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Abstract 

The potential of the development of water desalination using a photovoltaic-powered system in Jordan is discussed. 
A reverse osmosis (RO) desalination system driven by photovoltaic power is proposed. A simulation model for the 
prediction of the PV specific power delivered for a given value of the global insolation is adopted. Based on available 
average solar radiation data and salinity of the feed water, the amount of water that can be produced at different sites is 
calculated. R was found that Shoubak, Aqaba, Azraq and Amman are the most favorable sites for photovoltaic RO 
desalination systems. With a TDS of 7000 rag/L, the annual amount of water production for these sites was 329, 320, 
304 and 301 m 3, respectively; 65% of the treated water is produced in the months of April through September, the driest 
months in the country, where water is needed the most. 
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1. Introduction 

Jordan has no shore on the Mediterranean 
Sea, but it is a country with a Mediterranean 
climate and a social behaviour and culture similar 
to its Mediterranean neighbours. Its area is 90× 
103 km 2, o f  which about 80% is desert and this is 
considered as an extension o f  the Arabian Desert. 
The climate of  Jordan may be divided into three 
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main categories depending on the altitude: low-, 
medium-, and high-mean temperature regions: 

1. Jordan Valley, which has the distinction o f  
including the lowest region on earth: the Dead 
Sea surface is approximately 400 m below normal 
sea level. The climate is sub-tropical: hot and dry 
in summer and warm during winter, with average 
monthly temperatures ranging between 16°C in 
winter and 35°C in summer. However, tempera- 
tures up to 50°C have been reached in the shade 
during summer. The Zarqa, Yarmouk, Wadi 
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Shuib and Jordan rivers are the major sources of 
the water used for irrigation. 

2. The highland, where the elevation of this 
region varies between 1000 and 1500 m above 
normal sea level. During summer, the climate is 
moderate and dry, whereas the winters are cold 
and rainy. The average monthly temperatures are 
10°C in winter and 30°C in summer. The region 
experiences the highest rainfall in the country, its 
annual average being approximately between 300 
and 550 mm with occasional light snowfalls. 
Most (i.e., 88%) of  the country's population lives 
in this region where the main cities and towns are 
located. 

3. The desert, which extends eastwards from 
the highland region: its elevation varies between 
600 and 900 m above normal sea level. It 
comprises most of  the country and is linked with 
the Arabian Desert. The climate there is very hot, 
dry and dusty in summer and cold and dry in 
winter, with average monthly temperatures of  
5°C in winter and 37°C in summer. The maxi- 
mum temperature during the summer months 
usually exceeds 40°C. The average annual 
rainfall is less than 50 mm, but the amount may 
vary significantly from year to year. 

In addition to a shortage of fresh water 
resources, Jordan is suffering from shortages in 
recoverable commercial energy sources such as 
crude oil and natural gas. The limited energy 
sources in Jordan make considering renewable 
energy options such as solar power very 
attractive, especially for remote areas with no 
electrical power grid or expensive to connect; 
this will be extremely important for small-scale 
applications. Due to prevailing tough conditions 
such as poor water quality and shortage of  
supplies, there is a large demand for small 
desalination units, not only in locations not 
connected to a water supply network, but also as 
units for additional or independent supply. 

There are good prospects for non-conven- 
tional water resources, such as the effluents from 

wastewater treatment plants, desalination and 
water harvesting. Jaber and Mohsen [1] found 
that desalination of  brackish water offers a 
potential for water supply enhancement in 
Jordan. When they evaluated various non- 
conventional water resources available in Jordan, 
water desalination was ranked the highest; the 
criteria under which multi-criteria analyses were 
performed were economic, technical, availability, 
reliability, and evironmental sustainability. 

There is universal agreement today that 
desalination is a proven and reliable alternative 
for the development of  new fresh water sources. 
Membrane processes of  RO technologies have 
been proven to be effective in removing inor- 
ganic contaminants such as dissolved salts, 
ferrous iron, fluoride, nitrate, and heavy metals 
such as lead, with thin-film composite mem- 
branes showing the best performance. Carbon 
filters are generally found to be an integral 
component of  RO systems in removing organic 
chemicals and free chlorine. Mohsen and 
AI-Jayyousi [2] evaluated various desalination 
technologies for the utilization of  desalinated 
brackish water in Jordan. Their analyses revealed 
that RO technology followed by electrodialysis is 
ranked among the most appropriate. 

Removing dissolved salts from brackish or 
seawater requires significant amounts of  energy. 
For membrane processes, the amount of  energy 
and associated cost of producing desalinated 
water is proportional to the amount of  dissolved 
solids or salinity of water. In Jordan, although 
water and energy resources are scarce, the cost of 
water production can be minimized by efficient 
utilization of the sources available and by using 
non-conventional energy resources. Akash et al. 
[3] concluded that hydropower and solar tech- 
nologies are most effective for water desalination 
in Jordan. 

There are three ways in which solar energy is 
used to desalinate saltwater. These are by 
humidification, distillation and photovoltaics. 
Solar humidification devices imitate a part of the 
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natural hydrologic cycle in that the sun's rays 
heat the saline water so that the production of 
water vapor increases. The water vapor is then 
condensed on a cooler surface and the condensate 
collected as product water. An example of this 
type of process is the greenhouse solar still in 
which the saline water is heated in a basin on the 
floor and the water vapor condenses on the 
sloping roof that covers the basin. In solar 
distillation, a solar collector is used to concen- 
trate solar energy so as to heat the feed water so 
that it can be used in the high temperature end of 
a standard thermal desalination process. Desalt- 
ing units that use photovoltaics to provide 
electrical energy have also been built to operate 
standard desalting processes such as RO or 
electrodialysis. RO plants require energy solely 
as shat~ power, normally provided by an electric 
motor, and are not able to make use of heat 
energy directly. 

The potential of solar energy development for 
water desalination is investigated here for seven 
sites. A RO desalination system driven by 
photovoltaic power is proposed. A simulation 
model is used to predict the PV specific power. 
The average values of 10 years of measurements 
of daily global radiation [4] and water salinity 
data were used to evaluate the amount of water 
produced by the system. 

2. Solar energy in Jordan 

In Jordan the average insolation intensity on 
a horizontal surface is approximately 5-7kWh/ 
m2/d, which is one of the highest in the world [5]. 
The solar water heating industry in the country is 
well developed. By 1999, about 25% of homes 
(i.e., 2.3x 105 homes)had been fitted with solar 
water heaters [6], thereby avoiding the need for 
approximately 2% of the total oil imports, with 
an associated savings of about US$12 million 
annually, depending on crude oil prices. In 
addition, Jordan is considered to be the lead 

country in the world in utilizing solar energy for 
industrial purposes. Solar energy is employed to 
evaporate -90x106m 3 annually of Dead Sea 
water in the process of potash and other salts 
production, thereby avoiding approximately 
4 x 1 0  6 tons of fuel oil having to be imported 
annually. 

Photovoltaic systems are employed in some 
remote regions for water pumping systems, 
powering radio and telephone stations, as well as 
supplying electrical energy for clinics, schools, 
and a few small villages. Other applications of 
solar energy such as passive heating and cooling 
of buildings and food drying are under 
consideration. 

3. Potential and quality of brackish ground- 
water 

In Jordan, two main sources are available to 
be desalted: the Aqaba Gulf and the brackish 
deep groundwater in some basins. Preliminary 
studies showed that by the year 2010 more than 
2x 107 m 3 of brackish water could be developed in 
the central part of Jordan. This figure may reach 
7x107 m 3 by the year 2040. According to the 
water quality analysis conducted by the Japanese 
International Cooperation Agency (JICA) on 
brackish water in Jordan, the total dissolved 
solids results were in the range of 5,000-10,000 
ppm [7]. 

Brackish water resources can provide over 
5x107 m 3 annually for the cultivation of salt- 
tolerant crops or, when desalinated, for domestic 
and/or industrial purposes. 

Thermal desalination processes, though rela- 
tively expensive, could be employed successfully 
to supply potable water. However, this is unlikely 
to occur on a large scale until locally available oil 
shale is burnt in fluidized-bed combustors to 
produce the required energy supply. However, 
desalination using waste heat (i.e., hot flue gases 
at temperatures exceeding 500°C) from gas- 
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turbine power stations will be implemented in 
Jordan sooner. These power stations mainly use 
simple open-cycle gas-turbine technology 
because of fresh water shortages, which tend to 
negate the use of combined-cycle technology. 

Whether or not direct solar distillation is 
worthwhile for a particular location in Jordan 
depends upon the local prevailing conditions 
such as high insolation intensity, the ready 
availability of adequate supplies of poor-quality 
water, as well as having sufficient funds to meet 
the capital and operating costs. However, the rate 
of fresh water required and its end use are crucial 
in determining the suitability of this process. It 
has been estimated that a solar desalination 
system in remote regions can satisfy a potable 
water demand of around 95 m3/d economically. 
However, for yields exceeding 190 m3/d, non- 
solar methods appear to be more economic. This 
is because of the high capital and labor costs for 
water desalination by solar systems at high rates 
of production. 

The brackish water quality varies from one 
location to another. Based on the water quality 
analyses that had been carried out by JICA study 
team [7], the salinity of water is around 5000- 
10,000 mg/L as TDS with water temperature of 
32-36°C. NaCI is the main component of salt in 
water (3000-6000 rag/L), besides the cations of 
Ca, Mg and the anions of SO4 and HCO3 that are 
considered to be scaling substances exist in 
relatively high concentrations, and the calculated 
total hardness is in the range of 1500-3000 mg/L 
as CaCO3. The Fe concentration is 5-15 mg/L. 
As for SiO2, which is a fouling substance for 
membranes, its concentration is in the range of 
1 0-20 mg/L. 

4. Reverse osmosis desalination system 

Desalination is a separation process used to 
reduce the dissolved salt content of saline water 
to a usable level. All desalination processes 
involve three liquid streams: the saline feedwater, 

low-salinity product water, and very saline 
concentrate (brine or reject water). 

RO is a pressure-driven process that separates 
two solutions with differing concentrations 
across a semi-permeable membrane. The rate at 
which fresh water crosses the membrane is 
proportional to the pressure differential across 
the membrane that exceeds the natural osmotic 
pressure differential. The membrane itself 
represents a major pressure differential to the 
flow of fresh water. No heating or phase change 
takes place. The major energy requirement is for 
the initial pressurization of the feed water. For 
brackish water desalination the operating 
pressures range from 250 to 400 psi and for 
seawater desalination from 800 to 1000 psi. As 
fresh water permeates across the membrane, the 
feed water becomes more and more concentrated. 
There is a limit to the amount of fresh water that 
can be recovered from the feed without causing 
fouling of the membranes. Seawater RO plants 
have recoveries from 25% to 45%, while brackish 
water RO plants have recovery rates as high as 
90%. The RO system major components include 
membrane modules, high-pressure pumps, power 
plant, and energy recovery devices as needed. 
Brackish or seawater at a high pressure, greater 
than the osmotic pressure, is fed through the 
membrane. Two major factors controlling the 
energy requirement of an RO system are 
membrane properties and salinity of the feed 
water [2]. Higher water salinity requires more 
energy to overcome the osmotic pressure, where 
the RO system needs only mechanical power to 
raise the pressure of feed water. Other advantages 
of RO systems include low investment costs at 
low capacities, ease of operation, flexibility in 
capacity expansion, operation at ambient temp- 
erature and short construction periods. 

5. Photovoltaic RO system 

Generally, a PV system consists of PV arrays, 
batteries, a controller, an inverter and several 



quality factors, Vr the thermal voltage, and R,h 
the equivalent shunt resistance. 

The photo-generated current and the thermal 
voltage are given by: 

types of load. Its performance depends on several 
factors, especially the meteorological conditions 
such as solar radiation. To use the PV system 
efficiently and economically, the PV systems are 
necessary to be designed under the local 
condition of load, irradiation, temperature and 
their components' characteristics. Normally, the 
provided information of the PV module and other 
components from manufacturers is used for 
sizing the PV system, which may result in an 
oversized system for one location and an 
undersized for another. Solar power is generally 
considered to be the best energy source for 
powering desalination plants in remote and arid 
regions [8]. There are numerous ways, however, 
by which the energy can be harnessed and 
redistributed such as battery storage, inverters 
and grid connection, all of which may add to the 
complexity and losses of the overall system [9]. 
A RO desalination system driven by solar energy 
is proposed. The system is mechanically 
powered, directly coupling the photovoltaic 
power system to a DC motor coupled to a 
gearbox, which is capable of providing sufficient 
torque to run the RO desalination system. Similar 
photovoltaic-powered RO desalination systems 
are used in different countries such as Australia 
[10,11]. 

The output current of the PV array consisting 
of several PV modules can be expressed as [ 12] 
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where al and a2 are model parameters, T is the 
absolute cell temperature, G is the global irradi- 
ance, KB is the Boltzman's constant and q the 
electron charge. 

The following expressions are adopted in the 
model: 
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Fig. 1. Specific power vs. global radiation. 
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-i0: Iexp ( Ns.nV. vr) -I]-RV h 
where I is the cell current, Vthe cell voltage, I~ 
the photo-generated current, I01 and 102 the 
reverse saturation currents, Ns the number of 
series cells in the array, n~ and n2 the diode 
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Fig. 2. Energy consumption of RO desalination system as 
a function of TDS. 
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Io, = K~.n]2(T) Io2 : K 2 . n ~ ( T  

where K~ and K2 are constants independent of  
array temperature, and nj is the intrinsic concen- 
tration, given by: 

n2(T) = 1.54x 1033. T 3" 10 -6°s°& 

Using the above-described model, the specific 
power delivered for a given value of  the global 
insolation is predicted, as shown in Fig. 1. 
The relationship between energy consumption 
and water salinity for RO is shown in Fig. 2. 
With brackish water of  2000 mg/L and 5000 mg/L 
TDS, the amount of  energy require6 is 1.1 kWh/ 
m 3 and 1.6 kWldm 3, respectively [7]. 

and Amman. The monthly average global solar 
radiation recorded for the above sites is presented 
in Fig. 3. In terms of  global solar radiation, 
Shoubak, Azraq, Ababa and Amman are the four 
sites with the most potential among all sites 
covered. Their annual average power densities 
are 6, 5.9, 5.6 and 5.5 kW/M 2, respectively. 
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6. Results and discussion 
Fig. 4. Daily water production at Shoubak. 

In order to assess adequately the suitability of  
a location for solar desalination, the monthly 
global solar radiation expressed in terms of  the 
daily average irradiation for the month, i.e., 
kW/m2/d is used. The average values of  10 years 
of  measurements of  daily global solar radiation 
for seven stations distributed all over the country 
are used in this analyses. They include Azraq, 
Ghor Sail, Wadi Dhulail, Shoubak, Aqaba, Irbid 
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Fig. 5. Daily water production at Aqaba. 
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Fig. 3. Global solar radiation for all sites. Fig. 6. Daily water production at Azraq. 
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Fig. 7. Daily water production at Amman. 
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Fig. 9. Annual water production for favorable sites. 

Using the results of the theoretical model as 
shown in Fig. 1, the global solar radiation for the 
three most potential sites is used to calculate the 
PV specific power output. Then the relationship 
between energy consumption and water salinity 
for RO (Fig. 3) is used to calculate the amount of 
water produced by the system. Figs. 4-7 repre- 
sent the daily amount of water produced during a 
1-year cycle at Shoubak, Aqaba, Azraq and 
Amman, respectively. The results are shown for 
four different values of TDS, namely 3000, 5000, 
7000, and 10,000 mg/L. As shown in Fig. 8, 
Shoubak is the most favorable site for water 
production with a TDS of 7000 mg/L. The 
amount of water that can be produced during the 
month of June is 1.3 m3/d, followed by Azraq and 
Aqaba, with amounts of 1.2 and 1.1 m3/d, respect- 
ively. The annual water production at the four 
sites is shown in Fig. 9. Shoubak, Aqaba, Azraq 
and Amman produced not only the most amount 
of water annually, but also they were very close 
to each other. With a TDS of 7000 mg/L, their 
annual water production is 329, 320, 304 and 
301 m 3, respectively. The actual brackish water 
salinity in these locations is in the range of 5000 
to 10,000 mg/L. 

It is worth noting that in all sites, 65% of 
annual production of water is during the months 
of April through September; these months are 
considered to be the dry months when water is 
needed the most. 

7. Conclusions 

Most solar sites show that they have favorable 
application towards photovoltaic-powered RO 
desalination system in Jordan. Shoubak, Aqaba, 
Azraq and Amman are the most favorable sites, 
and their annual water production was very close 
to each other. The annual water production of the 
proposed system at these sites is 329, 320, 304, 
and 301m 3. Experimental work needs to be 
carried out to study the performance of this 
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system and economic assessment of  the proposed 
system should be performed. These two issues 
will be discussed in a forthcoming paper. 
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