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ABSTRACT

Renewable energy sources (RES) for powering desalination processes is a promising option
especially in remote and arid regions where the use of conventional energy is costly or
unavailable. Reverse osmosis (RO) is one of the most suitable desalination processes to be
coupled with different RES such as solar and wind. If RES/RO systems are optimally
designed, some combinations can be cost effective and reliable. However, the design of such
systems is complex because of uncertain renewable energy supplies, load demands, and the
non-linear characteristics of some components. In such system, different scenarios can be
suggested; i.e. combinations of Photovoltaic (PV) panels, type and number of batteries, type
and number of turbines, etc. Therefore, it is difficult to determine the optimal configuration
with classical techniques. The development of a tool to integrate all parameters involved and
compare between the possible scenarios is very important. This paper presents a new model
based on the genetic algorithms allowing for coupling small RO unit to RES. A particular
interest is focused on the hybrid systems (PV/WIND/Batteries/RO). The objective function
to minimize corresponds to the total water cost (capital cost plus operational costs). The fea-
sible solutions (individuals in each generation) are obtained through simulations carried
along a complete year.

Keywords: Desalination; Reverse osmosis; Renewable energies; Modeling; Genetic algorithms;
Optimization

1. Introduction

The application of renewable energies (RE) for
driving desalination units (DES) is very promising in
isolated areas (i.e. islands, villages in the desert, etc.),
where the electricity production is very expensive,
potable water resources are inexistent and the poten-
tial of RE (solar and wind) is very important [1,2].
The application of RE in the desalination industry

does not face the same barriers as in the case of
renewable energy source (RES) for electricity power
production (expensive storage systems to compensate
the stochastic characteristics of the RE). In the case of
RES/DES coupling, the energy is consumed directly
for water production, the water can be stored, cheaply
in large quantities and for long periods [1].

The operational performances, the cost and the
reliability of RES/DES units depend on the design
and calibration of such systems. Optimal use of RES
potential is necessary in order to reduce the cost of*Corresponding author.
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produced water. In this frame, considering hybrid
configurations (Photovoltaic (PV) and Wind) is the
best way to optimize the use of RE.

On the other hand, the design of such systems is
complex because of uncertain RE supplies, load
demands, and the non-linear characteristics of some
components.

Despite the great effort done to improve the effi-
ciency of RES/DES systems the desalinated water cost
is still relatively high compared to conventional desa-
lination units and more effort should be done to opti-
mize this kind of systems.

In this paper we present different methods to
optimize RE systems driving desalination unit, with a
particular interest to the reverse osmosis (RO) driven
by hybrid PV/Wind systems. For this last configura-
tion we will present a new methodology based on
genetic algorithms (GAs).

The objective function used in this optimization is
the unit cost of desalinated water during the life cycle
of the plant (20 years). The presented methodology
consists in selecting from available components in the
market, the optimal number and the type of each unit
(PV panels, wind turbines, membranes, etc.) in such
way that the water needs are satisfied and the produc-
tion cost is minimized. The total water cost for the life
cycle of the plant is equal to the sum of the capital
and maintenance costs.

The present methodology has the advantage to
take into account all the critical functioning parame-
ters that have an influence on the electricity and desa-
linated water productions and the investment and
operational costs.

The minimization of the function total cost was
implemented by using GAs that have the capacity to
reach the solution corresponding to the global opti-
mum with a relative simple calculation. The benefit of
using GA in the proposed methodology is the calcula-
tion of the optimal solution in the global space of fea-
sible solutions of desalination systems (individuals).
These later are obtained by different simulations
throughout a year.

2. RE/DES Systems

Many different RE desalination systems are techni-
cally feasible [2–4]. Fig. 1 presents the possible combi-
nations between desalination processes and RE
technologies.

A methodology for selecting the most appropriate
combination between desalination technologies and
RE for a given site based on different criteria was
developed [5]. Desalination systems are energy inten-

sive, and their energy consumption is a driving factor
in determining their economic feasibility when they
are coupled to RES. Typical energy consumptions for
different desalination processes are shown in Table 1.

In Table 1 the energy requirements are separated
into thermal energy which is used to heat the seawa-
ter and electrical energy which is used to drive
pumps, compressors, and auxiliary equipment. For
seawater desalination, RO requires the least amount
of overall energy. However, if thermal energy is inex-
pensive (the case of Middle East), a thermal desalina-
tion process like multi-effect distillation can be
practical.

Fig. 2 illustrates the breakdown of RE-powered
desalination system technologies implemented world-
wide in 2007 [7]. It shows that the most used

Fig. 1. Technological combinations of the main RE and
desalination methods.

Table 1
Energy consumption and electric power cogeneration [6]

Desalination process Thermal
energy
(kJ/kg)

Electrical
energy
(kWh/m3)

Seawater

MSF 190–290 4–6

MED 150–290 2.5–3

Vapor compression (VC) – 8–12

RO without energy recovery – 7–10

RO with energy recovery – 3–5

Brackish water

RO without energy recovery 1–3

RO with energy recovery 1.5–4

Electrodialysis 1.5–4

T. Ben M’Barek et al. / Desalination and Water Treatment 51 (2013) 1416–1428 1417



RES/Desalination systems are RES/RO (51% of the
total worldwide installed RES/DES plants).

RO is the desalination process which can be cou-
pled, in reliable and economic way, with RES. The
suitability of RE technologies, especially wind turbines
and PVs, for RO desalination systems is due to the
convenience of RO for desalinating small quantity of
water for remote and isolated areas; it has low energy
consumption (Table 1) and little need for maintenance
[8].

2.1. MSF desalination plants driven by solar energy

Solar-powered multi-stage flash (MSF) plants can
produce 6–60L/m2/day, in comparison with the 3–
4L/m2/day typical of solar stills [9].

The use of solar troughs for MSF desalination was
tested mainly in the USA. In a typical commercial
small plant 48 kW is required to produce 450 L/day in
three stages.

In Szacsvay et al. [10], a Solar/MSF system using
an Atlantis autoflash multistage desalination unit is
described. Since the standard MSF process is not able
to operate coupled to any variable heat source, an
adapted MSF system called “Autoflash” was devel-
oped. Performance and layout data were obtained
both from computer simulation and experimental
results with a small-sized Solar/MSF systems in Swit-
zerland. The system had been in operation for 9 years.
From these studies it was shown that the cost of distil-
late could be reduced from 5.48$/m3 for small desali-
nation system with a capacity of 15m3/day to 2.39$/
m3 for desalination systems with a capacity of
300m3/day.

2.2. Multiple-effect distillation driven by solar energy

Several multiple-effect distillation (MED) plants of
medium capacity powered by solar energy were built
worldwide. One MED-plant designed for a maximum

capacity of 120m3/day with 18 stack-type stages and
pre-heaters was analyzed in UAE [11]. Evacuated-tube
solar collectors of 1,862m2 were used with water as
the heat-carrying medium. It had a heat accumulator
of 300m3 capacity. Specific heat consumption of the
plant was 43.8 kcal/kg with performance ratio of 12.4.
Due to heat accumulator the evaporator could run
24 h a day during sunny days producing freshwater of
85m3/day. The plant was able to desalt seawater of
55,000 ppm. The total seawater requirement was
42.5m3/h. The major problem was the maintenance of
the pumps. It was shown that the acid cleaning and
silt removal were extremely necessary for better per-
formance of the plant.

A practical-scale desalination system of three
effects using only solar energy from solar collectors as
the heat source and the electrical power from the PV-
cells was investigated by Abu-Jabal et al. [12]. The
unit was developed and manufactured by the Ebara
Corporation (Tokyo) and tested at the Al Azhar Uni-
versity in Gaza. The average production rate was in
the range 6–13L/m2/day.

Thomas [13] carried several experiments on MED
and MSF units driven by solar energy in Kuwait. He
reported several difficulties operating under the vari-
able conditions of solar insulation. Greater success has
been found with self-regulating solar MSF plants than
solar MED plants.

Fiorenza et al. [14] estimated the produced water
cost for seawater desalination by MED powered by a
solar thermal field. The results obtained for plants of
capacity varying between 500 and 5,000m3/d have
shown that the cost of water produced can be reduced
by increasing the plant capacity; i.e. 3.2$/m3 for the
500m3/d plant capacity and 2$/m3 for the 5,000m3/d
plant capacity.

2.3. RO desalination driven by PV

PV-powered RO systems have been implemented
in different regions, i.e. remote areas of the Tunisian
desert, rural areas of Jordan, remote communities in
Australia, etc. Several investigations were carried to
analyze the cost of PV/RO desalination systems [15].
If PV connected to a RO system is commercial nowa-
days, the main problem of this technology is reported
to be the high cost of the PV cells. The distance at
which the PV energy is competitive with conventional
energy depends on the plant capacity, on the distance
to the electric grid, and on the salt concentration of
the feed [16].

In Saudi Arabia, a PV/RO brackish water desalina-
tion plant was installed [17]. It was connected to a
solar still with 5m3/d production. The feed water of

Fig. 2. Breakdown of RE powered desalination system
technologies implemented worldwide [7].
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the water still was the blowdown of the RO unit
(10m3/d). A detailed cost analysis was also reported.

Bourouni and Chaibi [18] presented a PV/RO
desalination plant, for supplying one village, in south-
ern Tunisia. It uses solar energy to power a RO brack-
ish water desalination unit with a capacity of 15m3/
day. They present an analytical description of the
plant components and reports experimental results for
a 6-month operating period. Several problems were
highlighted such as brine rejection, low efficiencies,
and high cost.

Several tools were developed to improve the
design of PV/RO systems by using iterative proce-
dure [19]. The size of the RO unit is computed accord-
ing to the desalinated-water requirements, while the
PV system nominal power rating is calculated such
that the corresponding energy requirements of the RO
unit are satisfied, taking into account the available
solar radiation potential of the installation area. The
size of the battery incorporated in the system is com-
puted such that the daily variations of the solar radia-
tion are compensated. On the other hand, up to now
the design process does not include the optimization
of the components’ number and type and the minimi-
zation of the total system cost.

2.4. RO driven by wind energy

Since the coastal areas present a high availability
of wind power resources, wind-powered desalination
represents a promising alternative of RE desalination
[20]. Wind-powered RO plants have been imple-
mented on the islands of the County of Split and Dal-
matia (Croatia), on the island Utsira in Norway, and
in remote communities in Australia.

A prototype wind-powered RO desalination sys-
tem was constructed and tested on Coconut Island off
the northern coast of Oahu, Hawaii, for brackish
water desalination [21]. The system has four major
subsystems: multivaned windmill/pump, flow/pres-
sure stabilizer, RO module, and control mechanism. It
was shown that the flow rate of 13 l/min could be
processed for an average wind speed of 5m/s, and a
brackish feed water at a total dissolved solids concen-
tration of 3,000mg/l. The average rejection rate and
recovery ratio were 97 and 20%, respectively. Energy
efficiency equal to 35% was shown to be comparable
to the typical energy efficiency of well-operated multi-
vaned windmills.

A prototype of a fully autonomous wind-powered
desalination system has been installed on the island of
Gran Canaria in the Canarian Archipelago [22]. The
system consists of a wind farm, made up of two wind
turbines and a flywheel, which supplies the energy

needs of a group of eight RO modules throughout the
complete desalination process (from the pumping of
seawater to the storage of the product water), as well
as the energy requirements of the control subsystems.
It was highlighted that this system can be applied to
seawater desalination, both on a small and large scale,
in coastal regions with a scarcity of water for domestic
and/or agricultural use.

The economic feasibility of a wind-powered RO
plant was evaluated by mathematical modeling analy-
sis [7]. It was shown that the costs of a wind-powered
RO desalination system are in line with what is
expected for a conventional desalination system, prov-
ing to be particularly cost-competitive in areas with
good wind resources that have high costs of energy.
The unit cost of freshwater production by a conven-
tional RO plant can be reduced up to 20% for regions
with an average wind speed of 5m/s or higher.

In order to optimize the design of Wind/RO sys-
tems, Kiranoudis et al. [20] considered desalination
plants power-supplied by one wind generator (W/G).
The optimal design objectives are the determination of
the optimum size and type of the W/G and the opti-
mum structure of the RO desalination unit mem-
branes, such that the system total annual cost is
minimized, with respect to certain product quality
and quantity demand constraints. This procedure is
implemented using a successive quadratic optimiza-
tion algorithm. The W/G-desalination systems investi-
gated do not incorporate either electric energy, or
produced water storage units.

2.5. RO desalination driven by hybrid PV/wind systems

RO desalination units driven by hybrid PV/wind
power systems have been designed and implemented
in different areas of the world (e.g. Sultanate of Oman,
Israel, Mexico, Tunisia, etc.). The performances of
these units were reported by Weiner et al. [8], Peter-
son et al. [23], Bourouni and Chaibi [8] and Peterson
et al. [24].

Two RO desalination plants (Germany) using a
plate module system supplied by a 6-kW wind energy
converter and a 2.5 kW solar generator have been
designed for remote areas (Peterson et al. [24]). Two
of these prototypes were installed in the northern part
of Mexico and in a small island on the German coast
of the North Sea (Peterson et al. [23]).

The design of a stand-alone, hybrid PV/Wind sys-
tem, used to power-supply a seawater RO desalina-
tion unit, based on a technoeconomic analysis, is
proposed by Mohamed and Papadakis [25]. The sys-
tem contains both a battery bank and a storage tank
for the produced water, in order to cover the potable
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water demand during the days with negligible solar
and/or wind energy production. The RO unit is
designed to be able to cover the maximum daily water
demand, dictating the corresponding maximum total
power requirements. In the second step of the pro-
posed methodology, the number of PV modules is cal-
culated such that the maximum energy requirements
during the year are covered, taking into account the
available solar radiation potential. The battery bank
capacity is computed such that the electric energy
required for two days can be stored. The volume of
the water storage tank is calculated in such way that
it provides two summer-day autonomy. In order to
minimize the total system cost, the developed soft-
ware eliminates a part of the PV modules, determines
the corresponding produced daily energy and replaces
them by one or more W/G. This calculation is per-
formed for various combinations of PV and W/G con-
tribution percentages to the hybrid system total
energy production. The combination achieving the
minimum water production cost is selected as the
final hybrid system configuration.

Manolakos et al. [26] discussed the developement
and the application of a software tool for designing
hybrid PV/Wind systems, which are used to cover
the electricity and water demands of remote areas.
The nominal power rating of the W/G and the num-
ber of the PV modules are determined through sev-
eral program runs simulating the system operation,
in order to satisfy the electric energy and water
needs. The battery bank is sized taking into account
several days of energy autonomy of the system, in
order to ensure the uninterrupted power supply dur-
ing the time periods of low solar radiation and/or
low wind speed. The volume of the desalinated
water tank is computed to satisfy the water demand,
even during the time periods of low RES potential
availability.

Voivontas et al. [27] developed a computer-aided
design tool for the preliminary design of desalination
plants driven by RES and the evaluation of the corre-
sponding water production cost. The RES power pro-
duction capability is determined using an iterative
procedure allowing an energy balance between the
energy produced by the RES and the auxiliary energy
sources (e.g. electric grid, diesel generators, etc.) and
the energy requirements of the desalination unit.
However, this design method does not include the
economic optimization of the resulting configurations.
The investigations carried on RO desalination plants
driven by hybrid PV/Wind systems showed that this
kind of units is the most efficient compared to the
other RES/DES technologies. Moreover, this technol-
ogy can be improved by optimizing the design of the

overall plant. For these reasons we focus in this chap-
ter on the optimization of this kind of systems.

3. New methodology of optimization hybrid PV/
WIND/RO systems

The operational performance and the reliability of
the desalination systems driven by RES depend on
their proper design and sizing. The optimal exploita-
tion of the available RES potential is necessary in
order to reduce the cost of the water produced.

The objective of this paper is to present a new
methodology to optimize RO desalination system,
which is power-supplied by hybrid PV and W/G
energy sources. Compared to the past-proposed meth-
odologies, which have been used in order to design
water desalination systems driven by RES, the meth-
odology presented in this paper has the advantage
to take into account all the critical operational parame-
ters that affect both the resulting electric energy and
desalinated-water production levels and the system
capital and maintenance costs. The block diagram of
the PV/Wind/RO system considered in this study is
illustrated in Fig. 3.

The Battery bank is charged from the respective
PV and W/G input power sources by using battery
chargers, connected to a common DC bus. The power
sources are usually configured in multiple power gen-
eration blocks according to the devices nominal power
ratings and the redundancy requirements. The battery
bank, which is usually of lead-acid type, is used to
store the generated electric energy surplus and to
supply the RO desalination units in case of low solar
radiation and/or wind speed conditions. DC/AC
converters are used to interface the DC battery voltage
to the AC requirements of the RO desalination units.
A water tank is used to store the produced desali-
nated water surplus, which is not directly consumed.

The purpose of the proposed methodology is to
derive, among a list of commercially available system
devices, the optimal number and type of units such
that the life time round total system cost (COTot) is

Fig. 3. Block diagram of RO driven by Hybrid PV and W/
G energy sources.
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minimized. At the same time the desalinated-water
demand is completely covered.

COTot is equal to the sum of the respective compo-
nents’ capital and maintenance costs. The decision
variables for the optimization are: (i) the number and
the type of the membranes, (ii) the number and the
type of the PV modules, (iii) the number and the type
of the wind turbines, (iv) the batteries charger, (v) the
DC/AC converters, (vi) the height of the turbines, and
the volume of the storage tank.

The minimization of the system total cost function
has been implemented using GAs, which have the
ability to attain the global optimum solution with rela-
tive computational simplicity. The scope of the GAs in
the proposed methodology is the calculation of the
optimum solutions in the overall state space of the
desalination system-sizing problem.

The block diagram depicted in Fig. 4 summarizes
the proposed optimization methodology. This method-
ology uses a database including: (i) the technical char-
acteristics of commercially available system devices,
(ii) their associated per unit capital, and (iii) their
maintenance costs. The input of the model are the: (i)
feed and the desalinated water quality specifications,
(ii) water demand profile, (iii) daily solar irradiation
on a horizontal plane, and (iv) the hourly mean values
of ambient temperature and wind speed.

At the first step, the RO plant is designed and
optimized based on water demand, feed water charac-
teristics, and desalinated water specifications. One
important outcome of this step is the determination of

the energy required to operate the pumps and other
auxiliaries. In the second step, special attention is paid
to the design of energy systems related to the chosen
technology and the arrangements of various compo-
nents that can meet the goal of energy demand. In this
step, the structure of the power unit, batteries, water
storage, and inverters are studied. Several Hybrid
PV/Wind combinations are possible to power the
designed RO plant. To validate the RES configuration,
a simulation of the system operation is performed
during the year in order to examine whether it fulfils
the desalinated-water requirements.

In the third step, a process employing GAs is exe-
cuted, in order to dynamically search for the system
configuration, which subject to the criterion set in the
first step, results in minimum total system cost.

During the application of the proposed methodol-
ogy, the system operation is simulated for one year
with a time step of 1 h. The power produced by the
PV and W/G sources and the desalinated-water flow
rate are assumed to be constant during that time step
and they are arithmetically equal to the corresponding
energy and water volume, respectively.

3.1. Modeling of the RO unit

The equations of flow and salt distribution, used
in the model, are similar to those provided by the
software for the design of RO membrane “FILMTEC-
ROSA” [28].

RO membranes are selected after checking the feed
water characteristics. Hence, the number of
membranes Nmb which is a function of unit capacity,
the stream flow Qp, and the membrane surface Smb is
calculated as follows:

Nmb ¼
Qp

f � Smb

ð1Þ

where f is the pure water transport coefficient.
The number Ntp of pressure vessels in the system

is calculated the following equation:

Ntp ¼ Nmb

NT

ð2Þ

where NT is the total number of membranes per unit.
Eq. (3) is used to calculate the water flow rate pro-

duced by RO membranes.

Qp ¼ A � Smb � TCF � F � ðDP� D�Þ ð3Þ

A is the membrane pure water permeability, TCF
is the temperature correction factor, F is the

Fig. 4. The flowchart of the proposed optimization
methodology.
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membrane fouling factor (0.8�F� 1), DP is the
applied transmembrane pressure and Dp is the trans-
membrane osmotic pressure.

The osmotic pressure in the different elements of
RO unit is given by Eq. (4).

p ¼ 0:002654 � ðT þ 273Þ � C � 1

1; 000� C
1;000

ð4Þ

where C is the salt concentration.
The average pressure drop DP between the first

and the last element is given by Eq. (5).

DP ¼ Pf � 1=2DPfs ð5Þ

DPfs represents the pressure drop between feed
and discharge of a single element, it is given as
follows:

DPfs ¼ 0:01 �Q1:7

fc ð6Þ

The efficiency (Yk) of the membrane is a function
of the overall performance of the RO system Y and
Nmb in the system Eq. (7).

Yk ¼ 1� ð1� YÞ1=Nmb ð7Þ

The product concentration CP is a function of recov-
ery rate and salt rejection (Eq. (8)). The brine concentra-
tion Cc of RO element is calculated from Eq. (9).

Cp ¼ ð1� RmbÞ � Cfc � pf � TCF� Smb

Qp

ð8Þ

Qf � Cf ¼ Qp � Cp þQc � Cc ð9Þ

By applying Eqs. (6–8) the: flow rates and concen-
trations of permeate and concentrated brine in the first
element are determined respectively. Thus, product
water is collected in the central tube and the brine
becomes feed to the second element. This process is
repeated for all elements in series. To determine the
feed pressure of the system, the model starts from last
element for which the applied pressure Pa is calcu-
lated from Eq. (3).

The total water quantity QT produced by RO sys-
tem is given by Eq. (10). Where Qk is the amount of
water produced by the cell k. The desalinated water
salinity concentration is deduced from Eq. (11).

QT ¼
XNmb

k¼1

Qk ð10Þ

CT ¼
PNmb

k¼1

Ck�Qk

QT

ð11Þ

It should be noted that many other parameters are
considered in the model including estimation of the
water needs, chemical analysis of the feed water, and
the choice of the membranes. The optimal system
design is targeting towards the minimization of the
RO energy consumption. In this frame, energy recov-
ery systems can be considered.

3.2. Modeling of the PV panels

Each PV power generation block shown in Fig. 3,
consists of NP PV modules connected in parallel and
NS PV modules connected in series. On day i
(1� i� 365) and at hour t (1� t� 24) the maximum
output power of each PV power generation block is
determined. This calculation is based on the specifica-
tions of the PV module under Standard Test Condi-
tions (STC, cell temperature = 25˚C and solar
irradiance = 1 kW/m2), provided by the manufacturer,
as well as the ambient temperature and solar irradia-
tion conditions. The following Eqs. (12–15) are used to
design the PV modules:

Pi
MðtÞ ¼ Ns �Np � Vi

OCðtÞ � IiSCðt; bÞ � FF iðtÞ ð12Þ

IiSCðt; bÞ ¼ fISC;STC þ KI T
i
cðtÞ � 25�C

� �g � Giðt; bÞ
1; 000

ð13Þ

Vi
OCðtÞ ¼ VOC;STC � Kv½Ti

cðtÞ � 25�C� ð14Þ

Ti
cðtÞ ¼ Ti

AðtÞ þ
NOCT� 20�C

800
� Giðt; bÞ ð15Þ

where Pi
MðtÞ is the maximum output power of the PV

array, IiSCðt; bÞ is the PV module short-circuit current

(A), ISC;STC is the short-circuit current under STC,

Giðt; bÞ is the global irradiance (W/m2) incident on the
PV module placed at tilt angle b (˚), KI is the short-cir-

cuit current temperature coefficient (A/˚C), Vi
OCðtÞ is

the open-circuit voltage (V), VOC;STC is the open-circuit
voltage under STC (V), Kv is the open-circuit voltage

temperature coefficient (V/˚C), Ti
AðtÞ is the ambient

temperature (˚C), NOCT is the Nominal Operating
Cell Temperature (˚C), provided by the manufacturer

and FFiðtÞ is the Fill Factor, [29].
The number of PV modules connected in series in

each PV power generation block, Ns, is calculated
according to the battery charger maximum input
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voltage, Vm
DC, and the PV modules maximum open-cir-

cuit voltage level, Vm
OC:

Ns ¼ Vm
DC

Vm
OC

ð16Þ

The values of the daily solar irradiation on the
horizontal plane are used to calculate the value of

Giðt; bÞ according to the methodology analyzed by
Lorenzo [30].

The battery charger power conversion factor ns is
defined as follows:

ns ¼ Pi
PVðt; bÞ
Pi
Mðt; bÞ

¼ n1 � n2 ð17Þ

where Pi
PVðt; bÞ is the PV power really transferred to

the battery bank by each PV power generation block,
n1 is the battery charger power electronic interface
efficiency and n2 is a conversion factor, which
depends on the battery charging algorithm executed
during the charger operation and indicates the devia-
tion of the actual PV power generated from the corre-
sponding maximum power.

In case that the battery charger operates according
to the maximum power point tracking (MPPT) princi-
ple [31], n2 is approximately equal to 1, otherwise its
value is much lower. The values of n1 and n2 are spec-
ified by the battery charger manufacturer.

3.3. Modeling of W/G

The variation of the W/G output power vs. the
wind speed is provided by the manufacturer. It usu-
ally indicates the actual power transferred to the bat-
tery bank from the W/G source, taking into account
the effects of both the battery charger power electronic
interface efficiency and the MPPT operation, if avail-
able. Thus, in the proposed methodology, the power
transferred to the battery bank at hour t of day i, from
each W/G power generation block, Pi

WGðt; hÞ, is calcu-
lated using the following linear relation:

Pi
WGðt; hÞ ¼ P1 þ viðt; hÞ � v1

� � � P2 � P1

v2 � v1
ð18Þ

where h (m) is the W/G installation height, viðt; hÞ
is the wind speed (m/s) at height h (hlow6 h6 hhigh
according to the limits hlow and hhigh specified by the
W/G manufacturer), and (P1, v1), (P2, v2) are the W/G
output power and wind speed pairs.

If the input wind speed data are measured at a
different height than the desired W/G installation

height, h, then, viðt; hÞ is corrected using the following
exponential law:

viðt; hÞ ¼ virefðtÞ �
h

href

� �a

ð19Þ

where virefðtÞ is the reference (input) wind speed
(m/s) measured at height href (m) and the exponent a
ranges from 1/7 to 1/4.

3.4. Modeling of batteries

The number of batteries connected in series in each
of the multiple, parallel-connected battery strings
forming the battery bank, nsB, depends on the nominal
DC bus voltage and the nominal voltage of each indi-
vidual battery, VB (V):

ns
B ¼ VBUS

VB

ð20Þ

The value of the battery bank nominal capacity, Cn

(Ah), depends on the total number of batteries, NBAT,
the number of series connected batteries, and the
nominal capacity of each battery, CB (Ah):

Cn ¼ NBAT

nS
B

� CB ð21Þ

The maximum permissible battery depth of dis-
charge, DOD (%) is specified by the system designer
at the beginning of the optimal sizing procedure and
it dictates the value of the minimum permissible bat-
tery bank capacity during discharging, Cmin (Ah),
which is calculated as follows:

Cmin ¼ DOD � Cn ð22Þ

During the desalination system operation the avail-
able battery bank capacity is modified according to
the PV and W/G energy production levels and the
power requirements of the desalination units. This
variation is expressed by the following equation:

CiðtÞ ¼ Ciðt� 1Þ þ nB � P
i
BðtÞ

VBUS

� Dt ð23Þ

Cið24Þ ¼ Ciþ1ð0Þ ð24Þ

where Ci (t) and Ci (t�1) are the available battery
capacity (Ah) at hour t and t�1, respectively, of day i,
nB = 80% is the battery round-trip efficiency during
charging and nB = 100% during discharging [32], VBUS
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is the nominal DC bus voltage (V), Pi
BðtÞ is the battery

input/output power (W) (Pi
BðtÞ<0 during discharging

and Pi
BðtÞ>0 during charging) and Dt is the simulation

time step (Dt= 1 h).
In order to avoid the battery performance degrada-

tion under practical operating conditions the maxi-
mum permissible battery bank charging or
discharging current has been limited to (Cn/5) h. The
initial capacity of the battery bank, C1 (0), is calculated
using the following equation:

C1ð0Þ ¼ ð1�DOD

2
Þ � Cn ð25Þ

3.5. Modeling of the global RE/DES system

The PV panels and W/G must be sized such that
the produced energy during the year allows to com-
pletely satisfy the desalination system energy require-
ments. Hence, the remaining battery bank capacity at
the end of the simulation period must be higher than
its initial value:

C365ð24Þ � C1ð0Þ ð26Þ

When the necessary power for the RO operation is
available, then the desalination process is performed
and desalinated water is produced. Otherwise, the

operation of the RO units is suspended. In this case,
cleaning of each RO unit membranes should be per-
formed, using flushing techniques. The total power
produced by the PV and Wind Turbines at hour t of
day i is calculated as follows:

Pi
REðtÞ ¼ NPV

ch � nS � Pi
Mðt; bÞ þNWG � Pi

WGðt; hÞ ð27Þ

where NWG is the total number of W/G power gener-
ation blocks incorporated in the desalination system.
At the hour t of the day i the total DC power input to

the DC/AC inverters, Pi
TðtÞ (W), is related with the

total AC power supplying the desalination units,

Pi
ROðtÞ (W), according to the following equation:

Pi
TðtÞ ¼

Pi
ROðtÞ
ni

ð28Þ

where ni (%) is the power conversion efficiency of the
DC/AC inverters. The minimum permissible amount
of water stored in the tank, Vmin (m3), should be fixed
(generally set equal to 25–30% of the tank total vol-
ume, VTANK (m3)).

The volume of the available water stored in the
tank at hour t of day i, Vi(t) (m3), is modified during
the desalination system operation, such that:

Vmin � ViðtÞ � VTANK ð29Þ

Fig. 5. The flowchart of energy and water flows among the components of the system.
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When the desalinated water demand at hour t of
day i Vi

DðtÞ; (m3), is defined then the energy and
water flows among the components of the system can
be described by Fig. 5.

The developed desalination system model should
be used to simulate the system operation on a yearly
basis to check the feasibility of the proposed solution.
The optimization of the whole system is achieved by
using the GA methods by considering potential solu-
tions.

3.6. System total cost minimization using GAs

The GAs are used for designing and sizing a,
through the calculation of optimum solutions in the
overall state space. The role of the GA is to derive the
optimal desalination system configuration by selecting
chromosomes from the total state space of potential
solutions, which minimize the problem’s objective
function and simultaneously lead to a successful sys-
tem operation during the whole year.

GAs is an optimum search technique based on the
concepts of natural selection and survival of the fittest
individuals.

It works with a fixed-size population of possible
solutions of a problem, which are evolving in time. A
GA utilizes three principal genetic operators; selection,
crossover and mutation. Compared to conventional
optimization methods, such as dynamic programming
and gradient techniques, GAs are able to: (i) handle
complex problems with linear or non-linear cost func-
tions, both accurately and efficiently and (ii) attain the
global optimum solution with relative computational
simplicity, without being restricted by local optima
[33].

The GA chromosomes are in the form of X= [Nmb,
NPV, NWG, NBAT, h, b, WTANK]. The objective function
to be minimized by the GA is equal to the sum of the
capital and maintenance costs evolving during the
desalination system lifetime period:

with the following constraints:
Nmb� 1;NPV� 0;NWG� 0;NBAT=nsB � 1;VTANK� 0;
hlow� h� hhigh; 0� b� 90˚.
Where COAq:RO, COAq:PV, COAq:WG, COAq:BAT,

COAq:INV, CO
PV
Aq:ch, COAq:Tank, and COAq:h are the capi-

tal costs of the RO desalination units, PV modules,
W/Gs, batteries, DC/AC inverters, PV battery charg-
ers, water storage tank (per m3), and W/G installation
tower (per m), respectively. COM:RO, COM:PV; COM:WG;

COM:BAT; COM:INV; CO
PV
M:ch; COM:TANK, and COM:h are

the annual maintenance costs of the RO plant, PV
modules, W/Gs, batteries, DC/AC inverters, PV bat-
tery chargers, water storage tank (per m3), and W/G
installation tower (per m), respectively. sBAT is the
expected number of battery replacements during the
20-year system operation, because of limited battery

lifetime and sPVch and sINV are the expected numbers of

PV battery chargers and DC/AC inverters replace-
ments during the system 20-year lifetime period,
which are equal to the system lifetime period
(20 years) divided by the Mean Time Between Failures
of power electronic converters. Each of the capital
costs incorporated in Eq. (30) incorporates the market
price and the installation cost of the respective device.

Initially, a population of chromosomes is generated
randomly and the constraints described by the
inequalities Eq. (30) are evaluated for each chromo-
some. If any of the initial population chromosomes
violates these constraints then it is replaced by a new,
randomly generated chromosome, which fulfills these
constraints. The first step of the GA-based optimal siz-
ing algorithm iteration is the fitness function evalua-
tion for each chromosome of the extracted population.
If any of the resulting fitness function values is lower
than the lowest value obtained at the previous itera-
tions then this value is considered to be the optimal
solution of the minimization problem and the corre-
sponding chromosome’s values are considered to be
the desalination system’s optimal sizing and opera-
tional parameters.

fðxÞ ¼ COAq:RO þ 20:COM:RO þ COAq:INVðsINV þ 1Þ þ COM:INV:ð20� sINV � 1Þ� �
þNPV COAq:PV þ 20:COM:PV

� �þNWG COAq:WG þ 20:COM:WG þ h:COAq:h þ 20:h:COM:h

� �
þNBAT: COAq:BAT þ sBAT:COAq:BAT þ ð20� sBAT � 1Þ:COM:BATÞ

� �

þNPV
ch : CO

PV
Aq:ch þ ðsPVch þ 1Þ þ COPV

M:ch:ð20� sPVch � 1Þ
h i

þ VTANK: COAq:Tank þ 20:COM:TANK

� � ð30Þ
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This optimal solution is replaced by better solu-
tions, if any, produced in subsequent GA generations
during the program evolution. The selection of the
chromosomes, which will be subject to the crossover
and mutation operations, thus producing the next
generation population, is based on the roulette wheel
method [33]. The crossover mechanism uses the Sim-
ple Crossover, Simple Arithmetical Crossover and
Whole Arithmetical Crossover operators. Next, the
selected chromosomes are subject to the mutation
mechanism, which is performed using the Uniform
Mutation, Boundary Mutation and Non-Uniform
Mutation operators. In case that the application of the
crossover or mutation operators result in a chromo-
some which does not satisfy the optimization problem
constraints, then a “repair” procedure is performed
and that chromosome is replaced by the correspond-
ing parent. In case of the Simple Crossover operation,
where each new chromosome is generated by two
parents, then the chromosome is replaced by the par-
ent with the best fitness function value. The GA opti-
mization process described above is repeated until a
predefined number of population generations have
been evaluated.

4. Simulation results and discussion

The proposed methodology has been applied and
tested for the design and optimal sizing of RO desali-
nation systems power-supplied by PV and W/G
energy sources located in the area of Ksar Ghilène Vil-
lage (300 inhabitants), southern Tunisia at: lati-
tude= 33.45˚, longitude = 9.02˚ and altitude= 64m
above sea level. The average national water consump-
tion in Tunisia is about 150 l/day/inhabitant. How-
ever, the RO unit is designed for primary needs
consumption (drinking, cooking, etc.). Hence, a maxi-
mum daily water consumption of 50 l/day/inhabitant
was assumed; giving 15m3/day as maximum total
water needs.

To calculate the energy needs of the system, first
we calculate the total power requirements for different
subsystems, given the maximum operation hours of

the RO system. In the present case the total energy
demand for the RO plant is 558.03Wh.

In the first iteration of the optimization methodol-
ogy 20 individuals were generated. This population
contains different PV/Wind combinations allowing to
provide the water required by the village and the
power to drive the RO plant.

The different characteristics of the components
used in these simulations are summarized in Table 2.

From the chromosomes generated in the first step,
a second generation is provided by using selection
(30%), crossover (50%), and mutation (20%). We found
that the minimum cost of water in the first generation
was 3.56$/m3. It decreased to 3.12$/m3 in the second
generation.

The variation of the water cost during the GA-
based optimization process evolution is presented in
Fig. 6.

This figure shows a significant decrease of the
objective function COTot for the first 30 generations
and stabilizes around 2.62$/m3. This means that the
optimal solution is reached.

In the context of Ksar Ghilène Village the mini-
mum cost corresponds to RO desalination plant dri-
ven by PV modules only. Fig. 7 presents the variation
of the charge and discharge states of the batteries
throughout the year.

Table 2
Characteristics of the different components used in the model

RO membranes Solar generator Wind tubines Batteries

Diameter = 8´´ , Nomminal power = 230W Rotor diameter = 6.7 Nominal capacity = 200 Ah

Active surface = 37m2 Imax = 7.2mA Heigh= 18	43m Nominal voltage = 12V

Recovery 	 15% Module efficiency= 10% Rated power = 7.5 	 10 kW DODmax = 40%

Salt reject = 99.5% Module area = 1.18m2 Efficiency= 80%

Acquistion cost = 4.7US$/W Acquisition cost = 760US$

Fig. 6. The variation of the total cost function during the
GA-based optimization process.
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In the optimal solution no W/G is considered
since the village of Ksar Ghilène does not have a good
potential for wind energy but a very interesting solar
potential.

5. Conclusion

Several combinations for desalination processes
driven by RE can be proposed to provide water and
energy in remote areas (Solar/MSF, Solar/MED, PV/
RO, etc.). RO is most often chosen as one of the most
efficient desalination techniques in terms of energy
consumption, flexibility, reliability, simple mainte-
nance, etc.

There are a number of issues that should be taken
into consideration while designing RES/RO systems
as: the characteristics of water demand, the cost of
water and fuel, the availability of RE resources, the
initial cost of the project, including the cost of each
component required, the life time of the project, the
interest rate subsidies, etc. A techno-economic com-
parison between different scenarios can be carried out
to study the feasibility of the project.

In this paper a new methodology to optimize RO
desalination system driven by hybrid PV/Wind sys-
tems is presented. The proposed methodology is
based on determining, among a list of commercially
available system devices, the optimal number and
type of units (PV modules, W/G, Batteries, etc.) such
that the life time round total system cost is mini-
mized, while simultaneously the desalinated-water
demand is completely covered. The minimization of
the system total cost function has been implemented
using GAs that allows considering a large number of
possible configurations.

The proposed method has been applied and tested
for the design of a desalination system, which cover
the potable water demands of a small community in
South Tunisia. The application of this methodology
allows to reduce the cost of the produced water from
3.56$/m3 in the first generation to 2.62$/m3 for the
optimal solution. The fluctuation of the different costs
during the GA-based optimization process shows that
the capital cost of the system varies from 69 to 82% of
the total cost. In all cases examined, a significant part
of the desalination system’s total capital cost is com-
prised of the cost of the batteries, which fluctuates
between 17 and 32% depending on the PV module
types and inclination.

References

[1] C. Koroneos, A. Dompros, G. Roumbas, Renewable energy
driven desalination systems modelling, J. Clean. Prod. 15
(2007) 449–464.

[2] S.A. Kalogirou, Sewater desalination using renewable energy
sources, Prog. Energy Combust. Sci. 31 (2005) 242–281.

[3] L. Gracia-Rodriguez, Seawater desalination driven by renew-
able energies: A review, Desalination 143 (2002) 103–113.

[4] Q. Ma, H. Lu, Wind energy technologies integrated with
desalination systems: Review and state-of-the-art, Desalina-
tion 277 (2011) 274–280.

[5] A.A. Setiawan, Y. Zhao, C.V. Nayar, Design, economic analy-
sis and environmental considerations of mini-grid hybrid
power system with reverse osmosis desalination plant for
remote areas, Renewable Energy 34 (2009) 374–383.

[6] A.M. Bilton, R. Wiesman, A.F.M. Arif, Syed M. Zubair, S.
Dubowsky, On the feasibility of community-scale photovol-
taic-powered reverse osmosis desalination systems for remote
locations, Renewable Energy 36 (2011) 3246–3256.

[7] M. Forstmeier, F. Mannerheim, F. D’Amato, M. Shah, Y. Liu,
M. Baldea, A. Stella, Feasibility study on wind-powered
desalination, Desalination 203 (2007) 463–470.

[8] D. Weiner, D. Fisher, E.J. Moses, B. Katz, G. Meron, Opera-
tion experience of a solar-and wind-powered desalination
demonstration plant, Desalination 137 (2001) 7–13.

Fig. 7. Variation of the battery charges for the optimal solution.

T. Ben M’Barek et al. / Desalination and Water Treatment 51 (2013) 1416–1428 1427



[9] D. Block, Solar Desalination of Water, FSECRR-14-89,
Florida Solar Energy Center, Cape Canaveral, FL, 1989.

[10] T. Szacsvay, P. Hofer-Noser, M. Posnansky, Technical and
economic aspects of small-scale solar pond powered seawater
desalination systems, Desalination 122 (1999) 185–193.

[11] A. El-Nashar, M. Samad, The solar desalination plant in Abu
Dhabi: 13 years performance and operation history,
Renewable Energy 14 (1998) 263–274.

[12] S. Abu-Jabal Moh’d, I. Kamiya, Y. Narasaki, Proving test for
a solar-powered desalination system in Gaza-Palestine,
Desalination 137 (2001) 1–6.

[13] K. Thomas. Overview of Village Scale, Renewable Energy
Powered Desalination, NREL/TP-440–22083, UC Category:
1210 DE 97000240, 1997.

[14] G. Fiorenza, V.K. Sharma, G. Braccio, Techno-economic evalu-
ation of a solar powered water desalination plant, Energy
Convers. Manage. 44 (2003) 2217–2240.

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

[16] L. Gracia-Rodriguez, A. Palmero-Marrero, C. Comez-Cama-
cho, Comparison of solar thermal technologies for applica-
tions in seawater desalination, Desalination 142 (2002)
135–142.

[17] S.M. Hasnain, S.A. Alajlan, Coupling of PVpowered RO
brackish water desalinateon plant with solar stills, Desalina-
tion 116 (1998) 57–64.

[18] K. Bourouni, M.T. Chaibi, Solar Energy for Application to
Desalination in Tunisia: Description of a Demonstration
Project, Chapter 8, Renewable Energy in the Middle East:
Enhancing Security through Regional Cooperation, Springer
Science, Berlin, 2009.

[19] G.M. Herbert, S. Iniyan, E. Sreevalsan, S. Rajapandian, A
review of wind energy technologies, Renewable Sustainable
Energy Review 11 (2007) 1117–1145.

[20] C.T. Kiranoudis, N.G. Voros, Z.B. Maroulis, Wind energy
exploitation for reverse osmosis desalination plants, Desalina-
tion 109 (1997) 195–209.

[21] C.C.K. Liu, J.W. Park, R. Migita, G. Qin, Experiments of a
prototype wind-driven reverse osmosis desalination system
with feedback control, Desalination 150 (2002) 277–287.

[22] J.A. Carta, J. Gonzalez, V. Subiela, Operational analysis of an
innovative wind powered reverse osmosis system installed in
the Canary Islands, Sol. Energy 75 (2003) 153–168.

[23] G. Petersen, S. Fries, J. Mohn, A. Müller, Wind and solar
powered reverse osmosis desalination units - Design, start
up, operating experiences, Desalination 39 (1981) 125–135.

[24] G. Petersen, S. Fries, J. Mohn, A. Müller, Wind and solar-
powered reverse osmosis desalination units - description of
two demonstration projects, Desalination 31 (1979) 501–509.

[25] E.S. Mohamed, G. Papadakis, Design, simulation and
economic analysis of a stand-alone reverse osmosis desalina-
tion unit powered by wind turbines and photovoltaics,
Desalination 164 (2004) 87–97.

[26] D. Manolakos, G. Papadakis, D. Papantonis, S. Kyritsis, A
simulation–optimization program for designing hybrid
energy systems for supplying electricity and fresh water
through desalination to remote areas–case study: The Mers-
sini village, Donoussa island, Aegean Sea, Greece, Energy 26
(2001) 679–704.

[27] D. Voivontas, K. Misirlis, E. Manoli, G. Arampatzis, D. Assi-
macopoulos, A. Zervos, A tool for the design of desalination
plants powered by renewable energies, Desalination 133
(2001) 175–198.

[28] DOW. (2006). Design a reverse osmosis system: design
equations and parameters, Technical Manual.

[29] T. Markvart, Solar Electricity, first ed., Wiley, Chichester,
1994.

[30] E. Lorenzo, Solar Electricity: Engineering of Photovoltaic
Systems, first ed., Progensa, Sevilla, 1994.

[31] T. Esram, P.L. Chapman, Comparison of photovoltaic array
maximum power point tracking techniques, IEEE Trans.
Energy Convers. 22(2) (2007) 439–449.

[32] B.S. Borowy, Z.M. Salameh, Methodology for optimally sizing
the combination of a battery bank and PV array in a wind/
PV hybrid system, IEEE Trans. Energy Convers. 11(2) (1996)
367–373.

[33] Z. Michalewicz, Genetic Algorithms and Data Structures
Evolution Programs, second ed., Springer-Verlag, New York,
NY, 1994.

1428 T. Ben M’Barek et al. / Desalination and Water Treatment 51 (2013) 1416–1428




