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ABSTRACT

This paper presents an overview of using solar energy in running desalination systems,
called solar desalination. Solar energy can be converted directly to electric energy, which
can operate electrically driven desalting systems such as reverse osmosis (RO), electrodialy-
sis (ED), and mechanical vapor compression systems. Solar energy can also be converted to
the thermal energy that can operate the mainly used thermally operated desalination system
such as multistage flash (MSF), conventional multieffect (ME), and multieffect thermal
vapor compression (ME-TVC), and emerging membrane distillation and humidification—
dehumidification desalination systems. The thermal energy converted from solar energy can
also be used to produce high-pressure steam running power plant producing electric power
to operate mechanically driven desalting systems, and/or extracted steam at relatively low
pressure to operate thermally driven desalting system. The main obstacle that hinders the
use of solar desalination is the initial investment cost. This paper discusses the use of the
solar desalination and calculates the investment cost to install solar desalination plants.
These include photovoltaic (PV)-driven RO system, and thermally driven MSF and ME
plants by steam directly generated by solar collectors, or by steam extracted from solar
steam power plants operated by the concentrated solar collectors. The results revealed that
PV-RO desalting system has the highest specific capital cost, among the considered systems,
because the expensive storage of the electric energy in batteries, and the fact solar energy
supply lasts about one third of the day. It showed also that using the thermally generated
energy from concentrated solar collectors operating power plant is much cheaper than using
this thermal energy when directly operating the desalination system.

Keywords: CSP solar energy; Photovoltaic; Reverse osmosis; MED; Water cost

1. Introduction

Water scarcity is a real problem in the Gulf
Cooperation Countries (GCC) block, including Saudi
Arabia (SA), United Arab Emirates (UAE), Kuwait,
Qatar, Bahrain, and Oman. Water demands in GCC

*Corresponding author.

are far beyond renewable fresh water resources. The
ratio of water consumed per capita to renewable fresh
water resources per capita is 39 in UAE, 11 in SA, 12
in Qatar, 63 in Kuwait, 4.4 in Bahrain, and 1 in Oman
[1]. Groundwater (GW) is over-extracted to satisfy
parts of demands, and thus the GW is depleted at
much higher rate than replenishing.
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Desalted seawater (DW) plays a major share in
satisfying fresh water demands, especially municipal
water (e.g. 99% in Qatar, and 96% in Kuwait). The
share of DW to total water withdrawal is 79% in
Bahrain, 75% in Qatar, 69% in Kuwait, 67% in UAE,
44% in Oman, and 14% in SA. It is only in the GCC
where DW has that high share of total water with-
drawal. The global percentage share of desalination
capacity between the major DW producing countries
is shown in Fig. 1 [2].

Demands for DW in GCC are always on the rise
due to increases in population and standard of living.
As example, Qatar consumed DW increase from
178 Mm®/y in 2004 to 465 Mm®/y in 2013, more than
2.6 times increase in 9 years. More desalting plants are
continuously needed and added. DW production is
expensive and consumes too much fossil fuel, espe-
cially in the GCC, when compared with groundwater
(GW) extraction, or treating wastewater. Moreover,
DW is produced in GCC by the highly energy con-
sumed thermally operated desalting plants, compared
with the most used, worldwide, seawater reverse
osmosis (SWRO) desalting plants. The DW represents
good share of municipal water in GCC, e.g. 99% in
Qatar, 96% in Kuwait, and 66% in SA, and thus it
represents good share of total water withdrawal. The
consumed fuel cost represents good share of the total
DW production cost. All GCC, except Qatar, are strug-
gling to secure natural gas (NG) needed to run their
cogeneration power desalting plants (CPDP), which
produce both electric power and DW.

Dependence of DW on burning fossil fuel emits
greenhouse gasses, mainly CO,; and negatively affects
marine environment by discharging brine of about
50% higher salinity and higher temperature (about
10°C) than the intake seawater. There are claims that
the Gulf water salinity and temperature have
increased about 2 percent over the last 20 years [1].

Using solar energy to produce DW, called solar
desalination, provides free clean and secure energy
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Fig. 1. The share of desalination capacity worldwide [2].
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source, minimizes dependence on fossil fuels, reduces
greenhouse gases emission, and provides sustainable
source of potable water. The high solar intensity in
GCC encourages the idea of utilizing solar energy to
solve the water scarcity problem. It is unfortunate that
application of solar desalination still restricted to
small-scale systems designed for remote areas because
of its high cost. Solar desalination involves combining
solar radiation conversion to heat or electricity with
DPs.

2. Desalination systems

Desalting methods can be classified as distillation
and membranes processes. In distillation, vapor is
generated from seawater and then condensed as pure
water. Vapor is generated from SW either by boiling
or by flashing. The most commonly used thermally
driven distillation methods are multistage flash (MSF),
multieffect boiling or distillation (MED), thermal
vapor compression (TVC), and combination of MED-
TVC. Another distillation process is the mechanical
vapor compression (MVC) desalting system. It is
mechanically driven by compressor operated by a
motor, diesel engine, or gas or steam turbine. The
thermally operated desalting systems need extra
pumping energy to move their streams. The commer-
cial desalination systems are summarized in the fol-
lowing sections.

2.1. MSF desalination system

The MSF is the most used desalting system in GCC,
and is operated with top brine temperature (TBT) in
the range of 110°C, and its heating steam supply (S) to
the brine heater has saturation temperature (S.T.) in
the range of 120°C. In flashing, seawater (or brine) is
heated to a temperature, say T,, and exposed to a pres-
sure having S.T. =T, less than T,, ie. Ty, <T,. Then,
the seawater temperature has drops to T, to reach
equilibrium by flashing (evaporation). This vapor is
then condensed giving its thermal energy to the feed
water for energy recovery. It is usually rated by the
gain ratio (GR) defined by the distillate output (D) to
S, i.e. GR=D/S, and by specific consumed heat Q
divided by D, or (Q/D). The MSF units operating in
GCC has GR ranging from 6 to 10, and Q/D ranging
from 250 to 300 MJ/m?>. Also pumping energy is con-
sumed by the MSF to move its streams with typical
specific pumping work (W,,) divided by D, or W,,/D in
the range of 3.5-4.5 kW h/m’. The specific consumed
fuel energy (Q¢/D), counting for both thermal and
pumping have a typical value of 340 MJ/m® when the
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steam is supplied to MSF directly from a boiler, and
200 MJ/m®> when extracted from steam turbine.
More details on the MSF desalting system are given in
Ref. [3].

2.2. MED desalination system

The MED is more energy efficient than the MSF
system. It is rated also by GR and Q/D as the MSF,
and has typical Q/D =200-300 MJ/m®. However,
most operating MED have TBT in the range of 65°C,
and heating steam supply to the first effect can have
S.T. in the range of 70°C. This steam has low availabil-
ity (energy) than that supplied to the MSF. This allows
the heating steam when extracted from steam turbine
to expand more and give more work before being
extracted to the MED units. Therefore, the equivalent
work supplied to the MED is less than that supplied
to the MSF because its S.T. is lower than that used in
the MSF. Moreover, the MED consumes less pumping
energy (about half that used in the MSF system). The
specific consumed fuel energy (Q¢/D) counting for
both thermal and pumping has a typical value of
320 MJ/m® when the steam is supplied to MED
directly from boiler, and 140 MJ/ m® when extracted
from steam turbine. More details on the MED desalt-
ing system are given in Ref. [4].

2.3. TVC desalination system

In TVC distillation process, part of the generated
steam in the last effect is compressed to become a heat-
ing steam by a steam ejector utilizing a high-pressure
motive steam. The motive steam supply to the steam
ejector is expanding in a nozzle to a low pressure
(lower than the vapor in the last effect) to extract part
of the generated vapor. The mixture of the expanded
steam and extracted vapor passes through a diffuser to
increase its pressure on the expense of its velocity, and
utilize it as a heating steam in the first effect at a typi-
cal S.T. of 70°C. This system is also rated by the gain
ratio GR =D/S, (S here is the motive steam in this
case), and specific consumed heat Q/D, (Q is the heat
supplied with the motive steam). The motive steam in
the TVC system does not directly heat the seawater,
but is used to raise the pressure of the extracted vapor
to become a heating steam. Therefore, it can be at
much higher S.T. than the TBT, and thus has high
availability. The main obstacle of this system is the
limited capacity of the steam ejectors. Therefore, high
capacity units are arranged with two TVC units operat-
ing in parallel, and conventional MED is operating in
series with them. The compressed vapor has higher
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pressure and thus lower specific volume than that
supplied to the end condenser. Typical values of a
large MED-TVC are: Ppotive steam (3-20) bar, GR (8-16),
Q/D (150-300) MJ/m>, Wpumping/D =2 kW h/m?, and
Qfuer/D =200 MJ/m? in CPDP, and 360 MJ/m? for boi-
ler operated system. More details on the TVC desalting
system are given in Ref. [4].

2.4. RO desalination system

The membrane desalting systems include reverse
osmosis (RO), where seawater is pressurized against a
semipermeable membrane that allows almost pure
water to permeate, and not salt. It is mechanically dri-
ven by pumping energy. The main problem of the
SWRO is the membrane’s fouling that required exten-
sive pretreatment to avoid or decrease that fouling.
The feed water pressure (Py) to the membranes is in
the range of 60-80 bar (depending on the feed water
salinity, and membranes characteristics). The brine
leaving the membranes is at about 2 or 3 bar only less
than Pr. The energy of this brine can be recovered by
energy recovery device (ERD), (e.g. reversed centrifu-
gal pump working as a turbine, Pelton wheel, and
pressure exchanger). The specific consumed energy is
in the range of 4-6 kW h/m> depending on the feed
water salinity and the type of ERD. The share of RO
membrane process is rapidly increasing with the time
compared to distillation processes as it consumes
much less energy, and thus less cost, see Fig. 2.

2.5. Other desalination system

Other membrane desalination methods include
electro-dialysis (ED), and membrane distillation (MD).
Other distillation systems include humidification—
dehumidification (HDH). In ED desalination process,
direct electric current is applied across flowing saline
water to drive ions across anions and cations exchange
permeable membrane, and then dilutes the coming
saline water. The required energy for the ED depends
on the initial salinity of the saline water. It is mainly
applied to desalt brackish water, although its use for
high salinity water is now promising. MD is a hybrid
thermal membrane process that can use low-grade
waste heat to generate a vapor pressure difference
across a hydrophobic membrane to produce a high
quality distillate from concentrated brines. The HDH
is a thermal water desalination method. It is based on
evaporation of seawater or brackish water and con-
secutive condensation of the generated humid air,
mostly at the ambient pressure. Both MD and HDH
can be operated by relatively low temperature heating
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Fig. 2. The trend of increasing use of RO compared to distillation processes [2].

sources that can be easily provided by flat or
evacuated solar collectors.

3. Solar desalination technologies

There are many variants for solar desalination, as
summarized in Fig. 3.

3.1. Direct solar electricity—desalination system

Photovoltaic cells can be used to operate mechani-
cally (or electrically) driven desalting systems such as
SWRO, MVC, or ED. Example of a prototype commer-
cial system of RO plant is provided with an energy
recovery system in the water stream built in Doha,
Qatar. It produces 5.7 m®/d (1,500 gpd) fresh water
powered by a photovoltaic array of 11.2 kW-peak [5].
More discussion of this system is given later.

3.2. Direct solar thermal operated desalination system

Solar stills: a solar still is a shallow basin holding
seawater enclosed by a canopy, transparent to solar
radiation. The incident short wave radiation is trans-
mitted and absorbed as heat. To ensure maximum
absorption of solar radiation, the basin surface is
blackened. A simple solar still yields very little water:
5L/d/m? is a typical best, meaning that 3-m’/d
would require an area of 600 m?. For this reason, solar
still is not to be considered here. This can be com-
pared with PV-SWRO that requires only 40 m* of PV
to produce the same capacity using non-concentrating
collector intercepting and absorbing solar radiation
and convert it to heat flowing fluid that operate the
desalting plant. Examples are the use evacuating tube
collectors operating 120 m®>/d MED desalting unit in
Abu Dhabi, and 40 m>®/d ME desalting unit in La
Desired Island, French Caribbean [5].

Mechanical or Electrical Energy

Fig. 3. Solar desalination variants.

MED TVC MSF MD HDH
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(1) Using non-concentrating collector intercepting
and absorbing solar radiation and convert it to
heat flowing fluid that operates the desalting
plant. Examples are the use of evacuating tube
collectors operating 120 m*>/d MED desalt-
ing unit in Abu Dhabi, and 40 m*’/d ME
desalting unit in La Desired Island, French
Caribbean [5].

(2) Using concentrating solar power (CSP) collec-
tors that concentrate solar rays on an absorber
to produce steam directly as in linear Fresnel
collectors (LFC), or to heat oil that generates
steam in heat exchanger as in parabolic trough
collector (PTC). The generated steam can
directly drives thermal desalting system such
as MSF, Fig. 4, or multieffect distillation (MED)
desalting systems, Fig. 5. An example is a
100 m®/d MSF desalting unit in Kuwait, and is
called stand-alone desalting arrangement [3].

3.3. Indirect solar thermal desalting system

(1) Using the steam generated by the concentrated
solar power (CSP) collectors to drive solar
power plant (SPP) that produces electric power
operating mechanically driven desalting sys-
tems such as SWRO or MVC desalting systems,
Figs. 6 and 7.

(2) Using steam extracted from steam turbine of a
SPP to drive MSF or MED plant, besides
utilizing the electric power to operate SWRO

Solar Field
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or MVC desalting system. Fig. 8 shows SPP
driving MED and SWRO.

(3) Using integrated solar gas/steam combined
cycle (ISCC) to produce EP and extracted
steam to operate desalting systems, Fig. 9.

4. RO using photovoltaic (PV) cells

Many PV-operated SWRO desalting systems were
built, but for small capacities, mainly in the range of
1-5 m®/d. Desalination by RO is the leading desalting
system, worldwide, as it consumes much lower energy
compared to distillation methods. Driving the RO
desalting system with PV proves to be technically and
economically feasible for remote areas with access to
sea or brackish water. The PV technology is rapidly
growing with declining prices, Figs. 10 and 11. Costs
of solar modules account for 40-50% of total PV
system cost.

Figs. 10 and 11 present the average retail prices in
Europe and the USA based on a monthly online survey.

They encompass a wide range of module prices,
varying according to the module technology (with thin
film modules generally cheaper than c-Si), the module
model and manufacturer, its quality, as well as the coun-
try in which the product is purchased. For example, in
March 2012 average retail module prices were, respec-
tively, 2.29%/ W, in USA and 2.17€/ W,, in Europe, but
the lowest retail price for a crystalline silicon solar mod-
ule was 1.1$/W, (0.81€/W,,) and the lowest thin film
module price was 0.84$/W,, (0.62€/W,) [7].
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A photovoltaic or “solar cell” is a semiconductor
device that directly converts sunlight to direct current
(DC) electricity. The materials most commonly used in
PV manufacturing are mono-crystalline silicon (Si),
multicrystalline Si, and compounds of cadmium
sulfide (CdS), cuprous sulfide (CuyS), and gallium

arsenide (GaAs). These cells are packed into modules,
which produce a specific DC voltage and current
when illuminated.

A silicon solar cell produces, under intense sun,
more than 30 mA/cm? So, a commercial cell of
12.5 x 125 cm? gives about (12.5x 12.5 x 30/1,000=)
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5A of DC, at a voltage lower than 0.5V gives less generation capabilities. About 30-36 PV solar cells are
than 2.5 W of electric power. This is too low and as a connected to build a module, several modules are
result, several cells are to be associated to add connected to form a panel, and several panels form an
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Fig. 10. Reported, bottom-up, and analyst-projected average U.S. PV system prices over time [6].

array. For a module of 36 (or 72) cells conned in
series, and each cell produces about 0.5 V in sunlight,
it gives 18 V (or 36), Fig. 12(a), and enables the panel
to charge 12V (or 24 V) batteries. The 36 panel with
18 V will charge the batteries better than the 30-cell
panel, but it needs control to avoid over-charging. The
main electrical and mechanical characteristics of a

typical mono-crystalline silicon module are: maximum
power rating =85W, open-circuit voltage (Voc)
=22V, short-circuit current (Isc) =5 A, voltage at
maximum power =18V, current at maximum
power =4.7 A, length =1,188 mm, width =530 mm,
depth = 44 mm, and weight = 7.5 kg. The power rating
of PV modules is typically given in watts peak (W)
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(b) tracking modes[9] and (c) general photovoltaic system [8].

and refers to the maximum power output under
standard test conditions. The output voltage of PV
modules typically matches the charging voltage of a
12 V battery, allowing for voltage losses in cables and
control equipment.

The array is arranged for practical devices, which
require a particular voltage or current for their opera-
tion. The solar panels are the heart of a complete PV
solar system. Other parts include mounting structures
carrying the modules in direction of the sun. A PV
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array could be mounted on a sun tracking system,
Fig. 12(b), if the additional cost is justified. Storage of
energy is required to operate the load during non-il-
luminating time using batteries as storage system. The
PV power outputs depend on sunlight intensity and
temperature, and thus vary with time. Therefore, the
DC output delivered to batteries, grid, and/or load is
to be controlled for a smooth operation of the PV sys-
tem. The control components are called charge regula-
tors; see Fig. 12(c).

The power input to a PV system is the solar irradi-
ance, which is luminous power per unit area and
conveniently expressed in kW/m” The sum of the
direct and diffuse components is called the global
irradiance.

If irradiance is integrated over a period of time
(usually, an hour, a day or a year), the irradiation,
which is the energy received per unit surface in that
period of time, in kW h/m? is obtained. PV modules
can receive more energy per unit area if they are tilted
an angle equal to the latitude. As example, the daily
global irradiance and environmental temperature (af-
fecting the PV current output) are given in Figs. 13
and 14 in Al-Khor, Qatar. Fig. 13 shows the annual
daily average is 5.122 kW h/m” with a maximum
of 6.463kW h/m” in June and 3.498 kW h/m’ in
December.

PV electrical parameters are determined at stan-
dard test conditions, i.e. 1,000 W/m? solar irradiance,
25°C cell temperature and air mass (AM) 1.5 solar
radiations. Rated specifications from typical PV mod-
ule are determined from the maximum power point
(MPP) of the illuminated I-V characteristics.

The resulted current and power are related to the
solar intensity, Figs. 15-17 and their variation with
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Fig. 14. Ambient daily high and low temperature by
month in Al-Khor, average weather for Doha, Qatar [10].

temperature are shown in Fig. 18. In order to guaran-
tee performance specifications of modules, modules
are sealed for protection against corrosion, moisture,
pollution, and weathering.

Individual modules may have cells connected in
series and parallel combinations. In series connection,
the voltage is the sum of those of the individual
devices; in a parallel connection, the currents add up,
Fig. 19. In a commercial module, the cells are usually
connected in series.

Variation of both solar insolation and temperature
through the day causes the I-V curve to vary, and
thus the MPP is not stationary. To maintain operation
close to the MPP is known as maximum power point
tracking (MPPT) and is critical to the efficient
operation of a PV-RO system.
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Fig. 13. Solar radiation levels by month in Al-Khor, Qatar [9].
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Fig. 16. The effect of solar irradiance on the PV electric

power output for a typical module [12].
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The RO system is characterized by:

The specific consumed energy by the RO system is
increased with an increase in the feed water salinity.
The RO energy consumptions are far less than distilla-
tion processes.

It has extensive feed water pretreatment. This
pretreatment is a critical part of the system to elimi-
nate or at least to minimize the effect of the fouling
which affects greatly the performance and reliability
of the RO process. Thus, pretreatment needs serious
consideration.

The RO systems have several advantages. It is
modular, i.e. it has the flexibility for capacity expan-
sion); and take short construction period. It operates
at ambient temperature. The pumps of the RO are
usually operated by alternating current (AC), and this
necessitates the use of inverter. Batteries also may be
required to sustain the RO operation, when solar
energy is not sufficient (or smooth its operation when
PV output fluctuates). Therefore, the PV system
includes PV arrays, batteries, a controller, inverter(s),
and several types of load.

Mohsen and Jaber [13] developed a model to deter-
mine the specific power delivered for predicted given
value range of the global insolation by certain mod-
ules, as shown in Fig. 20. The current is expressed in
linear relation with global insolation (G) as:

I=a;+a,G, and the voltage as V=KgxT/g,
where 4, and a4, are model parameters, T is the cell
temperature, G is the global irradiance, Kz is the
Boltzman’s constant and g the electron charge. They
used the monthly global solar radiation expressed in
terms of the daily average irradiation for four
locations in Jordan. The model also expressed the
relationship between energy consumption and water
salinity for RO system dealing with brackish water as
shown in Fig. 20. With brackish water of 2,000 and
5,000 mg/L TDS, the amount of energy required is 1.1
and 1.6 kW h/m?’, respectively, see Fig. 21.

The PV-RO can be stand alone or augmented with
other energy source such as wind turbine, Diesel
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PV specific power, W

0 200 400 600 800 1000
Global solar radiation, wW/m?

Fig. 20. Specific power vs. global radiation [13].

M_.A. Darwish et al. | Desalination and Water Treatment 57 (2016) 16679-16702

engine, or grid power supply, but most PV-RO
applications are stand alone. In the RO system, the
use of brine energy recovery system lowers its specific
consumed energy, but this is usually limited to high
salinity seawater. Several installed PV-RO systems are
presented in Table 1.

A schematic diagram for a typical PV powered
SWRO pilot plant in a remote area in Gran Canaria
(Las Palmas-Spain) system operating in Spain is
shown in Fig. 22 [14], and presented here as reference
plant. The system has 10 m’/d product capacities
3 m3/d for 6h of operation) with 0.4 recovery ratio
(D/F), and 64 bar feed pressure. The high pressure
feed pump power consumption is equal to:

W, = Feed (m®/s) x (PkPa)/n,
= [(10/0.4)/(24 x 3600)] x (64 x 100)/(0.75)
=247 kW

Calculation is done here for Qatar seawater conditions
and not for the reference case, but for the same
permeates capacity. The SWRO unit required electric
power is about 1.3 of the HP feed water pump, or
around 3 kW.

Similarly, electric power, 1 kW, is required to oper-
ate the intake pump and pretreatment pumps, as well
as 0.75 kW is required to operate the cleaning pump
(operating only once the plant is stopped), a total of
4 kW. Therefore, the electric power load ranges from
0.75 to 4 kW. The nominal capacity of the used PV (64
modules x 75 W capacity each) is 5.8 kW,,. The ratio of
the pumps load (4 kW) to the PV power output
(5.8 kW) is the multiplication of inverter (0.9), batteries
(0.85), and charger regulator (0.9) efficiencies. The
daily PV output is 34.8 kW h for 6 h daily operation.

25
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Fig. 21. Energy consumption of RO desalination system as
a function of TDS [13].
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Table 1
Several PV/RO installed plant [5]
Plant location Feed water Plant capacity Photovoltaic system
Jeddah, SA 428g/1 32m’/d 8 kW peak
Concepcion del Oro, Mexico BW 1.5m%/d 2.5 kW peak
North of Jawa BW 12m®/d 25.5 kW peak
Red Sea, Egypt 44.0g/1 50 m*/d 19.84 kW, (pump), 0.64 kW, (control equipment)
Hassi-Khebi Argelie BW 0.95 m*/h 2.59 kW,
Cituis West, Jawa, Indonesia BW 1.5 m3/h 25 kW,
Perth, Australia BW 0.5-0.1 m*/h 1.2 kW,
Wanoo Raodhouse, Australia BW - 6 kW,
Vancouver, Canada SW 0.5-1 m3/d 4.8 kW,
Doha, Qatar sw 5.7 m’>/d 11.2 kW,
Thar desert, India BW 1m’/d 0.45 kW,
North west of Sicily, Italy SW - 9.8 kW, + 30 kW diesel generator
St. Lucie Inlet State Park, FL, US SW 2°0.3m3/d 2.7 kW,, + diesel generator
Lipari Island, Italy SW 2m®/h 63 kW,
Lampedusa Island, Italy SW 3+2m°/h 100 kW,
University of Almeria, Spain BW 25m® /h 23.5 kWp
»
—I Charge Controller pmmsl)t  Inverter bl l l

H

Battries

PV Array

Water line Capacity: 10 m"/d
Electrical line  Water quality<500 mg/L

Fig. 22. Diagram of the PV-RO system [18].

For an average daily irradiation of 5.33 kW h/m?, as
example in Doha, Qatar, and 13% PV efficiency, the
required area is 34.8/(0.13 x 5.33) = 50.23 m”.

Some details of the reference case are presented
here. The unit produces about 3 m®/d, on 6 h average
operating hours per day. It was built to show the
technical and economic viability of the system, and it
can be efficiently extrapolated to other productions or
qualities. The PV-RO system has a fully automatic
control system which manages the power generated

WELL HIGH cip'
PUMP PRESSURE PUMP
PUMP
Pressure: 3 bar Pressure <70 bar Caudal max : 8 m'h
Flow: 2,5 mh Flow max: 1.5 m*h P:075kW
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—p | \ | Brine flow
—
RO lines
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Sea water Cartridge Filters gk
(25" 2)
Product
—

and uses it in running the SWRO system on a daily
basis, with average of 8 operating hours per day in
summer and 6 h in winter (7 h annual average).

The autonomous (PV-SWRO) system, not con-
nected to the grid and using electric energy storage
batteries, has 400 L/h production capacity, and 60 bar
seawater feed pressure to the membranes.

Batteries are used to solve the PV system principal
problem that is the sun does not shine with equal inten-
sity. Daily and annual fluctuations in solar insolation
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necessitate storing excess energy for later use.
Lead-based batteries are the most commonly employed
for this purpose of remote PV system and are the most
cost-effective solution for energy storage for small-
to-medium-sized autonomous power systems. A bat-
tery stores electrical energy in the form of chemical
energy. For a PV-battery system to function effectively,
the electrochemical processes must work in both direc-
tions, i.e. the system must be rechargeable. The batteries
have three main functions in a stand-alone PV system:
(a) autonomy by meeting the load requirements at all
times, including at night, during overcast periods, or
during the winter when PV input is low or absent, (b)
surge-current capability—by supplying, when neces-
sary, currents higher than the PV array can be deliv-
ered, especially to start motors or other inductive
equipment, and (c) voltage control to prevent large
voltage fluctuations that may damage the load.

The site is at less than 100 m from sea has
2.044 kW h/m mean annual solar radiation, 7.8 m/s
mean annual wind speed, 23.5°C mean annual tem-
perature, and 65-70% mean relative humidity. The
SWRO is designed capacity of 10 m/d (24 h), perme-
ate mean conductivity value of less than 1,000 pS/cm
and 5.5 kW h/m specific consumed energy and has
two parallel lines of 6 spiral-wound membranes each
(2.5 x 407). The pre-treatment includes cartridge fil-
ter 25 pm, and cartridge filter 5 pm. The feed water
high-pressure pump has feed flow of 900 L/h, 1,000
psi maximum pressure, and is driven by 2.2kW
motor, and high pressure switch 67 bar cut-out pres-
sure. The RO membranes are enclosed in 12 tubes
(SW-2540) of 2 m long.

The PV-generating electric power is 4.8 kW. The
PV field consisting of sixty-four 75 W, A-75 modules,
power accumulation consists of twenty-four 385
ampere-hours (Ah) 2V vessels, a 75 A regulator, a
4.5 kW inverter and a protection panel with which we
separate and protect the panel lines, also including the
battery output protection fuses.

The PV field is connected to provide its power to a
bank of accumulators, Fig. 23 This process is con-
trolled by a regulator, a device in charge of managing
the charge process, preventing the batteries becoming
over or undercharged with a view to lengthening their
lives as much as possible. Each time the regulator cuts
off the charge process, the power provided by the PV
generator is lost. This factor is used to design the
plant’s control program that can practically eliminate
these charge cut-out periods, thus making the best
possible use of the solar energy available. The accu-
mulators keep the input voltage to the inverter stable
and, make it possible to make use of the surplus
radiation in the middle of the day, when more power
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is supplied by the PV system than is consumed by the
plant. This surplus is later used to operate the system
in the early and late hours of the day, when the pro-
cess is inverted. This means that the charge regulator
never cuts out the charge process, and there is 100%
use of the solar energy available. The direct rated volt-
age of the photovoltaic system, which is 48 V, is trans-
formed by the inverter into 220 V (AC) to adapt it to
the plant’s operating voltage.

The power storage capacity of the bank of batter-
ies, 19 kW h, is fully optimized, making the installa-
tion technically and economically viable. One totally
original aspect is measuring the variation in battery
capacity in real time by means of a battery monitor
with RS232 output, making full use of the solar radia-
tion available and the generation of a large amount of
useful information with a view to analyzing battery
variations over time. The nighttime use of the battery
capacity is not recommended, since this wastes part of
the power stored.

The system has a cleaning system that operates
when it is shut down on a daily basis to prevent the
brine from being in contact with the membranes all
night by flushing process. A centrifugal cleaning
pump, pumps around 300 L of product water (from
the cleaning tanks) at a pressure of about 3—4 bar for
flushing process.

To estimate the cost of the PV system, $6/W,, is
assumed for the PV system, or (4.8 x 6,000=) $28,880,
and the cost of the SWRO is $2,000/(m3/d) for the
small size system. This gives the 10 m®>/d SWRO cost
as $20,000. For 6 h of operation and 3 m®/d product
output, the total cost for one m3/d is $16.267/m°>.

The PV-SWRO system has confirmed technical via-
bility. However, its economic viability is doubtful
when compared with conventional centralized desalt-
ing processes. Its use is justified only in remote areas
with no grid connections. A list of some other seawa-
ter PV-RO driven plants is given in Table 2. This
Table shows that some RO pumps are driven by DC
motors, some PV-RO are not using storage batteries,
and the high cost of water production [15].

5. Direct and indirect steam operating desalting
system

5.1. Energy supply to desalination systems

The desalting plants can be stand-alone driven by
a steam boiler, Fig. 24, or by solar collectors, Figs. 4
and 5. When a desalting plant is combined with
power plant (PP), it is called CPDP, Fig. 25. Typical
CPDP operated with solar collectors replacing the con-
ventional boiler is shown in Fig. 26. Stand-alone DP is
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Fig. 23. Diagram of the 4.8 kW, photovoltaic system [14].
Table 2
Examples of PV driven RO systems [15]
Location and Feed TDS PV Capacity Battery Pump Production Cost
country Year (mg/L) (kW) storage drive (m3/d) ($US/m>)
Abu Dhabi, UAE 2008 45,000 11.25 No AC 20 7.3
Chania, Crete, GRC 2004 40,000 31.2 Yes AC 12 8.3
Doha, Qatar 1984 35,000 11.2 No AC 5.7 3
Jeddah, SA 1981 42,800 8.0 Yes DC 3.22 6.6
Massawa, UAE 2002 40,000 2.4 No AC 3.9 10.6
University of Bahrain 1994 35,000 0.11 Yes DC 0.2 2.8
Pozo, Izquierdo, Spain 2000 35,500 4.8 Yes AC 1.24 9.6

Notes: It is clear from Table 2 that the specific cost in $US/m> is very high (6.6-10.6$/m?) for high salinity water seawater. The low
numbers given for as $3/m? for Qatar plant and $2.8 for University of Bahrain plant seem unrealistic.

rarely used in large capacity plant with conventional
boiler or solar collectors as it represents an inefficient
use of thermal energy.

A typical MSF desalting unit operating in Kuwait,
for example, has 24 stages (21 recovery and 3 rejection
stages), gain ratio (GR) =8, (kg distillate product/kg
of supplied steam) when operated at TBT =90.5°C,
and a GR of about 8.6 at TBT =110°C. This unit
consumes specific thermal energy (Q/D) about
270 MJ/m® of DW, [16].

When directly operated with steam generated from
boiler of 90% efficiency, the specific consumed fuel
energy (Qi/D) is 300 MJ/m’. Typical 4 kW h/m’
pumping (electric) energy is also used to run the MSF
unit streams. The specific fuel required to produce this
4 kW h/m® (14.4 MJ/m®) in a power plant having 0.36
efficiency is 40 MJ/m?). So, the specific fuel required
to provide both thermal energy and pumping power
is 340 MJ/m?. For a barrel of oil (having 6 GJ energy)

Throttling
Valve

Desuperheater

Desalting
Plant

Fig. 24. Steam generated by fossil fuel to directly operate
desalting plant.

and costing $60, the fuel energy used to produce one
m> is (340/6,000) x 100 ~ $3.36/m>. This is very high
to produce one m>. Even if NG having 60% of oil
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Fig. 26. Typical CPDP with MSF distillation system and electric power to the grid.

price is used, the specific fuel cost would be still high
at $2.02/m”.

In CPDP, steam plant operating by fuel, Fig. 25, or
by solar energy, Fig. 26, steam is generated at much
higher temperature and pressure than those required
by the MSF unit. This steam is supplied to a steam
turbine and expands to produce work, i.e. electric
power before its extraction (or discharge) to the desalt-
ing plant. The cost of producing steam is shared by
the produced electric power and DW. In a typical
CPDP using steam turbine, if one kg of steam at the
condition of steam extracted to the MSF unit is intro-
duced to a low pressure steam turbine, it produce
about 490 kJ of work. This work is considered as work

loss due to supply of the steam to the DP, rather than
its expansion to the condenser condition. For a typical
MSF unit having 8.5 gain ratio (GR) defined by
desalted water/steam supply, the work loss due sup-
plying thermal energy of 270 k] /kg of DW is equiva-
lent to work equal 490/85=57.6kJ/kg of DW
(16.01 kW h/m?). By adding pumping work (about
4kW h/m> to the 16.01 kW h/m?® the mechanical
equivalent energy to the thermal consumed energy
and pumping, the total equivalent work is about
20 kW h/m® (72 M]/ m3). To produce this amount of
work in power plant of 0.36 efficiency, it needs about
200 MJ/m®>. This is to be compared with 340 MJ/m?
for stand-alone (or about 41% reductions in fuel
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energy). This applies to CPDP using fossil fuel or solar
energy. Again for a barrel of oil (having 6 GJ energy)
and costing $60, the fuel energy used to produce one
m® in CPDP is (200/6,000)x60 = $2/m’. This is still
very high to produce one cubic meter. Even if NG
having 60% of oil price is used, the specific fuel cost
would be still high at $1.2/m>. This is the main reason
for using CPDP as illustrated later. Close results for
CPDP) were reported by ESCW, [17]. In conclusion,
the steam is usually generated at high availability (i.e.
high pressure and temperature). When supplied to
CPDP, it expands and produces work before its avail-
ability is reduced to that required by the MSF plant,
when it is extracted. When the steam from steam
generator is directly supplied to the MSF units, it is
throttled to the availability and conditions required by
the MSF without producing work. In CPDP, the fuel
used to produce steam is shared by the work output
and desalted water in CPDP, while it is completely
charged to desalted water in the other case.

5.2. SPPs using PTC

Several types of solar collectors are used to transfer
solar energy to thermal energy to operate the SPPs.
These include linear Fresnel solar collectors (LFC),
and PTCs that concentrate solar rays on line collectors;
and central receivers (towers) and parabolic dishes
concentrating solar rays on point collectors. The SPP
using solar PTC and steam Rankine heat engine is the
well proven and mostly used type. The PTC has
troughs-curved mirrors that reflect the incident direct
solar radiation onto collector tubes (called a receiver,
absorber or collector), Fig. 27. The receiver tube is
positioned along the focal line of the trough, contains
running fluid that absorb the received heat. The
trough is parabolic along one axis and linear in the
orthogonal axis. The sunrays are kept perpendicular
and focused on the receiver most of the time by tilting
the trough to face east to west. Therefore, the trough
is practically uses tracking on a single axis. The recei-
ver is usually enclosed in a glass vacuum chamber,
with fluid passing through the receiver called heat
transfer fluid (HTF). Its temperature is raised to high
temperatures (390°C). The HTF is usually synthetic oil.
The hot HTF is used in heat exchangers to generate
steam operating Rankine steam power cycle. Full-scale
PTC systems consist of many such troughs laid out in
parallel over large land area (4-5 times the solar col-
lectors’ area) [18].

The history of SPPs using PTCs goes back to the
solar electric generation system (SEGS) plant operating
in California (CA), USA since 1985, see Table 3.
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Trough plants generate their peak output during
sunny periods when air conditioning loads are at their
peak. Integrated SPPs, with NG-operated boilers and/
or thermal storage have allowed the plants to provide
firm power even during non-solar and cloudy periods.
The long time operation experience by the SEGS make
this type of SPP a well proven and the most used
type. The PTC accounted for about 96% of global con-
centrated solar power (CSP) capacity at the end of
2010; tower technology accounted for 3%.

Data on some of the SEGS and Nevada solar 1 are
given in Table 3, and on some of Spain parabolic
trough SPP are given in Table 4, [19]. At the end of
2010, Spain accounted for about 57% of all global CSP
capacity. The Andasol 1, Andasol 2, and Andasol 3
plants shown in the table are the first commercial CSP
plants to feature thermal energy storage (TES), using
two tank of molten salts to store up to 7.5 h of peak-
loaded energy, [19]. Two other large projects in USA
are the Mojave Solar Park and Beacon solar project.

The data given in Tables 3 and 4 indicate that the
specific field collector size per MW is in the range of
6,000 m>/MW without TES; and 10,000 for 7.5h of
TES. The reported direct normal irradiance (DNI) in
Spain is around 2,168 kW h/m?/y (close to that in
Qatar), while 2,700 kW h/m?/ y were reported in CA,
US. The HTF inlet and outlet temperature are 293 and
393°C, respectively, and thus the throttling condition
of Rankine power cycle is about 370°C. The steam
pressure at the steam turbine inlet is 100 bar. This
necessitates the use of reheat turbine to insure at least
88% dryness fraction at the turbine exit as required by
the steam turbines industry. The cycle has an average
annual solar to electricity efficiency of 16%.

5.3. Reference SPP

A reference plant, Fig. 27, is chosen here similar to
the SEGS VI of 30 MW located in CA using a collector
type known as LS-2, and another 30 MW planned for
Pakistan using Euro-trough collectors (ET 150), where
direct solar radiation is close to that in Qatar, i.e. more
than 1,900 kW h/mz/year (5.2 kW h/m?/d), [20]. The
solar field consists of 56 loops, and each loop has 4 solar
collector assembly (SCA) of 148.5 m length, and 5.77 m
aperture area of ET 150 collectors. The total aperture
collector area is 191,933 m?, producing 118.2 MWy, ther-
mal energy, and electric power of 31.4 MW,. The main
characteristics of ET150 are given in Table 5. This gives
solar specific collector area of 6,085 m?/MW,, and
1,624 m?/ MW,. The collectors are aligned on a north-
south line, thus tracking the sun as it traverses the sky
from east to west. The reflectors are made up of a
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Fig. 27. Schematic diagram of the reference plant steam cycle with points.
Table 3
Basic characteristics of some SEGS parabolic trough SPP at Kramer Junction and Nevada Solar 1 [19]
Start-up Capacity  Solar field Solar turbine Solar field Power cycle Dispatch-
Plant name year MW) temp. (°C) efficiency (%) size (m?) pressure (bar) ability
SEGS III 1987 30 349 30.6 230,300 40 Gas boiler
SEGS VI 1988 30 390 37.50 188,000 100 (reheat) Gas boiler
SEGs IX 1991 80 390 37.60 483,960 100 (reheat) HTF heater
Nevada 2007 64 390 37.60 357,200 100 (reheat) None
solar 1

number of submodules each with a typical length of
12 m. The ET150 has an overall length of 150 meters (m)
length and aperture width of 5.77 m, and consists of 12
submodules [21]. There are 56 solar trough collector
groups mounted on SCA, Figs. 28a—28c.

The plant, similar to that shown in Fig. 27, has five
closed feed water heaters (FWH), and one open FWH
(de-aerator). Steam condition to the HP turbine inlet
point (1) is 370°C temperature, 100 bar pressure, and
36 kg/s steam flow rate (assumed and to be checked).
The Rankine cycle state points are given in Table 6, [19].

The current investment cost for PTC plants
without storage ranges between $4,500/kW and
$7,000/kW. The use of TES increases the capital cost,
but allow higher capacity factors. The reported invest-
ment cost of 50 MW showed that the solar field and
HTF and system cost is $140.3 M, or $2.8 M/MW,
plus site and solar field preparation of $62.4 M, or
$1.248 M/MW.. Therefore, the total solar field cost for

the reference plant is $121.62 M, ($1.248/MW,), or a
total of $202.7 M and $4.054/MW.,. So, the cost of
complete solar collector field with preparation is
$121.62 M, and for the area of 191,933 m? the cost of
collector/m?* is $634/m? The power block $M31.2 or
$1.04/MW.. So, the total plant capital cost is 152.82 M
($5.1/MW,).

5.4. Modified reference SPP to include desalting plant

In order to compare the capital cost when the DP
is standing alone or when combined with SPP at
several configurations, the reference plant shown in
Fig. 27 is modified as shown in Fig. 29. In this
modification, the turbine is changed from extraction
condensing steam turbine to back pressure steam
turbine with all its discharged steam is supplied to
MED. Therefore, the condenser and the last part of
turbine from point 8 to the end condenser inlet (at
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Table 4
Basic characteristics of the parabolic trough SPP in Spain [19]
Capacity Storage DNI Solar field area Plant e Temp. solar

Name (MW)  hours (kW h/m?/y) (As/MW) (1,000 m*>/MW) (kW h) field in/out  Efficiency
Alvarado-1 50 2,174 27 27 293/393
Andasol-1 50 7.5 2,136 10,202.4 40 27 293/393 16
Andasol-2 50 7.5 2,136 10,202.4 40 27 293/393 16
La Florida 50 7.5 11,055.0 40 27 298/393 14
Extresol-2 50 7.5 2,168 10,202.4 40 27 293/393 16
Extresol-1 49.9 7.5 2,168 10,222.9 40 27 293/393 16
Ibersol 50 0 2,061 5,755.2 30 304/391

Ciudad

Real
La Dehesa  49.9 7.5 11,077.2 40 29/393 14
Majadas 50 2,142 27
Manchasol-1 49.9 2,208 40 293/393 16
Palma del 50 0 2,291 27 27 293/393

Rio-2
Table 5
Main characteristic parameters of EuroTrough 100 and 150 m [21]
EuroTrough model ET100 ET150
Focal length (m) 1.71 1.71
Absorber radius (cm) 3.5 3.5
Aperture width (m) 5.77 577
Aperture area (m?) 545 817.5
Collector length (m) 99.5 148.5
Number of modules per drive 8 12
Number of glass facets 224 336
Number of absorber tubes (4.1 m) 24 36
Mirror reflectivity (%) 94 94
Weight of steel structure and pylons, per m” aperture area, kg 19.0 18.5
point 10), and two feed heaters are omitted. The D =27.06x 8 =216.45kg/s. Therefore, the specific

omitted part of the turbine is most expensive and least
efficient part of the turbine. So, the power block is
expected to decrease to 60% of its original cost. The
desalination system is chosen to be MED with TBT
equal to 70°C, and the gain ratio D/S =8. The BPST
discharge condition is expected to be at point 8 where
the steam is at 0.96 bar, and 99°C saturation tempera-
ture to overcome the problem of decreasing pressure
at part load. At full load, the steam at point 8 should
be throttled to the pressure required by the desalting
plant. Accordingly for the same steam flow rate of the
turbine inlet (36 kg/s), the work loss between point 8,
and end condenser was calculated as Wgy.= Wo_
10+ Wg_9=7,379.4 kW. The discharged flow rate is
27.06 kg/s, and thus the MED plant capacity is

equivalent work (Wy,/D) to thermal energy supplied
to the desalination plant is: Wg,/D =30.7 kJ/kg
(8.52 kW h/m’), and the equivalent work for the
LT-MED including pumping energy (2 kW h/m’) is
10.52 kW h/m®. The steam supplied to the desalina-
tion plant is discharged from the steam turbine at
2,650 k] /kg enthalpy, and leaves as saturated liquid at
70°C (293.07 k] /kg enthalpy). So the heat gained by
the DP is Qg = 27.06(2,650-293.07) = 63,778.5 kW, and
the specific heat in kJ/kg of desalted water (D) is
Qa/D =294.6 K] /kg. The back pressure steam turbine
work output would be W, =23,358 kW. Now, the
reference SPP and its modified version are used to
evaluate several versions of using solar energy for
desalination.
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Fig. 28c. Euro-trough module structural elements: (1) front and rear endplates for mounting to the pylons, (2) space frame
structure, (3) receiver supports, (4) cantilever arm, (5) mirror facet [19].

an MSF units of GR =8.5 consuming 270 MJ/

B - e m® thermal energy and 4 kW h/ m°® pumping
:_ L[ - [ energy (equivalent to 40MJ/m’ thermal
— - ._:: C —— ,_:: energy), the desalting plant output would be
it | ] (R st | Gy e (32,943 m’/d or 7.25 MIGD). In this case, the
—— .-: e — .'= ; PTC costing $121.62 M is used to produce 7.25
T e —— | [ —— MIGD, or $16.78 M/MIGD. The capital cost
% MSF is in the range of $1,800/m> or the
| N —— P | P — desalination plant cost would be $M 59.3, and
—— g | —— the total cost of the PTC and desalting plant is
L - | | el Tt $M180.947, or $5,492/(m>/d).
iyl e ] - — | |- — (2) Direct solar operated MED units: in this case,
[ - gy —— Ee—— _'__: only the PTC used in the reference SPP, and pro-
] —-—- | | —— duces 118.2 MW thermal energy that operates

an MED units of GR =10, consuming 230 MJ/
m® thermal energy and 2 kW h/m’® pumping
) ' . 3

Fig. 28a. Solar field layout [20]. energy (equivalent to 20M]J/m” thermal
energy), the desalination plant output would be
(40,845 m®/d or 8.96 MIGD). In this case, the

\ of c“““’“’ i cost of the PTC costing $121.62 M is used to pro-

e flpei Clie duce 8.985 MIGD, or $13.54 M/MIGD. The capi-

ikl e 293¢ Temp: by 25 Temp: by 25 tal cost ME-TVC is in the range of $1,500/m3, or
Co o

the desalination plant cost would be $M 61.27,
and the total cost of the PTC and desalting plant

Collector No Collector No

OMout@3os  qrisesits siah is $M182.888, or $4,478/(m>/d).

Temp: by 25

Version 2: SPP operating desalting system

Fig. 28b. A collector loop raising the temperature of HTF (1) SPP operating SWRO: in this case, the EP out-
by 100°C, [20]. put of 30 MW, of the reference SPP is used to
operate the SWRO desalting plant consuming

Version 1: directly operated desalting system 5kW h/m> (18 MJ/m® mechanical energy, the
DP output would be 144,000 m®/d or 31.68

(1) Direct solar operated MSF units: in this case, MIGD). In this case, the cost of the SPP is $M
only the PTC used in the reference SPP, and 152.82 M, the cost SWRO plant (in $M) is

produces 118.2 MW thermal energy operates (144,000 x $1,100/(m>/d)/1,000,000) = $M
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Table 6

The state points of the reference plant steam cycle

State point Mass flow rate (kg/s) Pressure (bar) Temp. (°C) Enthalpy (kJ/kg)
1 36 100 370 3,005
2 2.7 33.61 238 2,807
3 2.575 18.58 207 2,710
4 30.725 18.58 207 2,710
5 30.715 17.1 370 3,190
6 2.0245 7.98 278 3,016
7 1.634 2.73 168 2,798

8 1.498 0.96 99 2,650
9 1.021 0.29 70 2,500
10 24.5375 0.1 45.81 2,350
11 30.725 - 45 -

12 30.725 - 45 -

13 30.725 14.76 45 188

14 30.725 10 65 271.7
15 30.725 8.7 95 398.9
16 30.725 7.94 127 532.7
17 36 7.94 -

18 36 125 170 722.5
19 36 112 - 8732
20 36 103 - 1,014.8
21 36 100 311 1,407.8
22 36 100 311 2,725.5
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Fig. 29. Schematic diagram of modified reference SPP with BPST discharging its steam to MED plant.

158.4, and the investment cost is $M311.22 or 10 kW h/m® (36 MJ/m>® mechanical energy),
$2,161/(m3/d). the DP output would be (72,000 m3/d or
(2) SPP operating MVC: In this case, the EP output 15.838 MIGD). In this case, the cost of the SPP
of 30 MW, of the reference SPP is used to is $152.82 M, and the cost is desalting plant is

operate the MVC desalting plant consuming (72,000 x $1,100/(m>/d)/1,000,000) = $M  79.2
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Table 7

Comparison of the capital cost of energy systems when PTC is used to produce thermal energy that directly operate DP
or through SPP

Cases DW (m®/d) Equipment capital cost ($M) Specific capital cost ($/(m>/d))
PV-SWRO 3 48,880 16,293
la (PTC + MSF) 32,943 181,000 5,492
1b (PTC + MED) 40,845 183,000 4,478
2a (SPP + SWRO) 144,000 311,000 2,161
2b (SPP + MVC) 72,000 311,000 3,223
2¢ (SPP + SWRO + MED) 130,834 296,000 2,266

.20

£

& —

S 15

-

S 10

S

g

S s ]

3, B = =

wv

o Q N O N o
& &) & Q & &
& & & & & quc,s
;\’b\ '(,O\ f{,o\ x(')$ ’b@
< 3
NN

Fig. 30.

3)

Solar Desalination Cases

Capital cost of energy system.

and the investment cost is $M232.02 or $3,223/
(m®/d).

Back pressure SPP operating MED: in this case,
the modified SPP producing EP output of
23.358 MW,, and supplying extracted steam of
27.06 kg/s to an MED plant. The EP output
operates an SWRO plant consuming 5 kW h/m?
(18 MJ/m® mechanical energy) and produces
112,118 m®/d or 24.663 MIGD. The 27.06 kg/s
extracted steam to the MED plant of GR = 8 pro-
duces 216.48 kg/s (4.11 MIGD or 18,704 m3/d).
Now the total DW output is 28.78 MIGD
(130,834 m>/d). The capital cost for this case is
the $121.62 M for the PTC, and 75% of the power
block cost $18.72 M, a total cost of $145.02 M.
The capital cost of the desalination plants is:
112,118 x $1,100/(m>/d)/10° = $M 12333 for
the SWRO plant and 18,704 x $1,100/ (m3/d)/
10° = $M 28.056 for the MED plant. So, the total
investment cost is 145.02 + 123.33 + 28.056 = $M
296.406, or $2,266/(m°/d).

A brief comparison between the above cases of
transforming the solar energy to thermal heat to
directly operate DPs or through SPP is presented in
Table 7 and Fig. 30. It shows that operating the ther-
mal desalting plants directly by PTC is very expen-
sive, and cost 2-3 times the cost of using SPP to
operate the most economic desalting plant of SWRO
system.

Comparison of the high specific cost of small
capacity PV-SWRO with that of large capacity solar
thermal desalting systems is not realistic, as the first is
serving specialized purpose in remote area.

6. Conclusion

The use of solar energy to produce DW is an
attractive choice for the GCC, where DW demands are
continuously increased. The sustainable use of solar
energy would decrease burning of finite fossil fuel
and its GHG emission, where Qatar and UAE have
the highest per capita emission in the world. Solar
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desalination by photovoltaic (direct conversion from
solar energy to EP) to drive RO or MVC; or solar
thermal energy to drive distillation system directly or
indirectly through SPP was reviewed. The use of PV
to operate RO is very expensive due to the high
expenses of both PV and batteries and should be
limited only to remote areas with no water resources,
and/or water transportation is very expensive. As
shown from the calculations, a 10 m®/d SWRO system
produces only 3 m®/d; since the system is operated
only during sun shining time. The specific capital cost
of the PV-RO system is $16,293/(m>/d). The conver-
sion of solar energy into thermal energy supplied
directly to thermal operated DPs is much cheaper than
the PV-RO system. The specific capital cost of the
CSP-thermally operated desalination systems ranges
between 4,500 and 5,500$/(m®/d). However, this is
still much higher than the use of solar energy to
produce heat and operate SPP, where the specific
capital cost of the system is in the range of
$2,200-$3,200/(m>/d). Using solar energy to operate
SPP to drive RO, and its extracted steam to run MSF
or ME has the lowest specific capital cost of the
modeled systems.
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