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The growing scarcity of fresh water has motivated the use of non-conventional and re-used water
resources for agriculture by applying some efficient technologies. The desalination technologies for
agricultural irrigation play a major role in satisfying growing water demands in water scarce regions.
Due to stringent ionic concentration standards for agricultural irrigation water, desalination for

(RO) has emerged as an efficient technology, but the burning of fossil fuels to fulfil the energy
requirements is becoming expensive and emission of greenhouse gases is recognized as harmful to
the environment. Thus, efforts should be directed towards cost reduction by integrating renewable
energy resources into the process. Many of the bench and pilot scale trials like integrated RO with
low energy such as forward osmosis (FO), nanofiltration (NF), microfiltration (MF) and solar energy
revealed significant improvements in cost savings. However, all these modern technologies have
their own problems which can be overcome by further research and development. This paper aims
to review the main benefits and constraints associated with desalination technologies for agriculture.
The available water resources, the desired qualities of water for agriculture and the challenges and
future of desalination in agriculture are discussed.
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INTRODUCTION

Seawater desalination is playing an important role in addres-
sing the challenge of global water scarcity. The most
important drivers for water scarcity are growing water
demands due to population growth and economic develop-
ment, and increased per capita consumption of goods and
services (Vorosmarty et al. 2005). The total global water
demand is dominated by agricultural use (70%) followed
by industrial use (21%) and domestic use (9%). Limited
water resources have enforced the use of low-quality irriga-
tion water. Using low-quality irrigation water may reduce
crop yields and damage the environment, soils, and aquifers.
Therefore, with increasing water scarcity, development of
efficient water sources for agricultural use is the major chal-
lenge that the growing population is currently facing.
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Seawater, brackish water or wastewater desalination
are the only alternatives to increase water supply
beyond what is available from the hydrological cycle
(Shannon et al. 2008). The climate changes due to
global warming are constantly increasing the salinity
level of both land and seawater, reducing the availability
of existing fresh water for households, agriculture and
industry. A study from Diaz et al. (2013) demonstrated
that irrigation with desalinated seawater led to a signifi-
cant increase in salinity and boron in the soils that
could affect the yield of moderately tolerant crops. This
has made it urgent to invent an appropriate water treat-
ment technology that not only removes macro, micro
and nano-pollutants but also desalinates water to a
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significant extent. Continued research and development of
new treatment technologies are essential to improve the
availability and quality of water supplies for agricultural
use (Shannon et al. 2008). Consequently, thermal and
membrane based desalination technologies are playing
an important role in solving global water scarcity
problems.

Desalination not only separates the undesirable salts
from the water, but also removes ions which are essential
to plant growth. The desalinated water when applied to
agriculture has added advantages as it contains sufficient
levels of nutrients such as calcium (Ca®"), magnesium
(Mg®"), and sulfate (SO3) (Yermiyahu et al. 2007).
According to Domingo ef al. (2013) the important features
of desalination for agriculture are: (a) no requirement for
post-treatment since the water produced will be rich in
nutrients, (b) the presence of boron above 0.5 ppm is
toxic to crops, (c) reduced labor requirements, (d) reduced
energy costs and (e) reduced requirements for civil works.
There are two desalination technologies which are domi-
nant in the production of water for agriculture and these
are brackish water reverse osmosis (RO) and seawater
reverse osmosis (SWRO). SWRO has emerged as the
more advanced and leading technology due to better pro-
duct water quality, lower energy requirements and hence
lower cost of water compared to thermal desalination
technologies (Shaffer ef al. 2012; Domingo et al. 2013).

Treated wastewater is the other source of water for agri-
culture and the technology most commonly employed for
this treatment is desalination. However, the efficiency of
desalination technologies in terms of costs and energy
requirements is considered as a barrier to its implemen-
tation in agricultural use (Greenlee ef al. 2009; Shaffer
et al. 2012). A proper balance between crop value and the
total desalination cost is essential to make use of the tech-
nology on a large scale. This paper discusses the issues,
benefits, and features of desalination technologies in agricul-
ture. It covers the chemistry of plant nutrients, irrigation
systems, the desired quality of water for agriculture, the
available water resources and existing desalination technol-
ogies to fulfil the water demand in agriculture. Further, the
features, cost factors, opportunities and challenges of desali-
nation technologies in a number of different countries are
discussed.
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FEATURES OF DESALINATION FOR AGRICULTURE

One of the important features of desalination for agriculture
is the feed water quality. The use of saline water for irriga-
tion increases the salinity of soil if sufficient care is not
taken to leach the attached salts from the plant roots. The
additional amount of water required for leaching depends
on the salinity of the irrigation water and the specific salt tol-
erance of the crop to be irrigated. Generally, seawater is
most promising resource for desalination in the future due
to its enormous availability. Also, the production of desali-
nated water for agricultural purposes can be augmented if
the production cost of the process is optimized.

Water quality and plant chemistry

The selection of a suitable desalination technology for agri-
cultural use depends upon the type of crop and its water
quality requirement. According to Birnhack et al. (2010)
the recommended quality parameters to be considered
when using desalinated water for combined agricultural
and municipal uses are: electrical conductivity (EC), con-
centration ranges of Cl-, Na®, B, Ca®", Mg®>" and SO7%,
alkalinity, the water stability index in terms of calcium car-
bonate precipitation potential (CCPP), and pH. Based on
Israeli experience in desalination for agriculture, Yermiyahu
et al. (2007) proposed values of water quality parameters rec-
ommended for agricultural use (Table 1). Further, they
concluded that the presence of certain minerals such as
Ca®t, Mg?" and SO7 in the desalinated water acted as
additional external fertilizer in the product water. The sal-
desalinated water, NacCl

inity of the especially the

concentration, will decide the EC value.

Effect of salinity

The high salinity of the irrigation water is one of the causes
of low productivity of the crops. The use of highly saline
water for agricultural use (>100 ppm) commonly leads to
deposition of sodium ions at the plant roots which act as
an inhibition layer for the uptake of nutrients. This will
cause water stress for the plant and it will no longer be
able to extract water from salty soil. If water uptake is
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Table 1 | Recommended qualities of desalinated water for agriculture based on Israeli agricultural experience (Greenlee et al. 2009)

Parameter

standard seawater composition (at 3.5% salinity)

Recommendation for domestic and agricultural usage

Electrical conductivity (dS/m)
Cl7] (mg/1)

Na™*] (mg/1)

Ca?*] (mg/1)

Mg?'] (mg/l)

SoZ~-S] (mg/1)

B] (mg/1)

Alkalinity (mg/l as CaCOs)

47.7 (Gros et al. 2008)
19,345 (Gros et al. 2008)

416 (Rahmawati et al. 2012)

[
[
[
[
[
[

4.0-5.0 (Hasson et al. 201)

10,752 (Abdel-Satar et al. 2017)

1,295 (Abdel-Satar ef al. 2017)
2,701 (Abdel-Satar et al. 2017)

1,697 (Abdel-Satar et al. 2017)
pH 7.5-8.4 (Abdel-Satar et al. 2017)

<0.3
<20
<20
32-48
12-18
>30
<0.4
>80
<85

appreciably reduced, the plant slows its rate of growth. The
lack of nutrients makes the crops very susceptible to disease
and low yields. High sodium concentrations in soil can
cause deterioration of the physical condition of the soil;
for example, by waterlogging, the formation of crusts, and
reduced soil permeability (Nable et al. 1997). It is necessary
to adjust the sodium adsorption ratio (SAR), related to modi-
fication of soil structure and impermeabilization. The
optimum salinity for many crops (almond, orange, pepper,
lettuce, cucumber, tomato, broccoli and celery) is below
2mS/cm. Any increase reduces productivity, which
becomes almost zero at 4.5-5 mS/cm. The ions such as
chlorides, boron, nitrates and ammonium will contribute
to the salinity of irrigation water. Table 2 represents the
damage caused to crops by varying the salinity of agricul-
tural water. Oxygen demand is an important parameter for
assessing the concentration of organic contaminants in trea-
ted waste water. Biochemical oxygen demand (BOD) is a
measure of the amount of oxygen that bacteria will consume
while decomposing organic matter under aerobic con-
ditions. BOD is expressed in milligrams per liter (mg/l)
and measured by the incubation of a water sample over a
specified period (usually five days) at a constant temperature
of 20 °C in the dark. BOD is an important water quality par-
ameter because it provides an index to assess the effect
discharged wastewater will have on the receiving environ-
ment. The higher the BOD value, the greater the amount
of organic matter available for oxygen consuming bacteria.
Chemical oxygen demand is the amount of oxygen con-
sumed in the oxidation of organic compounds by strong

Downloaded from http://iwaponline.com/ws/article-pdf/18/5/1505/251103/ws018051505.pdf

bv auest

Table 2 | The damage caused by irrigation water by varying the salinity (Yermiyahu et al.
2007)

No Increasing Serious
Parameters damage damage damage
TDS (mg/1) <375 375-1,500 >1,500

SAR <6.0 6.0-9.0 >9.0
Root absorption: sodium (mg/1) <70 70-210 >210
Root absorption: chloride (mg/l) <142 142-355 >355
Root absorption: boron (mg/1) <0.5 0.5-2.0 >2.0
Leaf absorption: sodium (mg/1) <70 >70 -

Leaf absorption: chloride (mg/l) <106 >106 -

Sprayer: nitrates (mg/1) <90 90-520 >520

Ammonium for sensitive <5 5-30 >30
species (mg/1)

pH 6.5 6.5-84 -

oxidizing agents. Though there are several methods, because
of the influence of the salts, the alkaline potassium per-
manganate method is widely used in seawater monitoring
and investigation. The amount of dissolved oxygen in
streams is dependent on the water temperature, the quantity
of sediment in the stream, the amount of oxygen taken out of
the system by respiring and decaying organisms, and the
amount of oxygen put back into the system by photosynthe-
sizing plants, stream flow, and aeration.

The high nitrogen concentrations in the water supply
nitrogen to the crop and may cause excessive vegetative
growth, lodging, and delayed crop maturity. The unsightly
deposits on fruit or leaves is due to overhead sprinkler
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irrigation with water high in bicarbonate, water containing
gypsum, or water high in iron. There are various abnormal-
ities often associated with an unusual pH of the water. The
suspended organic and inorganic sediments cause problems
in irrigation systems through clogging of gates, sprinkler
heads and drippers. A special problem faced by some farm-
ers practicing irrigation is deterioration of equipment due to
water-induced corrosion or encrustation (Ben-Gal & Shani
2002).

Water infiltration rate

The variation of the water infiltration rate in soil is one of
the major factors affecting plant growth. It depends on the
structure of the soil and a low infiltration rate causes
water to remain on the soil surface for a long time leading
to a slow supply of water to the internal parts of the
plants. Water salinity is mainly due to sodium, calcium
and magnesium, and ionic concentrations decide the infil-
tration rate. High salinity water will increase infiltration by
weakening the soil structure due to the accumulation of
sodium at the surface. This leads to further deterioration
of the soil particles, mainly due to calcium ions which
lead to the clogging of soil pores with time.

Toxic effect of boron

The concentration of ions in soil or water can have a major
toxic effect on plants. Toxicity is mainly due to toxic ions
present in water or soil and their uptake into plants above
a certain concentration lead to crop damage or yield
reduction (Stamatis et al. 2011). The ions of primary concern
are boron, chloride and sodium. Generally, the boron con-
centration in seawater is between 4 and 6 mg/l and its
concentration varies in groundwaters. Boron is toxic (Ben-
Gal & Shani 2002) and the boron concentration in irrigation
water should be <0.4 mg/l. The boron tolerance of different
crops based on its concentration in water is summarized in
Table 3. The removal of boron by RO is highly affected by its
charge since boron is neutral in its boric acid form at sea-
water pH. However, the net boron rejection by a selected
RO membrane is highly dependent on the boric acid/
borate ion ratio in the seawater (Hilal ef al. 2011).
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Table 3 | Boron tolerance of different crops based on its concentration in water
(Glueckstern et al. 2005; Zarzo et al. 2013)

Boron
content
Crop type Crops (mg/l)
Sensitive Apple, cherry, lemon, oranges, 0.30-1.0
peach, grapefruit, avocado, elm,
apricot, fig, grapes, plum, beans,
garlic, walnut, onion, sesame,
lupin, strawberry, peanut
Semi-tolerant Barley, broccoli, red pepper, radish, 1.0-4.0
potato, turnip, barley, oats, corn,
tobacco, cauliflower, squash,
cabbage, carrot, lettuce, onion,
potato, pumpkin, spinach, olive,
roses, wheat
Tolerant Asparagus, cranberry, cotton, 4-10.5

cucumber, gladiolus, sesame,
tulip, beet, tomato, bean, grass,
peppermint, rye, parsley

Types of irrigation systems

Irrigation is the artificial application of water to plants in
controlled amounts at desired intervals. There are different
methods of irrigation based on the techniques used to
supply water to the plants. In the first type, surface irriga-
tion, water is applied and distributed over the soil surface
by gravity. It is the most common form of irrigation through-
out the world. Surface irrigation is often referred to as flood
irrigation, implying that the water distribution is uncon-
trolled and therefore, inherently inefficient. Surface
irrigation comes in three major types; level basin, furrow
and border strip.

A second type, sprinkler irrigation, consists of devices
used to irrigate agricultural crops, lawns, landscapes, golf
courses, and other areas. Sprinkler irrigation is a method of
applying irrigation water which is similar to natural rainfall.
Water is distributed through a system of pipes usually by
pumping. It is then sprayed into the air through sprinklers
so that it breaks up into small water drops which uniformly
fall to the ground.

The third type, drip irrigation, is the system where
water is spread directly onto the root system of the plant
and is a water sensible irrigation system. Drip irrigation

needs to run for 30 min for it to take effect. Pipes with
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perforated holes are buried just below the surface, a
blocker only lets the droplets out one at a time. Drip irriga-
tion can be classified into surface drip irrigation and
subsurface drip irrigation (SDI) systems. A surface drip irri-
gation system uses close emitter spacing (300-450 mm) and
a thin wall (0.2-0.25 mm) drip-line placed 25-150 mm
below the surface. Surface drip irrigation is widely used
to irrigate perennial crops and annual row crops. A drip
irrigation system can often work well even with high sal-
inity water (Oron ef al. 1999). Advantages of surface drip
irrigation include improved water management, potential
energy saving, improved crop establishment, and fertilizer
application can be done conveniently and efficiently
through a surface drip irrigation system. SDI is the irriga-
tion of crops through buried plastic tubes containing
embedded emitters located at regular spacings. The SDI
system uses 500-685 mm emitter spacing and a slightly
thicker wall (0.33-0.38 mm) dripline placed 200-350 mm
below the surface. The use of SDI offers many other advan-
tages for crop production, including reduced nitrate
leaching compared to surface irrigation, higher yields, a
dry soil surface for improved weed control and crop
health, the ability to apply water and nutrients to the
most active part of the root zone, protection of drip lines
from damage due to cultivation and other operations, and
the ability to safely irrigate with wastewater while prevent-
ing human contact.

DESALINATION FOR AGRICULTURE: RESOURCES
AND CHARACTERISTICS

Similar to potable water the demand for agricultural water
is common in most countries. It is directly linked to provid-
ing good quality food in sufficient quantity. Water scarcity
and continuous reduction in its quality continue to be one
of the major threats to agricultural production, especially
in the Mediterranean basin, arid and semi-arid regions
(Oron et al. 2008). The recent advancements in RO
research have enabled the development of suitable mem-
branes and efficient modules to fulfil cost effective quality
water production for agriculture (Lee et al. 2003; Quist-
Jensen et al. 2015). The alternative water resources for agri-
culture are discussed below.
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Seawater desalination for agriculture

Seawater is the largest source of water and it contributes
97% of the total water on earth. The salinity of seawater is
generally in the range of 35,000 ppm total dissolved solids
(TDS). The concentrations of other ions in seawater linked
to agriculture are presented in Table 1. Though usage of
saline water is common in agriculture, it should fulfil three
important criteria. First, it must be desalted using a cost-
effective technology, secondly, yields should be high
enough to balance the ratio between the yield to expense
ratio and thirdly, suitable research should be carried out to
nullify the effect of desalinated water irrigation on the
environment (Glenn ef al. 1998; Zarzo et al. 2013). However,
the issue of effective removal of boron using RO technology
adds a high cost to the process (Glueckstern ef al. 2005).

Brackish water desalination for agriculture

Direct irrigation with brackish waters is limited to very few
salt tolerant crops. Generally, the TDS (~5,000 ppm) and
sodium (~1,500 ppm) contents of brackish water are much
above the tolerance level of many crops. Brackish water
desalination is an interesting option considering the lower
cost of desalinating than seawater desalination (Zhou &
Tol 2005; Glueckstern & Priel 2007; Shaffer ef al. 2012). A
membrane based treatment process comprises three steps:
pretreatment, membrane treatment and post-treatment. Pre-
treatment is essential to increase the efficiency of separation
processes, to reduce the cost and to increase the life of the
membrane and prevent it from fouling. Post-treatment is
necessary to maintain the proper concentrations of fertilizer
ions in the product water (Birnhack et al. 2010).

Treated wastewater for agriculture

Treated wastewater and primarily domestic treated wastes
can be reused for agricultural irrigation (Asano et al. 1992;
Lee et al. 2003; Taylor et al. 2006). However, the former
has drawbacks such as: high system or equipment costs,
additional costs of effluent quality control, and the need to
minimize health and environmental risks (Stamatis et al.
20m). The treated wastewater can provide a considerable
amount of necessary nutrients for plants. The main factors
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that determine the suitability of recycled water for agricul-
tural irrigation are salinity, heavy metals, and pathogens,
which cause adverse effects on humans, plants and soils.
The nutrients contained in the treated water are, however,
up to a certain level, beneficial for agricultural use (Oron
et al. 1991). If not, extra investments are required to add
extra nutrients to the product water. Further, Oron et al.
(2008) concluded that the main problems associated with
the reuse of domestic wastewater for irrigation are as fol-
lows. (a) The suspended material associated with effluent
water might clog the water distribution systems, primarily
the drippers. This problem can be solved by installing filters
at the control heads of the irrigation systems. (b) The patho-
gens contained in the applied effluent. The health and
environmental risks can be minimized by disinfection and
by using SDI (Gantzer et al. 2001; Oron et al. 2001). (c)
Applying treated domestic wastewater is associated with
adding dissolved solids to the soil media and the ground-
water. This is due to the extra dissolved solids added to the
wastewater from households, and during water evaporation
from open-surface reservoirs. The wastewater generated
from desalination can be reused for agricultural irrigation,
after proper treatment. However, advanced technology like
membrane based desalination may lead to higher quality
water and minimal health and environmental risks.

DESALINATION TECHNOLOGIES
FOR AGRICULTURAL USE

Generally, desalination of saline water is a multi-step pro-
cess. Pretreatment and post-treatment are the main steps
influencing the quality of the product water. In post-treat-
ment, the desired amount of nutrient ions will be added to
maintain the quality of the product water. Thermal and
membrane desalination technologies are commonly used
for agricultural requirements.

Thermal distillation was the first desalination technol-
ogy in which saline water is distilled into steam, and then
into pure water by condensation. Thermal distillation is
the most common technology with ~21% of the total desali-
nating facilities in the world. The other technologies
currently in use for agriculture are electrodialysis (ED) and
RO. However, thermal based distillation technologies
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consume more energy than RO while ED is effective
only when the feed water is brackish water. Currently, RO
desalination is the accepted technology for irrigation
world-wide due to drastically reduced process costs and
high quality of the product water.

RO desalination for agriculture

As discussed above, RO is considered as the future for agricul-
tural water production. The energy requirement always
remains a crucial constraint for desalination since energy con-
stitutes up to 75% of the total operational cost of a seawater RO
desalination plant (Semiat 2008; Gude 2011; Phuntsho et al.
2013). Three decades ago the energy required for seawater desa-
lination was 5-10 kW h/m®, modern state-of-the-art RO
systems need only around 3.0 kW h/m> (Schiermeier 2008;
Elimelech & Phillip 2011; Phuntsho et al. 2013). Spain is a suit-
able example in the field of brackish water desalination for an
agricultural area, with more than 300 treatment plants and
22.4% of the total desalinated water is used for agriculture.
Multsch et al. (2015) made an important conclusion on
cost analysis using RO desalinated water for agriculture.
The study revealed that the cost needs to be reduced below
0.2$m~3 for sprinkler and drip irrigation and even below
0.1 $ m~ for widespread used surface irrigation systems.

RO has proved to be a good technology for brackish water
desalination with the moderately lower pressure requirement
of 10-20 bar due to fewer ionic constituents present in brackish
water. It has the potential to remove up to 90-98% of TDS. Still,
there are several issues related to the implementation of RO in
agricultural use which need to be addressed, such as the high
purity of RO desalinated water with lack of nutrients in the pro-
duct for direct fertigation. RO membrane fouling due to the
presence of inorganic salts, colloidal and particulate matter,
organic compounds and microorganisms present in the feed
water reduces membrane efficiency and lifespan. Therefore,
various foulants present in seawater should be reduced prior
to feeding of seawater into the RO system. An efficient pretreat-
ment technique is essential to reduce the concentration of
scaling ions and to achieve the high-water recovery in the RO
process. The conventional pretreatment is chemical dosing
with coagulants, acids, disinfectants, antiscalants and sodium
bisulphite for oxidant removal all of which increase the cost
of treatment. Recently, RO desalination was integrated with



1511 R. Kumar et al. | Desalination for agriculture

Water Science & Technology: Water Supply | 18.5 | 2018

low energy filtration technologies such as forward osmosis
(FO), microfiltration (MF) and nanofiltration (NF) and
emerged as a promising technology for large-scale implemen-
tations. The integrated technologies prior to RO served to
effectively remove hardness ions to reduce the seawater sal-
inity, and to improve the efficiency of the RO process. The
desalinated water needs to be followed by blending with appro-
priate nutrients to maintain the nutrient levels for plant and
vegetable growth. The adverse effect of desalinated water on
plants and soils is the relatively low alkalinity and Ca®"
values, as well as the negligible Mg®" concentration. The ions
essential for plant growth such as K™ and SO~ will be removed
almost completely by RO membranes. The major concern
related to the reuse of desalinated water in irrigation is the
high value of the parameter Sodium Adsorption Ratio (SAR),
which can potentially develop in the water. SAR values can
be lowered by adding either Ca®>" or Mg?" to desalinated
water. Adding Mg?* is preferable from both health and agricul-
ture (inexpensive Mg fertilization) aspects (Lahav ef al. 2010).
Thus, not only the cost of pretreatment, but the incorporation
of lost nutrients in the desalinated RO water for irrigation by
proper post-treatment technologies will increase the oper-
ational expenses.

Integrated RO desalination for agriculture

Researchers are currently working on different ways to inte-
grate RO with other processes. One process is called Zero
Discharge Desalination (ZDD). The ZDD concept utilizes
the energy-saving feature of ED to remove the monovalent
salts (primarily NaCl and KBr) from the RO reject and con-
centrate them about threefold before the evaporation step.
FO is the other emerging technology that can be operated
without any pressure requirements (McCutcheon et al.
2006; Ling et al. 2010; Chung ef al. 2012). Unlike RO, FO sep-
arates water from saline water by making use of the osmotic
pressure gradient across the membrane as the driving force
of the process. The quality of desalinated water by FO tech-
nology again depends on the feed solution (FS), and a higher
ionic strength draw solution (DS) that is used for the pro-
cess. However, subsequent integration of FO with low
pressure RO as part of an FO-LPRO hybrid process is essen-
tial to obtain quality water for agriculture (Linares et al.

2014).
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Shaffer et al. (2012) demonstrated that the integrated FO
and RO process has the potential to achieve stringent pro-
duct water quality requirements while consuming less
energy than a conventional seawater RO facility. The sche-
matic presentation of a typical FO/RO integrated system is
presented in Figure 1, where FO acts as a pretreatment
step for the subsequent RO process. Linares et al. (2014)
demonstrated that this process has the potential to achieve
low boron and chloride concentrations without requiring
additional, post-treatment, RO passes since seawater will
pass through two semipermeable membranes in the inte-
grated process. FO has a much lower organic fouling
propensity than RO, a better understanding of FO biofouling
and scaling behavior can further improve the performance
of the integrated desalination process. The development of
fouling resistant FO membranes and improved design of
FO membrane modules are important areas of continued
research to control and mitigate fouling in the FO process
(Shaffer et al. 2012). The development of boron selective
FO membranes and optimization of efficient DS are the cur-
rent challenges in FO technology.

Fertilizer drawn FO (FDFO) desalination can be
directly used for fertigation (fertilized irrigation) as it con-
tains essential nutrients for plant growth. This process
utilizes fertilizer solutions in high concentration as DS
for the process and FS as seawater. Hence, pure water
from seawater will pass into the DS to dilute it and this
water can be used for the fertigation. The high concen-
trations of nitrogen, phosphorous and potassium (NPK)
obtained in the DS is considered as one of the drawbacks
of this process. However, the TDS of the feed water

FO Uit RO Unit

Concentrated Feed Concentrated draw solution

l * Draw Solution
Make-up and’or
Bleed

Y

g

Seawater Feed

# Desalinated
Product Water

Figure 1 | Schematic representation of an integrated FO and RO desalination process
(Yangali-Quintanilla et al. 2011).
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(usually seawater) will determine the final fertilizer concen-
tration (Phuntsho ef al. 201r; Phuntsho ef al. 2012). The
schematic diagram used by Phuntsho et al. (20om) for their
bench scale FDFO experiment is presented in Figure 2.
In their experiments, most of the fertilizers were able to
achieve nutrient concentrations lower than acceptable
nutrient concentrations for direct fertigation. However, if
the nutrient concentration was found to be high in DS,
the authors suggested NF post-treatment as being more
advantageous to attain reduced nutrient concentrations in
the final product water with less energy consumption.

Thermal solar desalination for agriculture

Renewable solar energy may be used to desalinate seawater
in arid regions using the principle of vapour transport. The
vaporized water molecules are then condensed to obtain
quality water. This technology is generally known as mem-
brane distillation where the membrane acts as a barrier
layer for the separation of water from saline water driven
by solar irradiation (Tiwari et al. 1992). Toufik et al. (2015)
demonstrated that the quantity of water produced from a
solar still is less than the water requirement for a crop
grown in an open irrigated field, and integration of solar
desalination with the greenhouse concept may be more

Solar desalination in combination with water efficient
greenhouses is more suitable for cultivation using saline
water or brackish water (Tinaut ef al. 1978; Sodha et al. 1980;
Mashalya et al. 2015). Trombe & Foex (1961) demonstrated
the first system combining a solar still with a greenhouse.
Chaibi & Jilar (2004) developed roof light transmission by a
concept of reduced solar radiation absorbed by a layer of flow-
ing water in a glass container covered by a top glass. As shown
in Figure 3, the fresh water evaporated, condensed on the top
glass and was collected at the roof eaves. The system demon-
strated an efficient option for the support of small scale
agricultural production, in places where only saline water is
available. Further, Chaibi (2013) and Jones et al. (2016) have
demonstrated the greenhouse integrated system using solar
and photovoltaic (PV systems), which were found to be reliable
and valid technologies with low investment and water cost
compared to solar collector based desalination technologies,
for vegetables and flowers grown in greenhouses.

DESALINATION FOR AGRICULTURE IN DIFFERENT
COUNTRIES

The total production of desalinated water is increasing across
the world. However, for agricultural purposes the volume of
desalted water is low (only 2-3%) compared to world water

RO/NF
¢ membrane cell

efficient.
Pressure gauge
- — ©O
Reject/recycle Reject/concentrate
Heater/cooler
circulator - '_XT —_—
| = Valve
Feed Flow
valve meter
o— — —>
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Pump

Feed tank

Weighing scale

Figure 2 | Schematic diagram of the bench scale cross-flow nanofiltration unit used in this study. For all the experiments, the unit was operated at different applied pressures (10-30 bar),

a crossflow rate of 500 mL/min and a temperature of 25°C (Phuntsho et al. 2013).
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Figure 3 | Schematic presentation of water desalination integrated in greenhouse roof (Jones et al. 2016).

production. The countries which produce the most desalinated
water are the Gulf countries, the USA and Spain. Spain uses the
most desalinated water for agriculture with 22% (Diaz et al.
2013). Water produced through desalination is the only major
source of potable water for the Gulf Cooperation Council
(GCC) countries. Kuwait is reported to have around 13% utiliz-
ation of desalinated water for agriculture.

In Israel, a new seawater desalination plant has been
opened in Ashkelon, on the southern Mediterranean coast,
with a capacity to produce 100,000,000 m*/year making it
the largest RO desalination plant in the world (Yermiyahu
et al. 2007). Other countries like Australia, Algeria, Libya,
Chile, etc. are using desalination plants for agricultural use.
According to the report by Miller (1991), most arid and
semi-arid countries, where 40% of the world’s population
live, have serious periodic droughts. Asian countries are suf-
fering from fresh water shortage and the quality of available
water sources is also declining. It is worth noting that agricul-
ture occupies a major role in the economic activity of all the

Downloaded from http://iwaponline.com/ws/article-pdf/18/5/1505/251103/ws018051505.pdf
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countries and the majority of arid region countries use 80% of
their water for agricultural purposes. An Australian survey
found that nearly 53% of the population envisioned desali-
nated water usage for irrigation with a cheaper potable
water price of $ 0.55/m> (Kudish & Gale 1986). An Egyptian
survey estimates the expected water demand to reach a level
of 130 billion m*/year, with more than 80% used for agricul-
ture, compared to its current water supply of 73 billion m>/
year. Countries like China and India with large populations
are also planning towards the implementation of a desalina-
tion program due to water scarcity generated during recent
decades (Hadid et al. 2004).

DESALINATION FOR AGRICULTURE:
OPPORTUNITIES AND CHALLENGES

Desalination was only used to provide domestic and indus-
trial supplies during its early stage of invention. Once this
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technology had been improved, its application was extended
to other sectors, especially to agriculture. Desalination for
agriculture has advantages as it utilizes non-conventional
and unlimited water resources which do not depend on
the weather, increases agricultural productivity and product
quality, reduces water consumption and has a less negative
impact on soils and crops in comparison with direct use of
seawater or brackish water.

Cost factor

The cost of desalinated water is still too high compared to
conventional water resources for the full use of this resource
in irrigated agriculture. The net cost of desalinated water for
agriculture is the sum of energy, labor, chemicals, payback
costs, membrane replacement, operation and management,
and maintenance. For desalination via seawater RO, the
operational costs are around 0.35-0.5 €/m> (without pay-
back), depending on plant size, intake, distance between
intake and RO plant and product pumping. Water costs
are between 5% and 25% of overall crop production. Desa-
lination processes require large amounts of energy and this
is considered the major constraint to large-scale production
of freshwater from saline waters. Apart from energy, oper-
ation and management, as well as payback are the most
significant costs as presented in Table 4, while manpower,
chemicals and maintenance comprise a smaller portion of
the total cost.

Table 4 | Costs of seawater and brackish RO desalination for agriculture (Beltran &
Koo-Oshima 2004)

Seawater Brackish water

($/acre/foot)*
Energy 327-401 119-178
Labor 27-120 30-104
Chemicals 27-80 30-45
Membrane replacement 1-54 22-33
Chemical cleaning 1-3 2-4
Maintenance 27-48 18-27
Operation and management 461-728 223-401
Payback costs 223-327 104-134
Total costs 669-1,055 312-535

* 1 acre/foot = 1233.48 m°.
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To make desalinated water sustainable for agriculture,
water has to be ionically balanced (SAR). The other costs
influencing desalination for agriculture are the costs of
maintaining proper salt concentrations in the feed and
permeate during desalination. Specifically, the cost of
removal of boron and addition of SOZ-, Ca®", and alkalinity
by means of a calcite-dissolution post-treatment process.
Additional enrichment of the desalinated water with Mg?"
would raise the price further. According to new recommen-
dations for desalinated water in Israel (Jones ef al. 2016),
dissolved Ca?" concentrations should not be increased
beyond 48 mg/l. To meet agricultural needs, missing nutri-
ents might be added to desalinized water in the form of
fertilizers. Supplying Ca®>" and Mg®" at 24 and 12 mg/],
respectively, costs ~$0.09/m>. Direct chemical dosage at
the desalination plant to increase Mg>" is also a relatively
expensive alternative (adding ~$0.045/m> to the overall
post-treatment cost when 10mg/l Mg?" is supplied as
MgCl,). It also results in the addition of unwanted counter
anions. Therefore, a cost-effective alternative method was
developed, where excess Ca®" ions (generated in the
common H,SO,4-based calcite dissolution post-treatment pro-
cess) are replaced with Mg®" ions originating from seawater
(extracted using specific ion-exchange resins). This alternative
was able to balance SO, Ca®", Mg>", alkalinity, and pH
composition in desalinated water at a cost-effective price
(Birnhack & Lahav 2007). The post-treatment cost of purchas-
ing and injecting Ca®>", Mg®", and S as chemical fertilizers
into the water at the farm is expected to be high - up to
$0.5/m> in Israel at current prices. Blending re-introduces
desirable, as well as undesirable, dissolved salts and therefore
must be evaluated in terms of cost to potential yields as well
as in terms of the economic and environmental costs of leach-
ing. The additional cost of the removal of boron will be in the
range of 0.05-0.07$/m?> in a large system and 50% or more in
small systems (Hilal ef al. 201).

Environmental impacts

Although desalination is the only additional source of fresh
water in the future, it has significant environmental impacts.
The problem of brine management and its discharge are
considered as environmental effects of desalination for agri-
high seawater

culture. The salinity of brine from
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desalination plants is typically not suitable for any use. How-
ever the brine from brackish water or surface water
desalination plants may be suitable for irrigating some crops.

The brine which is a byproduct of RO desalination gener-
ally has a great impact on environmental pollution. It must be
diluted before injecting back into the sea. The water recovery
of the RO process for seawater will be in the range of 30-
40%. That means the remaining 60-70% brine will be treated
or discharged back into the natural resources like the sea.
Such a discharge has a significant effect on the seawater habi-
tat, flora and fauna. The other chemicals that are used during
the RO desalination process should be treated to remove
environmental impacts (Sadhwani et al. 2005). The other
unfavorable impact on the environment is the production
of CO, during the desalination process since these processes
are run by the consumption of energy from fossil fuel.

CONCLUSIONS

The sources of desalinated water for agriculture, such as sea-
water and brackish water are abundant resources on earth.
However, direct implementation of these waters for agricul-
tural use is not recommended due to the high salinity
associated with these sources. The current desalination tech-
nologies in agriculture will continue to be researched, and
innovations will become less expensive and hopefully lead to
more desalination plants. The recent desalination trends
show that RO costs are decreasing more rapidly compared to
thermal technologies because of new innovations. The success-
ful implementation of desalination technologies in agriculture
will be improved by analyzing several aspects discussed below.

i. The agricultural suitability of land, its topography and
soil geostructure, market for agricultural product, crop
selection for the selected area, territorial scope, selec-
tion of greenhouses against open field, study on
climate changes and their effect on crops.

ii. The improvements in efficiency of RO desalination for
agriculture along with cost reduction are mainly attrib-
uted to effective modifications within the RO process.
The RO integrated process was applied world-wide for
agriculture, however, most of the studies are limited
to laboratory-scale and need to be optimized on a
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large scale. The selection of a suitable desalination tech-
nology is crucial, based on agricultural area, crops
selected and water resources quality.

=

iii. The cost reduction by large scale installation of desali-
nation plants. This may minimize the labor costs, and
allow the utilization of high efficiency mechanical
equipment, etc.

iv. Research and development into implementation of
advanced technologies like hydroponic crops and drip
irrigation, biological pest control, etc., and finally the
design of infrastructure and desalination plant.

v. To reduce CO, emissions, reducing energy consumption
is the main issue. Thus, a low energy desalination process
is highly favorable to the environment along with cost
reduction. Though RO is the preferred option, there is
large scope for further energy reduction in this process.

.

vi. Although solar energy for agricultural purposes has not
yet gone beyond the experimental phase, its combi-
nation with water efficient greenhouses is an
interesting possibility for the development of small
scale cultivation in places where seawater and brackish

water are the only available water resources.

=

vii. The treatment and environmentally safe disposal of
brine and other toxic chemicals used for pre- and post-
treatment. The maintenance of a minimum distance
between the treatment plant and disposal area to mini-
mize additional cost. For inland disposal, injection into
deep wells of contaminated aquifers or discharge to

large flow rivers could be the solution.

In the near future, fresh water scarcity will become a
major threat for water rich countries too. Therefore, desali-
nation for agriculture should be considered as an option
for water supply only where no other resources are available
at a reasonable cost. With continued research, wastewater
desalination for agriculture may become less expensive,
more environmentally friendly and hopefully lead to more
desalination plants world-wide.
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