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ABSTRACT

Systematic design of a wind-driven reverse osmosis desalination plant is proposed. The desalina-
tion plant should supply 2,592 m?%h of potable water to the inland arid city of Arar in the Kingdom
of Saudi Arabia. For an annual average wind speed of 4.07, the numerical simulation indicated an
optimum specific energy consumption occurs when the desalination plant operates at a 0.65-0.75
recovery ratio. The corresponding plant structure at this optimum condition comprises of 22 wind
turbines and 500 membrane vessels. However, this plant failed to provide the city with enough water
demand over a full year with an annual deficit of around 2,480-2,670 m*h because the monthly
average wind speed fluctuates. Redesigning the plant structure using grid search over wind speed
resulted in an optimum plant operation at a 0.75 recovery ratio with 19 wind turbines and 700
vessels. This plant configuration can sufficiently fulfill the city’s annual water demand but at the
expense of higher capital investment in terms of membrane vessels. It is also found that a tradeoff
exists between the specific energy consumption and capital investment. Moreover, a tradeoff exists

within the capital investment between the required number of turbines and vessels.
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1. Introduction

Water is a viable natural resource found in abundance,
however, supplying fresh potable water for a rapidly grow-
ing population and industrialization poses a challenge in
several areas around the globe. This issue intensifies for
arid and remote areas. Decision makers urge researchers
and engineers to knockdown the problem with sustain-
able solutions. Potable water can be provided from differ-
ent resources such as surface water, underground aquifers,
and transportation from other regions. A review of water
scarcity and resources is addressed in [1,2]. Water desali-
nation is an alternative solution especially for regions that
lack the other resources. Desalination of brackish water [3]
and seawater [4] is considered the most widely used tech-
nology to supply water demand to areas suffering from
water resource scarcity. However, the common dispute

facing water desalination technologies is the high-energy
consumption and adverse influence on the environment.
Reverse osmosis (RO) became the leading desalination
technology as it shares 44% of the global desalination capac-
ity and 80% of the overall deployed desalination plant [5].
RO is known for high salt rejection that reaches more than
99% [5]. More important, it is believed to inquire about the
least energy demand among the several existing desalina-
tion methods. It is estimated that 3-6 kWh of electric power
is needed to extract one cubic meter of pure water from
seawater [6]. The major portion of the consumed energy is
related to pressurizing the feed water. Yet, the cost of elec-
tric energy is vulnerable to fossil fuel prices. It is reported
that a 25% fluctuation in energy cost can cause 11% varia-
tion in the specific water cost [7]. The electricity cost is esti-
mated to be around 0.08 $/kWh [8,9], The water production
cost for RO plants depends on its capacity and structure
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with a range of 0.15-5.7 $/m?* is reported [9]. To avoid such
cost fluctuations, it is recommended to operate desalination
plants with renewable energy sources. Subsequently, inte-
grated RO desalination systems with solar or wind energy
became an attractive alternative that calls for growing
attention. Several investigations dealing with integrating
RO systems with renewable energy sources are reported in
Ref. [10-12].

Saudi Arabia is an arid and swiftly developing country
with a continuously increasing demand for freshwater and
electricity. The nation power network provides electricity to
a large portion of the population and areas. However, the
country has a large surface area (2.3 million km?), thereby,
it is costly to connect all the remote regions to the power
grid system. Subsequently, several isolated and sporadi-
cally populated areas need an individual source of power
as well as potable water. These regions are in need of the
use of renewable energy to generate electric power and to
derive desalination plants. Moreover, the nation has the
vision to reduce its reliance on fossil fuel and start estab-
lishing the appropriate infrastructure for renewable sources
such as solar and wind energies. Based on the kingdom
2030 vision, it is planned to achieve a target of 58.7 GW
from renewable energy resources which comprise 40 GW
from solar PV, 13 GW from wind power, and 2.7 GW from
concentrated solar panels [13]. Hence, there is a motive to
leverage the available wind energy in these remote regions
to produce freshwater from underground brackish water
using RO technology. Despite, the different features of solar
and wind energies, we adopt the wind energy source in this
study. A recent wind speed survey in the kingdom indicated
reasonable wind power with 75% of the surveyed area has
an average wind speed higher than 3.5 m/s. In particular,
Arar area reported and average wind speed of 4.5 m/s [13].

Globally, the utilization of wind energy to power RO
units has been extensively studied. For example, Miranda
and Infield [14] investigated the utilization of a small-scale
wind-driven RO process for seawater desalination. They
examined the system performance over wide operating
conditions. Pestana et al. [15] conducted an experimental
study on RO plant run by wind energy and energy storage.
The plant can perform well over a wide range of operating
conditions depending on the available power. Park et al.
[16] investigated the impact of wind power fluctuation on
the performance of the RO system for brackish water purifi-
cation. They found that the proposed system can withstand
wind speed variations for brackish water with low salt feed
concentration. At high feed salinity, a suitable control pol-
icy must be implemented to achieve the desired quality
product. Carta et al. [17], studied the design and operation
approaches for a stand-alone wind-driven desalination
unit. They found that RO technology can overtake the elec-
trodialysis reversal technology and vacuum vapor com-
pression technology even when linked with wind stations
that were detached from the local energy grid. Recently,
several types of research on hybrid RO-wind systems are
reported. Charrouf et al. [18] proposed a power manager
for the RO desalination plant using neural networks. The
power manager ensures the transmission of smooth power
to the plant by managing the generated power from three
sources, solar panels, wind turbines, and battery banks.

Peng et al. [19] used a state of the art optimization methods
to design the size of a renewable-energy based desalina-
tion system. The system integrates solar panels, wind tur-
bines, and reverse osmosis units. The optimization aims to
provide continuous load while minimizing the life cycle of
the system. Cabrera et al. [20] analyzed the performance
of the seawater RO desalination plant powered by wind
energy. The system is analyzed by three different machine
learning approaches under fixed and variable feed pressure
and flow rate. Lai et al. [21] proposed solution strategies
to operate the RO desalination process under variable and
intermittent wind energy. The solution strategies include
using energy storage, hybridization with solar or geothermal
energy sources, and adjusting the RO units and/or operat-
ing conditions. Carta et al. [22] studied the stand-alone RO
desalination system powered by wind energy. The system
is designed such that it adapts its energy consumption fre-
quently to counter the fluctuation in the supplied power
energy. Richards et al. [23] investigated the performance of
the RO system for brackish water purification under real
wind speed data. They concluded that the performance
of the plant at constant average wind speed can provide
insight on how the plant would perform under variable
wind speed. The system is aided with a supercapacitor
energy bank. Recent review papers on the integration of
solar/wind energy with RO systems are given in Ref. [24,25].

As far as we know, not too much work has been
reported to examine the performance of the RO desali-
nation system for brackish water using wind power as
the only source of energy. Moreover, wind energy is
more suitable for RO desalination in a remote area as it
is a green technology and its costs competitive with other
energy sources [21]. According to Lai et al. [21], the cost of
energy obtained from wind systems approaches 5-9 ¢/kWh
onshore and 10-20 c¢/kWh offshore. According to Sims et al.
[26] the energy cost-driven from fossil fuel ranges from 3.6
to 7.9, 3.9-8 ¢/kWh from nuclear, and 8.7-40 ¢/kWh from
solar. This paper presents a scheme for designing the RO
desalination plant for pure water production in Arar city
(Northern province) of this country. The scheme helps to
select an appropriate number of stand-alone wind tur-
bines to power several vessels of reverse osmosis units.
This work aims to assess the feasibility of harnessing the
local wind power to operate the RO plant at the desired
production capacity without the help of external electric-
ity sources. In this case, a standalone wind-driven RO
desalination plant will be studied. To supply the city with
needed water demand despite the wind power variation,
the proposed design will focus alternatively on meeting
the annual production requirement instead of the hourly
requirements. Therefore, the abundant water production
during the period of high wind speed will be used to com-
pensate for the losses during low-speed periods.

The paper is organized as follows. First, the mathemati-
cal equation that describes the RO system will be presented.
Secondly, the numerical solution of the developed model for
the RO system will be outlined. In the following section, the
methodology to construct the integrated wind system and
RO desalination plant will be described. Finally, the results
of the system simulation will be discussed in the discussion
section.
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2. RO desalination unit production

In the following, we present the equations that describe
the salt separation and permeate production rate in a typical
RO membrane based on the transport mechanism of solute
and solvent at a steady state, which is provided by Marriott
and Sorensen [27].

For given pump power and feed pressure, the feed flow
rate can be calculated from:

_ 3,600xP,
PJ, x1x10°n

-1
P

Qs 1)

where Qf, Pj, P, and n, are the feed flow rate, the feed pres-
sure, wind power, and pump efficiency, respectively. For the
assumed recovery rate (R), the permeate production rate
Q) is computed as follows:

Q,=Q,R, @
Mass balance around RO unit:

Q,-Q,+Q, @)

chf = Qpcp +Q.C, 4)

where Q, C, and C are the brine flow rate, brine salinity, and
permeate salinity, respectively. The flow rate of bulk fluid
and its concentration are approximated by:

Q, :% ®)
C,+C,
C=— (6)

The solvent volumetric flux, ] , in terms of the membrane
permeability (A) is given by [28]:

], = A(AP - Ar) @)

where the following correlation for transmembrane pressure
drop (DP) [28] is used:

AP=P -P~P, /2 ®)

drop
An=b,(C,-C,) ©)
In Egs. (8) and (9), C, is the salt concentration at the

membrane surface and P, is the brine outlet pressure.
The osmotic coefficient, b_, is defined as follows:

(10)

The osmotic pressure, 7, is calculated using the following
relationship:

n=112T) i, (11)

where Zr?zi is the sum of all modalities of dissolved ions
(ppm) and T is the bulk temperature.

The pressure drop, P is given by the following
correlation [28]:

n a
Pdrop =i Qf QE
2x 3,600

InEq. (12)1=9.5x10* and a=1.7.
The mass flux, ], of the solute in terms of the solute
permeability (B) is given by:

drop”

(12)

J,=B(C,-C,) (13)
When the concentration polarization is present, the flux,
], at steady state, is given by [29]:

C1n7
J,=kIn .
©C,-C

b P

(14)

where k_is the mass transfer coefficient. The solute flux is
related to the solvent flux, as follows:
J.=1.C, (15)

The combination of Egs. (10)—(12) and the elimination of
C,, allows to obtain the following expression for the flux [30]:

Lu=<4[AP-—bn[BC;eXp(L“/kJ)Jexp(Iw/kJ}

16
]w+Bexp(]w/kS (16)

and

BC
C=——— "= 17
! B+]wexp(]w/k5) ( )

Once the nonlinear algebraic Egs. (1)-(17) is numerically
solved, the permeate concentration, Cp, and the permeate
production rate, Q are determined. The calculated produc-
tion rate is defined as follows:
Qw = ]wAsnenl (18)
where A, n, and n, are the membrane surface area, number
of RO elements, and number of leaves per element, respec-
tively. Also, to ensure the permeate salinity meet potability

conditions, we constrain this concentration to be smaller than
a desired specific value, CP 4

C <C

»=Cha (19)

Perforated baffles are used in spiral-wound membrane
modules since they increase mass transfer. The following
equation can be used to determine the mass transfer coeffi-
cient, k_[31]:

Sh = 0.065Re***Sc"> (20)
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where

k, ; Re:d”u; Sc=—
D

AB ‘Ll DAB

Sh =

21

Note, m, v, D,, are the viscosity, kinematic viscosity,
and diffusivity of water. d, is the hydraulic diameter of the
channel. The velocity (u) in the feed channel that contains
baffle is given by:

U= Q (22)
whsps

where w is the membrane width and dh, h_, and ¢ are the baf-

fle parameters. The kinematic viscosity, v for brackish water
can be calculated through the following correlation [32]:

v=0.0032+3.0x10°C, +4.0x10°C; (23)

The value of diffusivity, D is estimated to be
5.5 x 10° m?/h.

The RO process performance is assessed by two metrics.
The recovery ratio is defined as follows:

AP/

(24)

The specific energy required for the generation of 1 m®
of freshwater is provided by Park et al. [16]:

-1
Q;Pn,

SEC = (25)

4

A spiral wound module hydraulic diameter depends on
the specific surface area of the spacer, the void fraction, and
the channel height. Table 1 shows the RO membrane specifi-
cations [33] used here.

2.1. RO model simulation

The above steady-state RO model is cast in the form of
nonlinear algebraic equations. To simulate such a model,
certain input parameters must be specified. The feed salin-
ity, C, is always fixed at the value for the local brackish

Table 1
Geometric specification of membrane module [33]

Parameter Value
Hydraulic diameter of channel, d, (mm) 0.78045
Height of spacer channel, ;| (mm) 0.593

void fraction of the spacer, e (porosity) 0.9

Length of membrane, L (m) 1

Width of membrane, W (m) 37

Active area of the membrane, A (m?) 37
Reference water permeability, A, (m*/h bar) 19.43 x 10+
Reference solute permeability, B (m*/h) 78.55 x 10

water. Hence another three process parameters must be
specified to fully solve the RO model either in backward
or forward fashion. In backward mode, the recovery ratio,
R, the production rate, Q, and the permeate salinity, C
are specified to determine the required feed pressure, fee
flow rate, and the associated power. In forward mode, the
available wind power, P, the desired recovery ratio R,
and the permeate salmlty, C are specified to determine the
required feed pressure and flow rate, and production rate.
Since the available wind power is known, we adopt the for-
ward solution mode. Thus, the feed pressure and flow rate
as well as the production rate will be calculated by an itera-
tive procedure to meet a predefined permeate quality, that
is, the permeate salinity, C,. This numerical solution can be
explained by the followmg algorithm denoted as S1.

e Define all process parameters and operating conditions

such as Cf, P ,and R,

Set P,=mC

Compute Q, and Q, using Egs. (1) and (2).

Assume 1n1t1a1 values for C, = C* and C, =C.

Compute Egs. (3)—(17).

If C-C)<eand C -C)<g where C, and C, are computed

from Eqs (14) and (17) respectlvely, proceed to step 7,

otherwise set C)= C and C) = C, go back to step 5.

e Compute the recovery ratio from Egs. (24) and (18) and
denoted as R/.

* IfR-R <eand C <C go tostep 10.

. SetP P +1, gotostep3

. Compute specific energy consumption (SEC) from
Eq. (25), Stop.

The termination criterion is set to € =1 x 10™. Since R _is
a decision variable, the above algorithm can be repeated for
any value for R . It should be noted that algorithm S1 may
lead to suboptimal value for P,. Thereby we also attempt
solving the RO model using the optimization approach as
described by algorithm S2 below. In addition, optimization
allows setting a constraint on the feed flow rate to avoid
exceeding the upper design limit.

e Define all process parameters and operating conditions
suchas C, P, and R.
® Solve the followmg optlmlzatlon problem numerically:

min 0=(C; =C,)"+(C, -C, ) +(R -R)

Subject to:

fP,C,C)=0

m

C,<C,
Q= Qs

where f represents the nonlinear algebraic Egs. (1)-(17), C,
C,, and R’ are computed from Eqs. (14), (17), (18), and (24).
Tfle upper limit of the feed flow rate, Q. _ is set equal to
15 m?/h [34].
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2.2. Wind-driven RO plant design methodology

It is desired to design the RO plant structure neces-
sary to provide Arar city with the required water demand.
A sketch of the proposed plant configuration is depicted in
Fig. 1. This structure comprises a network of RO modules,
water pumps, and wind turbines. Several wind turbines can
be used to provide the necessary electrical power needed
by the water pump. The latter is linked to a RO vessel that
contains eight RO elements each of which has three leaves.
Since the maximum permissible feed flow rate for a single
RO module is 15 m*h [34], the required pump capacity is
limited by this operational constraint. Accordingly, and
due to other limitations, a single RO vessel cannot produce
the required water demand of Arar city. Consequently, the
global number of RO vessels (N,) equals to the desired water
production divided by the permeate production of a single
vessel. Of course, it is assumed that all vessels are identical
and operating at the same input conditions, thereby having
exactly the same production rate. As a result, depending on
the available wind speed, a single wind turbine cannot sup-
ply enough power for all vessels. In this case, to better uti-
lize the available wind power, the required number of wind
turbines (N,) is controlled by pump capacity and the total
required power to produce the desired water production
of Arar city. Selection of the number of wind turbines, the
global number of vessels, and the operating condition for
each vessel will be sought in this study. Note that determin-
ing the number of vessels and turbines is not straightforward
because they are interrelated and depend on the required
feed pressure which not known ahead. Thereby, the design
methodology will be iterative in nature as will be discussed
in the next section. Noting the population of Arar city in
2020 is estimated to be around 311,070 [35]. This value is a
projection of the latest census data in 2014 using an annual
growth rate of 6.41%. Census statistics for several cities in
Saudi Arabia can be found in Ref. [36]. Setting the nominal
water consumption per person to 200 L/d, the hourly water
demand of Arar city is estimated to be 2,592 m3/h.

As far as the wind power is concerned, the wind speed
data for Arar city is given in Table 2 [36]. Table 2 lists the

Turbine 1

monthly averaged wind speed for the year 2015. We consider
the wind speed pattern is almost similar every year. Updated
wind speed data can also be found in commercial web sites
such as whethearonline.com, whethearspark.com, etc. the
long term averaged wind speed for Arar is reported by
Alawaji et al. [37] to be 4.4 m/s. The average wind speed
over a year is estimated here using the given data in Table 2
to be 4.07 m/s. The generated average wind power can be
computed using the following correlation [38,39]:

P, (kW)= % pCp,AV® (26)

Using the above correlation, the available average wind
power is around 44 kW assuming 100% efficiency. This exist-
ing wind power and the desired water demand of Arar city
set the basis for the design of the RO plant configuration.
The baseline design specifications and constraints are listed
in Table 3. It should be noted that in this study we present
a general grassroots methodology for designing RO plant
powered by wind speed. Since this is a grassroots design
methodology, it is based on steady-state conditions where
the wind speed is taken as a fixed average value over the
year. The method can be straightforwardly applied to any
updated values for the design parameters such as the city
population, average wind speed, and power turbine effi-
ciency. The penalty of using fixed wind speed will be tested
by operating the plant under mild wind variation. This test
is preliminary to explore the advantages and pitfalls of the
design methodology. Rigorous analysis of the system oper-
ation under severe hourly wind fluctuation considering
physical operational constraints and the effect of the process
dynamics will be considered in upcoming research work.

3. Results and discussion
3.1. Preliminary design

First, we examine the behavior of a single RO vessel
driven by a single wind turbine for demonstration pur-
poses. For the given annually-averaged wind speed of 4.07,

Vessel 1

5 ROelement

| |R0element

| RO element -

Vessel 2

| |R0e|ement | _________ - ----- _‘ Permea;ce

9|R0element

' Vessel Ny i

9|ROeIement

| |R0e|ement

| ROelement - |

Power line

Turbine Nt

Saline
Water

Fig. 1. Wind-driven RO plant structure.
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Table 2
Wind speed data for Arar city [36]

Month Knots m/s
January 7 3.60
February 7 3.60
March 7 3.60
April 6 3.08
May 7 3.60
June 9 4.63
July 9 4.63
August 9 4.63
September 9 4.63
October 9 4.63
November 8 4.11
December 8 4.11
Table 3

Design specifications and constraints

Annual avergae wind power 44 kW

Arar city water demand 2,592 m3/h
Brackish water salinity 1.0 kg/m? [41]
Maximum feed flow per vessel 15 m3/h [34]
Minimum brine flow 3 m%/h [37]
Maximum permeate concentration 0.5 kg/m?®
Discharged brine pressure, P, 1 bar
Maximum feed pressure, P, 80 bar [37]
Maximum pressure drop 0.7 bar [37]
Number of RO elements per vessel 8 [28]
Number of leaves per RO module 3 [42]

Wind turbine swept area of rotor (m?) 2,290 [43]

the corresponding wind power is 44 kW. We assume a single
wind turbine with 44 kW power is available to derive a single
RO vessel containing eight RO elements each of which has
three leaves. Hence, we simulate the RO model for such wind
power to understand the process behavior and determine
the best operating condition in terms of the recovery ratio.
In addition, the total number of vessels required to produce
the desired production rate can be estimated which is equal
to the total production divided by the water production per
vessel. The process is simulated using algorithm S1 executed
at different values of R . The result of the simulation is shown
in Fig. 2. In this case, no limitation is imposed on the feed
flow rate, Q, for analysis purposes. Fig. 2a demonstrates how
to feed pressure increases with the required recovery ratio.
This is intuitive because the required pressure to overcome
the osmotic pressure and attain desired water salinity grows
to achieve a higher production rate, that is, recovery ratio.
The corresponding feed flow rate, which is linked to the
feed pressure via Eq. (1), decreases with the recovery ratio
as depicted in Fig. 2b because the pump power is fixed by
the wind power while the feed pressure is increasing. As
the feed flow rate decreases with increasing recovery ratio,

the water production per vessel, which is equal to the mul-
tiplication of the feed flow rate by the recovery ratio, goes
through a maximum value of about 17.3 m*h as shown in
Fig. 2c. This maximum occurs at a recovery ratio of 0.65-0.7.
Consequently, the SEC goes through a minimum as illus-
trated in Fig. 2d. Note SEC is simply the pump power (wind
power) divided by the production rate per vessel which
explains why it has a convex shape. Lastly, the number of
parallel vessels needed to collectively produce the desired
total production rate is shown in Fig. 2e. The optimal num-
ber of vessels, in this case, is around 149. Note this call
for corresponding 149 wind turbines each of which has a
capacity of 44 kW assuming each turbine derives one vessel.
However, these results are impractical because the delivered
feed flow rate over the entire recovery ratios is above the
physical limit of 15 m?/h as depicted in Fig. 2b. This means
the wind turbine of 44 kW delivers more power than needed
by a single vessel. Therefore, the outlet power of a single
wind turbine can be split over several water pumps such
that the pump outcome flow rate does not exceed 15 m?/h.
In this structure, which is shown in Fig. 1, each water pump
is connected to a single vessel. All vessels comprise the same
number of RO elements and size. Determination of the num-
ber of subdivisions of the power of a single wind turbine
and consequently its associated water pumps/vessels is not
straightforward. This is because the power, feed flow rate,
and required transmembrane pressure are linked together
according to Eq. (1).

The selection of the number of vessels and hence the
associated wind turbines is devious, especially it is an inte-
ger variable and that both are correlated. We will present
a procedure to determine the RO plant structure. The pro-
cedure will be based on equal distribution of the power
over the number of stages (vessels). Within the procedure,
the required RO pressure is determined either via itera-
tive approach (algorithm S1) or numerical optimization
(algorithm S2). The idea is to find the best design proce-
dure and the structure for the RO plant. The steps of the
procedure for selecting the design structure based on the
iterative approach is shown in Fig. 3 and denoted as S3.
Here we need to determine N and N, but since they are
interrelated, we fix N and iterates over N, by an iterative
procedure. In this case, the available wind power of all tur-
bines is divided into equal values each of which derives a
single pump operating on a single vessel. Since the vessel’s
sizes are identical and the operating power is equal for all
vessels, only one vessel is simulated. The rest will have the
same results. Since the number of vessels is independently
fixed, different values can be tested to assess its effect on
plant performance as depicted in Fig. 4. The figure illus-
trates the process performance over a range of recovery
ratios at a selected number of vessels. Note we examined
the effect of N_starting from 250 and beyond because there
is a lower physical limit on N imposed by the Q. and R
In fact, the minimum allowable N, equals to Q 7/(5;‘““/1{6. For
the tested range of R, that is, 0.35 to 0.85, tile minimum
permissible N, ranges between 203 and 497. The required
feed pressure and the associated feed flow rate for each
identical vessel is depicted in Figs. 4a and b. The feed pres-
sure for any number of vessels increases with the recovery
ratio as expected and observed in Fig. 2a. Moreover, the
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Fig. 2. Process simulation of a single vessel over a range of recovery ratio, P =44 kW, C,=1.0 kg/m®.

| Insert RO model parameters |
v
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v
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v
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| Pw=Nrx P, SEC = Py/Qp |

Fig. 3. Algorithm S3 organigram for designing the RO plant
structure based on equal distribution of the wind power.

required feed pressure for a smaller number of vessels at
any recovery ratio is higher than that needed for a larger
number of vessels. At a low number of vessels, a significant
amount of wind power is assigned to each pump causing
a larger feed flow rate as shown in Fig. 4b. In due course,
the greater feed pressure is needed to produce permeate
with the desired salinity when operating at high feed flow
rates. Fig. 4b demonstrates how the feed flow rate decreases
with the recovery ratio because the feed pressure increases.
Interestingly, the feed flow rate at a low number of stages
particularly at N = 250, exceeds the upper operational
limit almost over the entire tested recovery ratio except at
R, > 0.7. This situation is attenuated at a larger number of
vessels (N, ), particularly when N equals 500 and beyond.
Obviously, operation at a very low number of vessels and/
or low recovery ratios may not be physically possible as
feed flow rate may exceed the upper limit. As Fig. 4c illus-
trates, the number of turbines goes through an optimum
around R of 0.65-0.75 with the optimum being smaller at a
larger number of divisions (vessels). Note that the total pro-
duction rate, that is, the sum of permeate rate of all stages,
is greater when the number of divisions is larger incurring
fewer turbines. N, goes through an optimum because the
vessel production rate has a concave trend as discussed ear-
lier. The SEC follows the same trend of N, because SEC is
proportional to N.. It is also clear that increasing the number
of vessels beyond 500 has a little effect on N and SEC. It is
clear that 500 is the minimum required vessels not because
its lower the operation cost in terms of SEC and capital cost
in terms of NT but also operates the plant at safe mode, This
situation makes the overall SEC pass through a minimum
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Fig. 4. Simulation results using algorithm S3.

around R_range of 0.65-0.75 and high N . Therefore, this
outcome suggests operating the RO plant at a recovery ratio
of 0.65 with an optimum number of turbines of 31 and opti-
mum SEC of 0.51 kWh/m? for a global number of vessels
of 500. This operating condition occurs at a minimum SEC
but requires a larger investment in terms of the number of
vessels. This is inevitable because lower values of N  are
restricted by the upper bound o the feed flow rate.

To further assess the results obtained by algorithm S3
we test algorithm S4. Besides, we expect algorithm S4 to
find optimal values for the feed pressure and consequently
the required power. This is because algorithm S3 exces-
sively uses the feed pressure to satisfy two operating con-
ditions, that is, permeate salinity and recovery ratio. The
organigram of 54 is depicted in Fig. 5. The corresponding
results are shown in Fig. 6. Note the results for N less
than 400 are not shown because in these cases no feasible
solution is found by algorithm S2. As seen in Fig. 4b, the
obtained feed flow rate at low N _exceeds the upper limit
which violates the hard constraint imposed on Q, in algo-
rithm S2. For the same reason, the results corresponding
to N, =400 are reported fro recovery ratio equal and high
than 0.45. The results are shown in Fig. 6, have the same
trends obtained by algorithm S3. This result emphasizes
the optimality of the overall SEC at R_around 0.7-0.75 and
a large value of N =500. Therefore, it is of interest to select
a higher value for N because it will likewise reduce the
number of turbines slightly leading to lower capital invest-
ment. In fact, a trade-off between the N and N, exists. The
total equipment cost is controlled by the relative specific
cost of the wind turbine and vessel. If the specific cost of
the turbine is higher than that of a vessel, the number of
turbines dominated the equipment cost and vice versa. At
N, of 500, the total number of needed turbines is 22 and
SEC of 0.39 kWh/m?. The obtained SEC values are within
the reported values [39]. We denote this plant design condi-
tions as the reference case and it is defined in Table 4.
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0 r r r
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Fig. 5. Algorithm S4 organigram for designing the RO plant
structure using equal power distribution and optimal operating
conditions.

3.2. Testing the plant structure under wind fluctuation

Next, we examine the performance of the RO plant
structure found in Table 4 during wind speed variation at
different operating conditions. Indeed, the plant is sim-
ulated using the fluctuating wind speed listed in Table 2.
The wind data in Table 2 can be categorized under three
intervals. The low wind interval (months 1-5) where wind
speed is below the annual average. The high wind inter-
val (months 6-10) where the wind speed is higher than the
annual average. The last 2 months where the wind speed
is almost around the average value. Note the wind speed
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Fig. 6. Simulation result using algorithm 54.

Table 4
RO plant structure optimal parameters

Item Annual average
V (m/s) 4.07
P (kW) 44
R, 0.75
N, 22
N, 500
SEC (kWh/m?) 0.39
Q,, (m*/h) 5.2
Q,, (m*h) 6.9
Pf (bar) 6.4
Cp (kg/m?®) 0.45

is time-varying but the RO model is stationary. Hence,
we consider the wind speed is stepwise constant, that is,
constant over the month and changes only from month to
month. Therefore, the RO model will be solved for each
month independently assuming stationary conditions.
Regarding the operating condition, we consider the feed
salinity is increased to 1.6 kg/m® which represents the case
when the salinity of the source is changed due to overuse
or the underground source is changed. We also examine
the case of a low recovery ratio which represents the case
when the performance of the membrane degrades due to
fouling or other reasons. Likewise, we examine the case
of higher recovery ratio which represents the case when
higher production is sought or when compensating the
loss of production due to the shutdown of some vessels for
maintenance. Simulating and comparing the plant perfor-
mance at these operating conditions is depicted in Fig. 7. In
this case, the RO model is simulated using fixed N, N_, and
P, as given in Table 4 while the feed flow rate varies with

alternating wind power. This means that the feed flow rate
will increase at high wind speed and vice verse. Figs. 7a—c
demonstrates the wind velocity, feed pressure, and feed
flow rate for all cases. In the following we will discuss three
cases; the lowest recovery ratio, the severe cases (R, = 0.85
and C, = 1.6 kg/m’®), and the nominal case (C,= 1 kg/m’ and
R, = 0.75) First, considering the case of lowest R, the pro-
duction rate remains below the target throughout the year
as shown in Fig. 7d. This is intuitive because we are operat-
ing the plant below the design point. During the low wind
period, that is, month 1-5, the feed flow rate drops due to
reduction in wind power, Since the feed pressure is fixed
at baseline while feed flow became less than the baseline,
the recovery ratio increases to 0.6 and the permeate salin-
ity drops to 0.2 as depicted in Figs. 7e and f. On the other
hand, during the high wind period, that is, month 6-10, the
wind power grows and correspondingly the feed flow rate.
In this situation, the fixed pressure at baseline was enough
to maintain the required recovery ratio of 0.45. Secondly,
for the severe cases, the production rate is reduced during
the low wind period even if the required R_ is maintained.
This is ascribed to the minimized feed flow rate through
these months. As the wind speed becomes higher than the
average, the corresponding production rate exceeds the tar-
get even that the recovery ratio falls below the designated
values. This is attributed to the excess feed flow rate due to
elevated wind power. Evidently, at an excess feed flow rate
and fixed feed pressure, the process cannot keep the desig-
nated R_and sacrifices the water quality as clearly shown in
Figs. 7e and f. In fact, R _drops and C, hits the upper bound.
Lastly, for the nominal case, the plant behavior at high wind
interval follows that of the severe cases for the same rea-
sons mentioned earlier. However, the permeate quality at
low wind speed is different than the other cases especially
the severe cases. At low wind power, the feed flow rate falls
below the baseline while the feed pressure and recovery
ratio are maintained at baseline points. Therefore, although



40

—— Cf:1’Rc:0'75 —_—— Cf:1 .6,Rc:0.75

70—

g
S| e e :
=>
30—+ a)
100+ o —m—u
__________________________ i
r r r r r r(c)
S = S i
(
00 r r r r r r r r r !e)
12345678 9101112
Month

E. Ali / Desalination and Water Treatment 205 (2020) 3145

Cf='|,Rc=0.85 —— Cf:'l, RC:0.45 ————— target
80—+
= 7.0r 7

(g0
L2
o~ 6.0+ "
5.0"””""'(b)
40—
=
m\
£
o
<
o
e}
“e
S~
(@)]
=
v
oc
0-4- r r r r r r r r r r(f)
12 3 456 7 8 9101112
Month

Fig. 7. Plant operation under different wind speeds and operating conditions, fixed P, N, and N,.

P, is at the baseline value, it can be considered relatively
higher than that expected at a lower flow rate for the same
R_. As aresult, the relatively spare pressure produces higher
permeate quality, that is, less C value. When R is raised
to 0.85 at fixed feed pressure at baseline, Cp can still be
maintained within the design point because the feed flow
rate is reduced. However, at C, = 1.6, the permeate salinity
can not be kept at design value even the feed flow rate is
reduced because the feed salinity itself is much higher than
the design point. In addition, it is noted in the 4th month a
sudden drop in wind speed occurs causing a sudden drop
in the feed flowrate. Consequently, the permeate salinity
for the severe cases drops sharply because the constant feed
pressure shifted toward enhancing the solvent mass trans-
fer across the membrane as the recovery ratio is already
satisfied. Oppositely, at the lowest recovery ratio, a little
spike in C, is observed because the excess feed pressure rel-
ative to the reduced feed flow rate shifted toward improv-
ing the recovery ratio since the permeate quality is already
satisfied, that is, very low. More important is meeting the
desired water demand. Accordingly, we computed the
water balance (WB) For all cases. WB is the sum of the annual
difference between the total permeated production of the
plant and the target value. This can be computed as follows:

12

WB=3(Q..(1)-Q)

i=1

27)

The numerical values for WB are listed in Table 5.
Obviously, the plant experiences water deficit (negative
values) throughout the year. This means the surplus water
produced during high wind duration cannot compensate for
the losses during the lower wind period.

We reexamine the above cases with feed pressure is
allowed to vary in conjunction with the feed flow rate. This
can be attained by using a control strategy to regulate the
pressure as wind power departs from the nominal base-
line. Here, we simply execute algorithm 54 for fixed plant
structure (N, N ) with feed pressure, and the flow rate is
allowed to vary with alternating wind power. Carta et al.
[22] proposed a similar approach, that is, variable pressure
and flow rate, to adapt the power consumed by the RO ves-
sels to the varying wind power. The result of this scenario
is depicted in Fig. 8. In due course, both the pressure and
flow rate varied with wind power as depicted in Figs. 8a
and b. The overall trends illustrate a similar trend to those
shown in Fig. 7 with some exceptions. The feed pressure
is increased sufficiently to maintain the designated recov-
ery ratio as shown in Fig. 8f for all cases. Also, the salinity
of the permeate for the extreme cases as well as the nom-
inal case can be maintained slightly lower than the upper
limit by altering the feed pressure (Fig. 8e). For the lowest
recovery ratio, the permeate salinity rises during the how
wind period but still below the upper limit. For this case,
the feed pressure became less than the baseline value which
is enough to maintain the recovery ratio as low as 0.45.
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Fig. 8. Plant operation under different wind speeds and operating conditions, fixed N, N,, and variable P,.

As a result, the feed flow grew larger than that when the
pressure is fixed (Fig. 7c) compromising the water purity. As
noted before, a sharp drop in permeate salinity is observed
in the 4th month for severe cases. As mentioned earlier this
is due to the sharp drop in the feed flow rate while the feed
pressure is kept high at least at the baseline value. This
behavior is not observed for the baseline and the lowest R,
cases because the decline in feed flow rate is associated with
areduction in feed pressure, in addition, the solution salinity
is far below the upper limit. To compare water surplus/defi-
cit for the above two tests, Table 5 lists the sum of the differ-
ence between the target and the actual production over the
entire year. It is obvious that both suffer from a deficit with
the case of variable pressure being worse. This is because
the elevated feed pressure in the second case was at the
expense of lower feed flow rate and consequently produc-
tion rate. Exception is the operation at the lowest recovery

Table 5

ratio where the deficit is less when P, is variable. It is evident
that both cases failed to provide Arar city with daily water
demand. But we can consider operating at variable P, is
appealing because it results in better water quality. This is
because the obtained plant structure depends on the chosen
average wind speed. Thus, the plant should be redesigned
such that it supplies the minimum water surplus throughout
the year. This will be discussed in the following section.

3.3. Plant design by grid search

The wind speed plays an important role in plant design.
Therefore, we will repeat the above design procedure for a
range of values for the wind speed between 3 and 5 m/s. This
range is chosen to encompass the minimum and maximum
possible wind speed for Arar city as listed in Table 2. Since
there are other effective decision variables such as R and

Sum of the difference between the target and actual production rates over a year

Operating K K k K
g g g g
i C,=1.0—%2 C,=16—%2 C,=1.0—=%2 C,=1.0—%
condition f m? f m? f m? f m?
R =0.75 R =075 R =085 R =045
Fixed P -2,480.9 m3/h -5,212.8 m’/h -1,874.4 m3/h -9,153.8 m*/h
Varible P -2,671.3 m*/h —-6,818.9 m3/h -2,845.8 m3/h -7,624.2 m3/h
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N, the procedure will be conducted under two schemes. In
one scheme, wind speed and R are varied at fixed N, while
the other considers varying wind speed and N, at fixed R..
In order to assess and compare the plant design we select the
following key performance indices (KPI), the total number
of wind turbines (N,), the average permeate quality (C, ),
the SEC, and the annual water balance (WB). This is attained
by running algorithm 54 for several selected values for the
design parameters, that is, V/R_ or V/N , and compute the
KPI for each grid point. Note, N, and SEC will be obtained
directly by applying algorithm S4. However, C and WB
will be determined by further calculations. For example, at
each grid point, the obtained N, N, and P, will be used to
simulate the plant over the whole year using the monthly
average wind speed similar to that shown in Fig. 7. Of course,
this can be also conducted at variable P, as shown in Fig. 8.
The grid search for V/R at a fixed N, otf 500 is illustrated in
Fig. 9. In this case, variable P, is used to determine WB and
C,. As far as the wind speed is concerned, V of 4 m/s pro-
vides the leats surplus WB as shown in Fig. 9a. This value
is optimal because it meets the daily water demand over the
entire year with extra excess water which can be stored for
further need. Operating at a higher V value, the plant will
undergo serious water shortages as WB becomes negative.
Operating at a lower V value, the plant gain abundance of
water surplus. This can be considered attractive because,
during the high production period, part of the vessels can be

o o
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shut down for maintenance or increasing the life cycle of the
plant. However, this huge surplus is achieved at higher cap-
ital cost as N, increase considerably. Interestingly, the wind
speed has a minimal effect on SEC as shown in Fig. 9c. This
is intuitive because SEC in Fig. 9 is the ratio of the total wind
power to the fixed daily water requirement. Note that as
wind speed varies, the number of turbines changes accord-
ingly to maintain the total delivered wind power almost
constant, that is, equal to that needed to produce the needed
water hourly demand. Concerning R, it has a marginal
effect on WB and N, especially at high V but a remarkable
impact of SEC. However, the reduction in SEC by increasing
R, from 0.75 to 0.85 is almost zero over the entire range of
wind speed. This confirms our earlier findings. The water
quality is shown in Fig. 9d indicates different profiles with
acceptable value at V =4 m/s. It reaches its best value at the
lowest V and R_while deteriorates at the highest R, where it
remains high over the entire range of wind speed. We can
conclude that the plant design at N, = 500, V = 4 m/s, and
R_=0.75is acceptable. This condition corresponds to N, =24,
WB of 158 m*h, and SEC of 0.41 kWh/m?. To emphasize the
influence of fixed pressure operation on the plant perfor-
mance, we repeat the above procedure with PF is fixed at
the design point for each grid point during the calculations
of WB and C__. The result is depicted in Fig. 10a. the other
KPI are not shown because they lead to the same conclusion
in Fig. 9. Evidently, the average permeates salinity becomes

C_(kg/m)

Fig. 9. KPI for plant design using grid search for V and R_at fixed N = 500.
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Fig. 10. KPI for plant design using grid search for (a) V and R_at fixed N =500 with fixed feed pressure, (b and c) V and N_ at fixed

R_=0.75 with a variable feed pressure.

elevated at the lowest wind speed for any R and minimal
at the highest wind speed for any R . Besides, we examined
the plant design using V/N_ grid search at R_of 0.75. The
obtained result for SEC is shown in Fig. 10b using variable
feed pressure. Again, the result for the other KPI is excluded
for not providing significant changes from the earlier results.
Obviously, N has a notable impact on SEC.

For fixed R_of 0.75 and V' =4 m/s, SEC reduction resulted
via increasing N, from 500 to 700 is 20% with the mean SEC
reduction over the entire wind velocities is 21.5%. This like-
wise is associated with further reduction in N, by almost
20%. Therefore, the increment in capital investment due to
increased N_ is balanced by a reduction in N,. Consequently,
depending on their relative specific cost, the design struc-
ture can also be promising. In due course, the design spec-
ification is V=4 m/s, N =700, N, =19, and R = 0.75. WB of
740 m*/h and SEC of 0.33 kWh/m®.

The previous analysis highlighted the dependence of
the plant design on a trade-off between the operation cost
manifested by the specific energy consumption and the cap-
ital fixed cost in terms of the required number of vessels.
Indeed, the lower SEC occurs at higher N . Moreover, a com-
promise within the equipment fixed cost is underlined as
a large number of vessels incurs a smaller number of wind
turbines. The adverse impact of wind fluctuation is also

underscored. The detrimental effect of wind fluctuation and
intermittence on desalination plants driven by wind energy
is well-known as several treatments were proposed by dif-
ferent researchers [18,21,23,40]. However, the scope here is
focused on grassroots design. Plant improvements and rem-
edies to withstand various types of wind alteration will be
addressed in upcoming research work.

4. Conclusions

A systematic design of wind-driven desalination based
on reverse osmosis technology is addressed theoretically.
The desalination plant capacity should provide the daily
potable water demand for a remote inland city of Arar in
the kingdom of Saudi Arabia. Based on the city population
and nominal daily water consumption, the hourly water
demand for the city is estimated to be 2,592 m’/h. A math-
ematical model for the RO process and numerical algo-
rithms are used jointly to determine the desalination plant
structure and operating condition. For the given city water
demand and a local annual average wind speed of 4.07, the
numerical methodology indicated the existence of a trade-
off between the specific energy consumption and fixed cap-
ital investment. Considering SEC as the key criteria for the
plant design, it is found that optimum operation occurs at a



44

recovery ratio of 0.75 incurring a total of 22 wind turbines
and 500 RO vessels. The corresponding SEC is 0.39 kWh/m?.
Simulating the optimal RO plant structure using monthly
variable wind speed indicated the inability of the proposed
plant design to fulfill the required water demand over a
whole year with an annual deficit of about 2,480-2,670 m*/h
depending on the operation strategy, that is, fixed feed
pressure or adapted. The situation may worsen when the
operating conditions change. Redesigning the desalination
plant using a grid search over the possible wind speed range
considering WB as the decision parameter resulted in an
optimum SEC of 0.33 kWh/m?® that corresponds to R _of 0.76,
total turbines of 19, and a total of vessels of 700. This plant
configuration managed to supply the city with the desired
water demand provided the water surplus produced during
high wind speed is stored to offset the water deficit during
the low wind period. Future work may include studying the
effect of hourly changing wind power on the plant opera-
tion. Dynamic optimization and/or optimal control strate-
gies may be implemented to overcome such variation.
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Symbols

—  Coefficient for pressure drop correlation

— Membrane permeability, m/h bar

— Area swept by the rotor blade, m?
Membrane surface area, m?

— Membrane solute permeability, m/h

—  Coefficient for viscosity correlation

—  Osmotic coefficient, m®bar/kg

Salt concentration in feed, permeate, and
brine, kg/m?

Average salt concentration and salt concen-
tration at membrane wall, kg/m?

Desired salt concentration for permeate
product, kg/m?

Power coefficient for wind turbine

— Mass diffusivity, m*h

— Hydraulic diameter of channel, m

—  Weight of spacer channel, m

Water flux, m/h

—  Salts mass flux, kg/m*h

— Mass transfer coefficient, m/h

Exponent in Eq. (2), molality of dissolved salt,
ppm

— Number of wind turbines

Global number of vessels

— Number of vessels per turbine

Number of stages (pumps per turbine) which
isequal ton,

— Number of RO elements in a vessel

— Number of leaves per RO element

— Average wind power, W

— Wind power per vessel, W
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— Wind power corresponding to maximum
flow rate, W

Pf, P, — Feed, permeate, and brine pressure, bar
P drop — Pressure drop, bar
" — Osmotic pressure based on feed salinity, bar
Qf, Qp, Q. Feed, permeate, and brine volumetric flow
rate, m3/h
Q, — Mean volumetric flow rate through mem-
brane channel, m%h
Q. va — Feed and permeate flow rate per vessel, m*/h
Q, — Water demand of Arar city, m*/h
Qﬁmx — Maximum allowable feed flow rate, m3/h
Q, —  Production rate based on mass flux, m®/h
Q.. — Total plant production rate, m*/h
R, — Recovery ratio, %
Re — Reynolds number
SEC —  Specific energy consumption, kWh/m?
Sc —  Schmidt number
Sh —  Sherwood number
\% — Wind speed, m/s
u — Velocity of water in feed channel, m/h
W —  Width of the membrane, m
p — Air density, kg/m?
€ —  Termination factor also void fraction
n, —  Pump efficiency
b —  Osmotic pressure, bar
A —  Coefficient for pressure drop correlation
% — Kinematic viscosity
v —  Viscosity
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