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ABSTRACT

Water desalination is one of the most important factors that can help in developing remote
areas and the desert. A critical technical parameter of desalination applications is the way
the system is powered. This decision is taken according to the selected method of desalina-
tion and the characteristics of the candidate area. Nowadays, the method of reverse osmosis
dominates globally; it requires only electricity, has a quite low specific energy demand, and
can cooperate with technologies of renewable energy sources such as wind turbine and
photovoltaics. Hence, renewable energy-powered reverse osmosis systems are promising
technologies for brackish and seawater desalination in remote regions as they exhibit low
energy consumption and can be designed according to water demand and energy resource.
This study analyzes the feasibility of using wind energy to power brackish water reverse
osmosis desalination units proposed for the development of the southern region of the case
study country of Algeria. A reverse osmosis desalination scheme powered by a stand-alone
wind turbine of 1MW rated power is presented to elucidate its feasibility. The modeling
results show that at average wind speeds, the amount of product water is sufficient to meet
freshwater demand in this region. The effect of different operating and design conditions on
the purified water production rate was investigated. The paper is concluded with the
economic feasibility of wind-desalination systems at the selected sites.

Keywords: Remote areas; Brackish groundwater; Renewable energy sources; Wind power;
Reverse osmosis desalination; Energy recovery

1. Introduction

Desalination of brackish and seawater has become
one of the most widely applicable methods to meet

water demand and it is today widely applied in areas
with limited water resources. However, because desa-
lination is an energy-intensive process, energy cost
has been the greatest barrier to its development.
Among all the desalination process technologies,
reverse osmosis (RO) has demonstrated the highest*Corresponding author.
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electrical energy efficiency. Advantages in membrane
technology and energy recovery devices (ERD) have
led to a relatively low specific energy consumption
(SEC) of RO processes to around 2–4 kWh/m3 [1,2].
Even so, energy cost accounts for about 40% of total
desalinated water cost by RO. From both an energy
cost and an environmental point of view, inexpensive
and clean alternative power sources are then needed
to provide a low-cost desalination solution.

Wind-powered desalination is one of the most
promising alternatives of renewable energy desalina-
tion. It can be competitive with other desalination sys-
tems, providing safe and clean drinking water
efficiently in an environmentally responsible manner
[3,4]. Several simulation studies show the feasibility of
wind-powered desalination technologies, through the
analysis of different types of membranes and feed-
water quality levels. The main challenges associated
with the use of wind turbines (WT) are the intermit-
tency and fluctuations of the wind resource which
occur due to turbulence and gusts over short periods
of time (seconds to a few minutes) and mass air
movements over long periods of time (tens to hun-
dreds of hours) [5].

Different approaches for wind desalination
systems are possible. First, both the WT as well as the
desalination system are connected to a grid system
(on-grid). In this case, the optimal sizes of the WT sys-
tem and the desalination system as well as avoided
fuel costs are of interest. The second option is based
on a more or less direct coupling of the WT (s) and
the desalination system (stand-alone). In this case, the
desalination system is affected by power variations
and interruptions caused by the power source (wind).
These power variations, however, have an adverse
effect on the performance and component life of cer-
tain desalination equipment. Hence, back-up systems,
such as batteries, diesel generators, or flywheels might
be integrated into the system [6]. Stand- alone systems
can be a very good option in remote regions, where
connection to the public electrical grid is either not
cost-effective or not feasible, and where the water
scarcity is severe.

A preliminary cost evaluation of wind-powered
RO was presented by Garcia-Rodriguez et al. [7]. In
particular, the influence of climatic conditions and
plant capacity on product cost was analyzed for sea-
water RO driven by wind power. Additionally, the
possible evolution of product cost due to possible
future changes in wind power and RO technologies is
evaluated. Finally, the influence on the competitive-
ness of wind-powered RO vs. conventional RO plants
due to the evolution of financial parameters and cost
of conventional energy was pointed out.

An analytical study of utilizing wind power for
RO desalination was conducted by Kiranousdis et al.
[8]. Generalized design curves for processing struc-
tural and operation variables were derived. The study
indicated that the unit cost of freshwater production
by a conventional RO plant could be reduced up to
20% for regions with an average wind speed of 5m/s
(measured at standard height, i.e. 10m) or higher.

Miranda et al. [9] have employed a control strategy
that attempts to maximize energy extracted and water
throughput despite power fluctuations. They have
developed and tested a small seawater RO unit driven
by a 2.5 kW wind generator without batteries. The sys-
tem operates at variable flow, enabling it to make effi-
cient use of the naturally varying wind resource,
without need of batteries.

Carta et al. [10] have presented a fully autono-
mous, battery-less system which consists of a wind
farm supplying the energy needs of a group of eight
RO modules. The main innovation of this system
refers to the implementation of an automatic operation
strategy, controlling the number of RO modules that
have to be connected in order to match the variable
wind energy supply.

Forstmeier et al. [4] have evaluated the economic
feasibility of a wind-powered RO plant by mathemati-
cal modeling analysis. 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, proving to be particularly cost-competitive in
areas with good wind resources that have high costs
of energy.

Zejli et al. [11] have investigated the economic
feasibility of a 11MW wind-powered RO desalination
system connected to the grid in the Tan-Tan town
(Morocco) by the assessment of the levelized cost of
fresh water. The research found that the proposed sys-
tem is not economically feasible in this town to its
low wind potential.

Park et al. [12] have tested a wind-powered
reverse osmosis membrane system without energy
storage using synthetic brackish water over a range of
simulated wind speeds under both steady-state and
fluctuating conditions. The main challenge associated
with operation of this nature is the effect of the power
switching off which causes reduced flux and permeate
quality. This work has demonstrated that membrane
systems can be directly connected to renewable
energy systems (wind power presents the most
extreme fluctuations) and operate effectively within a
safe operating window with large power fluctuations,
but further control strategies are required to deal with
intermittent operation, especiallywith higher salinity
feedwaters.
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Recently, Käufler et al. [1] have presented the tech-
nical and economic specifications for wind powered
seawater desalination with RO by the levelized water
cost for typical plant configurations and relevant
parameter variations. They revealed that the grid tariff
is the significant criteria for the economic viability/
application areas of wind powered vs. conventional
processing since conventional grid power is intended
to be replaced by wind power.

This study explores the feasibility of wind-desali-
nation concepts in southern Algeria, and evaluates
their economic viability. A RO desalination system
powered by a stand-alone WT of 1MW rated power
was proposed to supply fresh water to the rural world
of three potentially high-wind sites in the southwest
of Algeria [13], namely Adrar, Timimoun, and
Tindouf. A mathematical model based on the
solution—diffusion theory and multiple fouling mech-
anisms was developed to simulate the process under
steady-state conditions. The influence of operating
parameters such as wind speed, transmembrane pres-
sure, water recovery, and feed flow rate on the system
performance was established. The paper is concluded
with the economic viability of wind-powered desalina-
tion systems for the presented case.

2. Sites description

Algeria has a vast uninhabited land area where the
south (desert) represents the greatest part with consid-
erable wind regime. The Algerian wind map related to
measured data at 10m above ground level (a.g.l) shows
that the best wind energy potential is in the southwest-
ern region (Adrar, Timimoun, and Tindouf) where the
average wind velocity is higher than 5–6m/s as seen
in Fig. 1. According to a recent review by Himri et al.
[14] on the sites used in this study, wind farms of
30MW installed capacity at Adrar, Timimoun, and Tin-
douf, if developed, could produce respectively 98,832,
78,138, and 56,040 MWh of electricity annually which
demonstrate high potential for great wind energy har-
vest. The latitude, longitude, altitude, and the annual
mean wind speeds of the three locations are summa-
rized in Table 1 [14,15].

Besides, Algeria disposes of a considerable amount
of underground brackish water in the septentrional
Sahara. There are two types of resources: the renew-
able resources, which are localized in the Hoggar-Tas-
sili and Bechar-Tindouf valleys and the nonrenewable
resources, which are contained in huge reservoirs of
the two sedimentary basins: the Continental Interca-
lary and the Complex Terminal aquifers as shown in
Fig. 2 [16]. Lack of fresh water supply represents one
of the major constraints to development of such areas.

The presence of brackish water of moderate salinity
(2,000–3,000 ppm) in some of these areas can present
an economic and reliable fresh water supply, if an
appropriate desalination scheme is adopted [17].

The selected sites are not very developed. This is
due to their remoteness and to the harsh climatic con-
ditions characterized by rigorous winters and torrid
summers. Rain fall is rare and seldom exceeds
200mm a year which increases water demands [18].
These regions are also scarcely populated. The dwell-
ings, concentrated in scattered oases, are characterized
by their isolated locations and their remoteness from
any communication network. The sustainable develop-
ment of the above regions requires then the introduc-
tion of an energy system that meets the need of the
local population.

3. System description

The proposed system (Fig. 3) comprises a 1,000 kW
WT (1) directly supplying a two-stage RO desalination
unit with energy recovery and the option of interstage

Fig. 1. Wind map evaluation in Algeria [14].

Table 1
Geographical data for the selected sites

Sites Latitude
(deg)

Longitude
(deg)

Altitude
(m)

Annual mean
wind speed
(m/s)

Adrar 27˚49´N 00˚17´E 263 6.3

Timimoun 29˚15´N 00˚17´E 312 5.8

Tindouf 27˚40´N 08˚06´W 401 5.1
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pumping to boost pressure in the second stage. This
two-staged layout is particularly suitable for brackish
water desalination by reverse osmosis (BWRO) because
the second-stage operation is favored by the remaining
pressure of the first concentrate, thus allowing to
increase the recovery rate and to reduce the pumping
needs [19], however, increasing the membrane con-
sumption for the process and this should be compen-
sated via a framework in the literature [20]. The RO
unit consists of pressure vessels (PVs) (8) in a two-
stage array. PVs are arranged in parallel to satisfy the
membranes flow and pressure specifications as well as

the plant production requirements. The total number
of membranes and PVs required depends on permeate
flow and applied pressure.

A feedwater supply pump (6) provides sufficient
feed flow and pressure to the inlet of the main high
pressure pump (HPP) (7) and pressure exchanger (PX)
(10). The reject brine from the RO membranes passes
into the PX, where its pressure and flow are trans-
ferred directly to a portion of the feedwater. The PX
booster pump (9) is required to circulate the flow
through the HP circuit. In traditional single-stage sea-
water designs, the booster pump is applied at the out-
let of the PX. However, there is an opportunity for
optimization in a second-stage brackish water design
by applying the booster pump in between the first
and second stages [21]. In this position, the PX booster
pump also acts as an interstage booster pump to
reduce the required pressure from the main HPP and
help balance flux between the first and second stages.
This booster pump location provides for an optimized
isobaric energy recovery configuration for the BWRO
process. Brine is discharged at atmospheric pressure.

As wind speed is highly variable, the flow rate
and water pressure of the feedwater generated by the
wind driven pump would also be highly variable.
Therefore, adding a stabilizer and a feedback control
mechanism (3) to adjust the flow rate and water
pressure according to the variable wind speed would
make the system more efficient. A temporary storage
battery (2) is used to avoid energy fluctuations in the
system and to enable continuous operation.

Fig. 3. Schematic of the wind-powered RO desalination system.

Fig. 2. Aquifer reservoirs in the south of Algeria [16].
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Feedwater pretreatment (4) is applied to maximize
the RO system efficiency and membrane life by mini-
mizing fouling, scaling, and membrane degradation.
The degree of pretreatment depends on the quality of
the feedwater, which to a large extent depends on the
feedwater source. Brackish surface water typically has
a greater propensity for membrane fouling and
requires more extensive pretreatment systems than
groundwater resources. Different methods should be
carefully selected in order to cause minimum mem-
brane fouling at the lowest possible cost. The amounts
of chemicals added have to be precisely calculated
depending on the scale forming salts contained in the
feedwater. For water with low bacteria content, pre-
treatment may only require addition of polyelectrolyte
as flocculation agent, and H2SO4 to reduce the pH
level and thus prevent CaCO3 precipitation. On the
other hand, in the case of water with high bacteria
content, more steps of chlorine addition and dechlori-
nation should be included before the final stage con-
sisting of sodium meta-sulfite dosing, activated carbon
filtering, and ultra-violet treatment [22].

The desalination plant is connected to a water stor-
age system (5) to ensure continuous operations in peri-
ods of reduced wind. This additional system is required
because wind power varies with available winds, but
most current desalination systems are currently
designed to operate with consistent energy input.

The brine from the BWRO plant is fed to a series of
evaporation ponds (11). This disposal system is espe-
cially effective in regions with low rainfall, and where
climatic conditions are favorable for steady, and rela-
tively rapid evaporation rates. By deploying such sur-
faces in arrays with large lateral dimensions,
significant height and with minimal depth (e.g. 3–4m),
wind can be exploited to intensify evaporation for
reduction of desalination brine volume [23].

Finally, a post-treatment process (12) is necessary
before the water end-use. This may be achieved by
injecting lime to increase the pH and chlorine for dis-
infection or by blending, with permeate, small
amounts of filtered feedwater containing sufficient
levels of calcium hardness and alkalinity [24].

4. Process modelling

4.1. Wind turbine energy output

The estimation of the wind power resources repre-
sents a major difficulty. Unlike the fossil fuel reserves,
the quantity of the available energy varies with the
season and the hour of the day. The availability of
wind power is affected by the topography that solar
energy. Moreover, the total quantity of convertible

wind power on the territory of a nation depends to a
significant degree of the characteristics, the expected
output, the design, and the layout of the WT field [25].

In order to calculate the average annual power
from a WT over a range of mean wind speeds, a gen-
eralized expression is needed for the probability den-
sity distribution. Numerous studies in locations
around the world have shown that the Weibull two-
parameter distribution gives a good fit to wind data
for wind energy applications [26]. The probability
density of this distribution is given by:

fðVÞ ¼ k

c

� �
:
V

c

� �k�1

� exp � V

c

� �� �k
ð1Þ

In this equation, the parameters, c and k, are used
for fitting the distribution to a certain wind field.

In most cases, mean wind speed for a specific
region is measured at a standard height (10m a.g.l).
In order to estimate the wind speed at different
heights, the modified power law, developed by Mik-
hail and Justus [27], has been used:

c2 ¼ c1 � Z2

Z1

� �m

ð2Þ

k2 ¼ k1

1� 0:0881: ln Z2

Z1

� �h i ð3Þ

The exponent, m, is a function depending on the
roughness, Z0, and the geometric height, Z, and is
given by:

m ¼ 1

lnðZ=Z0Þ � 0:0881: ln
c1
6

� �
ð4Þ

where:

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Z1:Z2

p
ð5Þ

The Weibull parameters for the frequency distribu-
tion at 10m a.g.l are listed in the Table 2 for the
selected locations [28].

The average annual power generated by the WT
can be estimated using the following relation:

p ¼
Z1
0

pðVÞ:fðVÞ:dV ð6Þ

The turbine power curve p(V) is approximated by
a quadratic equation in the range between the cut-in
and rated speeds, as follows [29]:
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pðVÞ ¼
0 if V\VI

aþ bV þ cV2 if VI 6 V\VR

pR if VR\V 6 VO

0 if V[VO

8>><
>>: ð7Þ

The constants a, b, and c are determined under the
following conditions:

aþ bVI þ cV2
I ¼ 0

aþ bVR þ cV2
R ¼ pR

aþ bðVI þ VRÞ þ cðVI þ VRÞ2 ¼ pR
ðVIþVRÞ

VI

� �3

8>>><
>>>:

ð8Þ

Finally, Eq. (6) can be written as follows:

p ¼
ZVO

VI

ðaþ bV þ cv2Þk1
c1

V

c1

� �k1�1

exp � V

c1

� �k1
" #

dV

þ pR: exp � VR

c1

� �k1
" #

� exp � VO

c1

� �k1
" #( )

ð9Þ

The first term of this equation is a sample integra-
tion that can be easily solved numerically with Simp-
son’s rule.

Capacity factor or intermittence factor is one of the
important indices for assessing the field performance
of a WT. It is the ratio of the annual energy produc-
tion, to the maximum theoretical energy production
per year, i.e. running full time at rated power:

CF ¼ p

pR
ð10Þ

The annual electric power production of such a
turbine is:

paep ¼ p� ðtimeÞ ¼ ðCFÞ � pR � 8; 760 ð11Þ

The WT-related parameters are summarized in
Table 3 and the curve power is depicted in Fig. 4 [30].

4.2. RO desalination unit production

To estimate the unit production rate, it is assumed
that diffusion type transport occurs through the mem-
brane. As a result, the steady-state equations governing
the transport of solvent and of solute are given as [31]:

Qf ¼ Qc þQp ð12:aÞ

QfCf ¼ QcCc þQpCp ð12:bÞ

The volumetric flux of the solvent, Jw, is usually
represented by [32]:

Jw ¼ AðTÞðDPf � DpÞ ð13Þ

while the mass flux, Js, of the solute is given by:

Js ¼ BðTÞðCm � CpÞ ð14Þ

Table 2
Weibull wind speed distribution parameters

Site Z0 (m) Weibull parameters

C1 (m/s) k1 (–)

Adrar 0.01 7.2 2.15

Timimoun 0.01 6.5 1.91

Tindouf 0.01 5.8 1.85

Table 3
Wind turbine parameters

Item Value

Rated power (kW) 1,000

Rotor diameter (m) 54

Hub height (m) 70.82

Swept area of rotor (m2) 2,290

Cut-in wind speed (m/s) 3

Cut-out wind speed (m/s) 20

Rated wind speed (m/s) 16

Rotor speed (rpm) 15–22

Lifetime (yr) 25

Fig. 4. Power curve of the wind turbine.
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In the presence of concentration polarization at
steady-state, Jw, is given by [33]:

Jw ¼ ks ln
Cm � Cp

Cb � Cp
ð15Þ

We use:

Dp ¼ bpðCm � CpÞ ð16Þ

to estimate the osmotic pressure across the membrane,
the solute flux can be written as follows:

Js ¼ JwCp ð17Þ

Combining Eqs. (14)–(16) (eliminating Cm), we
obtain, [34]:

Jw ¼ AðTÞ DPf � bp Cb � BðTÞCb expðJw=ksÞ
Jw þ BðTÞ expðJw=ksÞ

� �
expðJw=ksÞ

� �
ð18Þ

and

Cp ¼ BðTÞCb

BðTÞ þ Jw expðJw=ksÞ ð19Þ

Eq. (18) is an implicit nonlinear algebraic equation
that can be solved numerically by the secant method.
The value of the permeate concentration, Cp, can then
be evaluated using Eq. (19). This concentration is con-
strained to lie below a desired value, Cp,d, such as:

Cp 6 Cp;d ð20Þ

Bulk concentration, Cb, is expressed as:

Cb ¼ Cf þ Cc

2
ð21Þ

The effect of temperature on membrane water
permeability, A(T), and on membrane salts perme-
ability, B(T), are approximated by the following
relations [35]:

AðTÞ ¼ A0

lðT0Þ
lðTÞ ð22Þ

BðTÞ ¼ B0 � T þ 273:15

T0

� l0

lðTÞ ð23Þ

The effect of temperature on viscosity l(T), is
approximated by the Guzman–Andrade equation [36]:

lðTÞ ¼ a exp
b

T þ 273:15

� �
ð24Þ

where a= 7.142 kg/mh and b = 1825.85K.
The recovery rate and the salt rejection are two

parameters used to evaluate RO performance and are
defined as:

R ¼ Qp

Qf

ð25Þ

SR ¼ 1� Cp

Cb
ð26Þ

In spiral-wound membrane modules, perforated
baffles are used, they increase mass transfer coeffi-
cient. For a channel containing baffle, the following
equation is used to calculate mass transfer coefficient,
ks [37]:

Sh ¼ 0:065Re0:865Sc0:25 ð27Þ

where: Sh ¼ ksdh
DAB

, Re ¼ dhu
v and Sc ¼ v

DAB

Average velocity in the feed channel containing
baffle is expressed as:

u ¼ Qb

whspe
ð28Þ

where dh, hsp, and e are the baffle parameters.
Bulk flow rate of fluid is given by:

Qb ¼ Qf þQc

2
ð29Þ

In this paper, membrane modules constructed by
Filmtec with trade name FILMTEC BW30–400 are cho-
sen. The membranes are characterized by the stability
of chemical, thermal, microbiological, and hydraulic
resistance. Module’s specification and baffles’ dimen-
sions and the specification of the membrane inside the
module are given in Table 4 [38].

For brackish water, the kinematic viscosity, m, can
be estimated from the following equation [39]:

m ¼ 0:0032þ 3:0� 10�6Cþ 4:0� 10�9C2 ð30Þ

The mass diffusivity, DAB, is estimated as
5.5� 10�6m2/h.

Therefore, the osmotic coefficient, bp, can be
obtained as:

bp ¼ p
C

ð31Þ
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The osmotic pressure, p, is obtained from the
below correlation:

p ¼ 1; 12T
X

�mi ð32Þ

where
P

�mi is the summation of molality of all of the
dissolved ions.

The main physical chemical characteristics of the
water of southern Algeria are given in Table 5 [40].

The energy required for the pressurization of the
feed stream is calculated by means of the following
equation:

pHPP ¼ QfDPf

gp
ð33Þ

The power recovered by the ERD is calculated as
follows:

pERD ¼ DPcQcgERD ð34Þ

The pressure differential across the ERD at concen-
trate side is given by:

DPc ¼ DPf � DPdrop ð35Þ

The pressure drop, DPdrop, is approximated by the
correlation defined by Schock and Miquel [41]:

DPdrop ¼ kðQf þQc

2
Þa ð36Þ

where: a= 1.7 and k= 8.55� 10�3.
The feed flow rate of water pumped by means of

the WT can then be written as:

Qf ¼ 3; 600� p

DPfg�1
p � ð1� RÞðDPf � kðQfð1� R=2ÞÞaÞgERD�

	
ð37Þ

Eq. (37) is an implicit nonlinear algebraic equation
that can be solved numerically. The Newton–Raphson
method is used to solve this equation.

Finally, the specific energy consumption needed
for the production of cubic meter of freshwater is
given by:

SEC ¼ DPfQfg�1
p � DPcQcgERD

Qp
ð38Þ

5. Economic analysis

5.1. Cost estimation

The main parameters that influence the water
production costs are [7]:

• plant capacity.
• climatic conditions, the characteristic of wind tur-

bines, and the energy requirement of the RO plant.
• energy requirement of the desalination plant, which

is determined by the salt concentration of the
brackish water supply; the electric coupling of
the wind-powered turbine and the RO module, the
coupling of the ERD to the RO modules, and the
properties of the membranes.

• the economic and financial parameters.

In this study, a levelized lifetime cost approach is
used for the economic feasibility. This method takes
into account all capital, operation and maintenance
(O&M), and water costs. Transmission and distribu-
tion are not included. With these costs estimates and

Table 5
Characteristics of the brackish ground water

Item Value

Temperature (˚C) 20

Turbidity (NTU) 25

pH 6.5

Conductivity (ms/cm) 4,2

Na+ (ppm) 460

K+ (ppm) 45

Ca2+ (ppm) 320

Mg2+ (ppm) 135

F� (ppm) 3

Cl� (ppm) 1,140

SO2�
4 (ppm) 730

HCO�
3 (ppm) 100

TDS (ppm) 2,933

Table 4
Geometric specification of membrane module

Parameter Value

Hydraulic diameter of channel (mm) 0.78045

Height of spacer channel (mm) 0.593

Void fraction of the spacer (porosity) 0.9

Length of membrane (m) 1

Width of membrane (m) 37

Active area of the membrane (m2) 37

Reference water permeability (m3/h.bar) 19.43� 10�4

Reference solute permeability (m/h) 78.55� 10�5

1752 Z. Triki et al. / Desalination and Water Treatment 52 (2014) 1745–1760



appropriate values for the discount rate, technical life-
time, and plant capacity factor.

The levelized cost of energy (LEC), and the level-
ized cost of water (LWC), can be calculated as follow
[42,43]:

LEC ¼ InvWT � AðnÞ þ CaomWT

paep
ð39Þ

LWC ¼ Inv� AðnÞ þ Caom

Qp
ð40Þ

where: AðnÞ ¼ iðiþ1Þn
ðiþ1Þn�1

.
The present analyses are carried out using a

discount rate, i, of 8%, over the assumed lifetime, n, of
25 years. The inflation is neglected and the land is
offered by the state.

5.2. Profitability

Areas are determined economically feasible or
infeasible based on two criteria: wind power classifica-
tion and brackish groundwater desalination profitabil-
ity. Wind energy can be feasible where the average
wind velocity is higher than 5–6m/s [44]. Profitability
of desalination can be expressed in terms of profitabil-
ity index (PI) or profit investment ratio defined as the
ratio between the net present value (NPV) and the ini-
tial investment of the project [45]. Positive values of
the PI indicate that the investment is viable while neg-
ative values indicate that the overall discounted costs
are higher than the expected water selling price
(WSP).

NPV ¼ 8; 760�WSP�Qp � Caom

AðnÞ � Inv ð41Þ

PI ¼ NPV

Inv
ð42Þ

The expected WSP is assumed to be 0.82 $/m3

based on grid electricity price (GEP) of 0.04 $/kWh
[46].

The investment costs as well as the O&M costs
used in economic study are given in Table 6 [47].

6. Results and discussion

6.1. Wind speed frequency distribution

The estimated wind speed frequencies obtained
using the Weibull distribution are shown in Fig. 5 for
the selected Algerian sites. The considered interval
varies from 0 to 18m/s. It can be seen that the loca-
tion of Adrar has the maximum percentage of the
wind speed above the 3m/s cut-in wind speed, which
contributes to the generation of electricity from wind.
The location of Timimoun ranks second followed by
Tindouf. This distribution shows that the higher aver-
age wind speeds generally correspond to the higher
values of shape factor (k). Small values of k imply that
the data tend to be distributed over a relatively wide
range of wind speeds.

6.2. System production

Table 7 gives the annual electricity production
delivered by the WT and the daily nominal water pro-
duction at the three sites. As can be seen from this
table, the Adrar area with a yearly energy production
of 3328.8MWh represents the maximum power recov-
ery. Timimoun and Tindouf area produce, respec-
tively, an annual electric power of 2890.8 and
2452.8MWh, respectively. Therefore, the higher capac-
ity factor of 38% is obtained at Adrar followed by
Timimoum and Tindouf (33–28%). Assuming that the
daily operation time of the system is 24 h (use of bat-
teries), this quantity of energy can produce 3,720m3/d
in Adrar, 3315.36m3/d in Timimoun, and 2843.52m3/
d in Tindouf (modeling condition: R= 82%; gp = 60%;
gERD= 80%).

Table 6
Capital and O&M costs

Investment costs O&M costs

Wind 2,130 $/kW 8 $/(MWh/yr)

Batteries 2,075 $/kW 12 $/(MWh/yr)

Desalination 735 $/(m3/d) 0.14 $/(m3/yr)
Fig. 5. Weibull distribution of the selected sites.
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6.3. Sensitivity analyses

6.3.1. Wind speed

The first analysis carried out aimed at establishing
the input–output characteristic of the system. The rela-
tionship between wind speed and product flow rate is
illustrated in Fig. (6a). Similarly to the WT power
curve, it gives the expected output from the system. It
can be seen that the production rate for the location of
Adrar exceeds a capacity of 200m3/h corresponding
to a wind speed of 10m/s.

The effect of the wind speed on the permeate con-
centration calculated for a production rate of 150m3/h
which is illustrated in Fig. (6b), shows that the salt
concentration decreases as the wind speed increases
and this is due to the increase in water pressure, as
confirmed by Eqs. (18) and (19). However, it must be
mentioned that, at high wind speeds, the trend of
decrease in permeate concentration is relatively low
and remains approximately constant. The reason is
that when the operating pressure is near osmotic pres-
sure, the quality of the permeate stream is low; thus
an increase in the pressure affects the permeate qual-
ity rapidly. When the pressure is a little bit higher
than osmotic pressure, the changes in permeate con-
centration is very small. It should be noted that for
wind speed less than 8m/s, the product water quality
was insufficient for drinking water purposes
(> 500ppm) and consequently was not considered in
the above analysis.

6.3.2. Water recovery

In Fig. (7a), the variations in specific energy and
transmembrane pressure were shown for recovery
ratio (R) ranging from 10 to 90%. The feed pressure
increases as the recovery ratio increases, indicating
that higher pressure is required to obtain high
recovery ratio. However, the specific energy decreases
with increasing recovery ratio ranging from 10 to 60%
and then increases with increasing recovery ratio over
60%. This is because the specific energy depends not

only on the pressure difference across the membrane
but also feed flow rate [see Eq. (38)]. As recovery
increases, total energy consumption increases to
obtain high pressure but less water can be pressurized
to produce the required amount of product water, as
shown in Fig. 7(b). Therefore, the specific energy,
which is total energy consumption divided by feed
flow rate, has a minimum value at an optimum recov-
ery ratio. Under the given conditions, a minimum
value for specific energy is 1.754 kWh/m3 at R= 60%.
It must be stated that for SWRO, a minimum of SEC
appears at a recovery ratio of about 40–55%, while the
operating pressure is almost over 70 bar, depending
on the feedwater salinity [48,49]. The need of such
high pressures arises from the increased osmotic pres-
sure of the feed with increased water recovery.
Besides, a theoretical calculation of SEC at the limit of
thermodynamic restriction [20,50] reveals that a mini-
mum of SECoccurs at a recovery of exactly 50% in the
absence of energy recovery and can be significant

Table 7
Energy and water productions for the selected sites

Sites Annual energy
production
(MWh/yr)

Capacity
factor (%)

Nominal
production
(m3/d)

Adrar 3,328.8 38 3,720

Timimoun 2,890.8 33 3,315.36

Tindouf 2,452.8 28 2,843.52

(a)

(b)

Fig. 6. Variation of the product flow rate and the permeate
concentration with wind speed. Modeling condition:
R= 82%; gp = 60%; gERD= 80% (Adrar).
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lower with the use of an ERD recoveries higher than
50% (40% lower specific energy for gERD= 80% and
gp= 1). As it is demonstrated, the deployment of an
ERD shifts the optimal minimum energy location to
lower recoveries; this appears in agreement with pub-
lished results. According to an experimental study of
the SEC for BWRO [51], a minimum of SEC may not
necessarily exist for BWRO desalination. As it is
explained, the concentration polarization across the
membrane raises a barrier to the recovery ratio and
might result to an optimum of specific energy; this
effect is dominant for seawater RO process but not for
brackish water.

6.3.3. Feed flow rate

Fig. 8(a and b) shows the effect of the feed flow
rate on the system performance. As expected, increas-
ing the feed flow rate will decrease the water recovery
but increase both the water production rate and salt

rejection due the reduction in the average osmotic
pressure. Therefore, it can be stated that higher feed
flow rates lead to greatermass transfer coefficients due
to reducing the effect of concentration polarization.
The greater feed flow rates reduce salt concentration
at the membrane surface therefore the average osmo-
tic pressure reduces due to smaller salt concentrations.
However, an increase of the feed rate above a certain
optimum value will result in a reduction rather than
an increase in the production rate, this phenomena is
unexpected. The reason for the lower production rate
is that the gain due to the lower average osmotic pres-
sure is outweighed by the high frictional pressure
drop, and hence, the net driving force is reduced. In
other words, as the feed flow rate increase, the salt
concentration on the feed brine side of the membrane
increases, which causes an increase in salt flow rate
across the membrane as indicated by Eq. (14). Also, a
higher salt concentration in the feed stream increases
the osmotic pressure, reducing the net driving

(a)

(b)

Fig. 7. Variation of the pressure, the specific energy and
the production rate with recovery. Modeling condition:
Cpd= 260 ppm; gp= 60%; gERD= 80% (Adrar).

(a)

(b)

Fig. 8. Variation of the water recovery, salt rejection and
production rate with feed flow rate. Modeling condition:
Cpd= 260ppm; gp= 60%; gERD=80% (Adrar).
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pressure and consequently reducing the product
water flow rate according to Eq. (13). For specific
given conditions, the maximum product flow
rate which can be predicted is 216.43 m3/h
(Qf= 360.71m3/h).

6.3.4. Transmembrane pressure

The effect of the transmembrane pressure on the
feed flow rate is shown in Fig. 9(a). It can be seen
from this figure that higher membrane feed pressure
results in a lower flow rate as predicted by Eq. (37).
The effect of the transmembrane pressure on the salt
rejection which is shown in Fig. 9(b), indicates that
salt rejection increases nonlinearly with permeate flow
rate and pressure as explained by Eq. (19). However,
at relatively high pressures, the salt rejection decreases
due to the rapid increase in the osmotic pressure as
the brine progresses in the feed channel [52]. In other
words, when the pressure increases over a critical
value, as some salt will dissolve with water flowing
through the membrane, the feed stream becomes more

concentrated which increases rapidly the osmotic
pressure.

6.4. Economic feasibility

The results of energy and water costs calculation
are shown in Fig. 10(a and b) for the three selected
sites. The LEC is about 0.14 $/kWh in Adrar,
0.155 $/kWh in Timimoun, and 0.18 $/kWh in Tindouf.
The corresponding LWC is 0.66, 0.7, and 0.75 $/m3,
respectively. Obviously, the Adrar site presents the
lowest LEC and LWC due to the higher annual electric
power production. It must be mentioned that the
obtained values of LEC are higher than the GEP if the
price per kWhproduced by the latter is set to 0.04 $/

(a)

(b)

Fig. 9. Variation of the feed flow rate, the permeate flux
and the salt rejection with pressure. Modeling condition:
Cpd= 260 ppm; gp= 60%; gERD= 80% (Adrar).

(a)

(b)

Fig. 10. LEC and LWC evaluation for the selected sites.

Table 8
Economic feasibility indicators

Sites Net present value ($) Profitability index (–)

Adrar 2,206,181 0.32

Timimoun 1,525,018 0.23

Tindouf 715,200.1 0.11
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kWh. This is due to high investment costs. However,
the estimated LWC are lower than the current WSP
(0.82 $/m3).

The net present value evaluation of the studied
hybrid desalination system is given in Table 8 for
the three sites. The obtained NPV are 2,206,181$,
1,525,018$, and 715,200.1$ at Adrar, Timimoun, and
Tindouf, respectively, with corresponding profit invest-
ment ratios of 0.32, 0.23, and 0.11. The expected year-
to-positive cash flow is 9 years in Adrar, 10 years in
Timimoun, and 12 years in Tindouf as shown in Fig. 11.

Fig. 12 presents the PI as a function of the WSP for
the selected sites. The graph is a straight line, in accor-
dance with Eqs. (41) and (42). The slope of the line
depends on the initial investment, the financing
parameters of the investment (lifetime, discount rate),
and the plant capacity. Higher slopes represent more
attractive investments since a small increase of the
WSP leads to a substantial increase of the PI and con-
sequently to the NPV. Adrar is again considered the
best site.

7. Conclusion

This study investigated the opportunity to use
wind energy in three locations in the southern part of
Algeria. With the scarcely populated regions, there is
a vast land space for possible installation of wind
farms for wind energy exploitation. It could provide a
viable source of energy to power the BWRO desalina-
tion units which can help in the development of these
regions. The results of the present study can be sum-
marized as follows:

• The economic feasibility study based on the
assumed economical parameters from the literature
showed that wind-powered RO desalination seems
to be a promising solution to provide power and
fresh water supplies to remote areas in the south of
Algeria.

• The annual electric power productions obtained
using wind power curve of 1,000 kW at Adrar,
Timimoun, and Tindouf were found to be 3,328.8,
2,890.8, and 2452.8MWh, respectively. The plant
capacity factors at these sites were found to be 38,
33, and 28% corresponding to nominal production
capacities of 3,720, 3315.36, and 2843.52m3/d.

• With a feedwater salinity of about 3,000 ppm, an
average wind speed of 8m/s or more was required
to produce adequate-quality permeate (6 500ppm)
for a product flow rate of 150m3/h, i.e. 3,600m3/d
(Adrar region).

• The recovery ratio has to be optimized for low
energy consumption and high permeate flux. Based
on modeling results, the minimum specific energy
was found to be 1.754 kWh/m3 at optimum
recovery ratio of 60% corresponding to a maximum
production of 216.43m3/h (Adrar region).

• Increasing the feed rate beyond a certain optimum
value, the water production rate will decrease due
to the reduction in the net transmembrane pressure
difference resulting from the high frictional pres-
sure drop.

• Increasing the feed flow rate increases salt rejection.
The reason for this phenomenon is that higher feed
flow rate increases mass transfer coefficient and
concentration polarization parameter reaches unity.

• Increasing the operating pressure increases both the
permeate flux and the salt rejection. However,
increasing the pressure beyond a certain maximum
value will lead to a deterioration of the quality of
the product.

• The LWC was found to be 0.66 $/m3 at Adrar, 0.7
$/m3 at Timimoun, and 0.75 $/m3 at Tindouf
while the LEC was found to vary in the range of
0.14–0.18 $/kWh depending on the site. The high

Fig. 11. NPV evaluation for the selected sites.

Fig. 12. PI as function of SWP for the selected sites.
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values of LEC compared to the GEP (0.04 $/kWh)
are due mainly to high O&M costs.

• The results of the economic study showed that
positive cash flow could be obtained in 9, 10, and
12 years at Adrar, Timimoun, and Tindouf, respec-
tively if the overall production cost of fresh water
is set to 0.82 $/m3.

• The use of the PI could provide a tool for compar-
ing the expected WSP to the current water con-
sumption rates. This comparison represents one of
the possible criteria in order to select the best
option to cover the water needs of a specific region.
The best options are those with small LWC and for
which an increase of the WSP produces a large
increase to the expected PI.

Finally, a more representative validation of the sys-
tem will be only possible after prototype testing, which
will provide a deeper understanding of the system
performance, particularly considering the transients
present in a system supplied by an extremely variable
and unpredictable source, such as the wind.

Symbols

A0 –– reference water permeability at 298K (m/
hbar)

A(n) –– capital recovery factor

A(T) –– temperature dependent water permeability
(m/hbar)

B(T) –– temperature dependent solute permeability
(m/h)

B0 –– reference solute permeability at 298K (m/h)

bp –– osmotic coefficient (m3 bar/kg)

c –– scale factor (m/s)

c1 –– scale factor at 10m a.g.l (m/s)

c2 –– scale factor at desired level (m/s)

C –– salt concentration (kg/m3)

Caom –– total annual O&M costs ($)

CaomWT –– annual O&M costs of the wind turbine ($)

CF –– capacity factor

DAB –– mass diffusivity (m2/h)

dh –– hydraulic diameter of channel (m)

i –– annual discount rate (%)

Inv –– total investment cost ($)

InvWT –– investment cost of the wind turbine ($)

f(V) –– weibull probability density function

Jw –– volumetric flux of water (m/h)

Js –– salts mass flux (kg/m2h)

k –– shape factor (dimensionless)

k1 –– shape factor at 10m a.g.l (dimensionless)

k2 –– shape factor at desired level (dimensionless)

ks –– mass transfer coefficient (m/h)

LEC –– levelized cost of electricity ($)

LWC –– levelized cost of water ($)

n –– life time of the plant

NPV –– net present value ($)

p –– power (W)

P –– pressure (bar)

paep –– annual electricity production from wind
turbines (kWh/yr)

PI –– profitability index

Q –– volumetric flow rate (m3/h)

Re –– Reynolds number (dimensionless)

Sc –– Schmidt number (dimensionless)

Sh –– Sherwood number (dimensionless)

R –– recovery ratio (%)

SEC –– specific energy consumption (kWh/m3)

SR –– salt rejection (%)

T –– feedwater temperature (˚C)

T0 K –– reference water temperature equal to 298

V –– wind speed (m/s)

u –– velocity of water in feed channel (m/h)

w –– width of the membrane (m)

WSP –– water selling price ($/m3)

Z0 –– roughness (m)

Z –– geometric height (m)

Z1 –– reference height (m)

Z2 –– desired height (m)

Greek

D –– difference

e –– void fraction of the spacer (dimensionless)

g –– efficiency

l0 –– viscosity at 290 K (kg/mh)

lðTÞ –– temperature dependent viscosity (kg/mh)

m –– kinematic viscosity of salt solution (m2/h)

q –– water density (kg/m3)

Subscripts

b –– bulk

c –– concentrate

d –– desired

f –– feed

I –– cut-in

m –– membrane

O –– cut-out

p –– permeate

R –– rated
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