. Wu, F. Ma, Z. Wang, G. Yang, An
informetric profile of water resources management lit-
eratures, Water Resour. Manage. 27 (2013) 4679–4696.

[19] J. Sowers, A. Vengosh, E. Weinthal, Climate change,
water resources, and the politics of adaptation in the
Middle East and North Africa, Clim. Change 104
(2011) 599–627.

[20] DesalData, International portal: Euro-Mediterranean
information system on know-how in the water sector,
Non-conventional water resource in the Mediterra-
nean. Available from: http://www.emwis.org/docu
ments/emwis-main-studies/NCWRM_Final_Report_
20080602.pdf/download/1/NCWRM_Final_Report_
20080602.pdf, 2013. (Accessed 1 December 2013).

[21] A. Tal, Seeking sustainability: Israel’s evolving water
management strategy, Science 313 (2006) 1081–1084.

[22] M. Elimelech, W.A. Phillip, The future of seawater
desalination: Energy, technology, and the environ-
ment, Science 333 (2011) 712–717.

[23] D.D. Akgul, M.M. Cakmakci, N.N. Kayaalp, I.
Koyuncu, Cost analysis of seawater desalination with
reverse osmosis in Turkey, Desalination 220 (2008)
1–3.

[24] S.A. Kalogirou, Effect of fuel cost on the price of desa-
lination water: A case for renewables, Desalination
138 (2001) 137–144.

[25] G. Yamout, M. El-Fadel, An optimization approach for
multi-sectoral water supply management in the Greater
Beirut area, Water Resour. Manag. 19 (2005) 791–812.

[26] M. Abu-Jabal, I. Kamiya, Y. Narasaki, Proving test for
a solar-powered desalination system in Gaza-Pales-
tine, Desalination 137 (2001) 1–6.

[27] H.E.S. Fath, M. El-Samanoudy, K. Fahmy, A. Hassabou,
Thermal-economic analysis and comparison between
pyramid-shaped and single-slope solar still configura-
tions, Desalination 159 (2003) 69–79.

[28] N. Audah, N. Ghaddar, K. Ghali, Optimized solar-
powered liquid desiccant system to supply building
fresh water and cooling needs, Appl. Energy 88 (2011)
3726–3736.

[29] A. Nafey, H. Fath, S. El-Helaby, A. Soliman, Solar
desalination using humidification dehumidification
processes. Part I: A numerical investigation, Energy
Convers. Manage. 45 (2004) 1243–1261.

[30] A. Nafey, H. Fath, S. El-Helaby and A. Soliman, Solar
desalination using humidification–dehumidification
processes. Part II: An experimental investigation,
Energy Convers. Manage. 45 (2004) 1263–1277.
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