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ABSTRACT

In this work the performance evaluation of directly driven Reverse Osmosis (RO) water desalination system by Photo-
voltaic (PV) arrays is investigated by a novice method. Reverse Osmosis water desalination system needs continuous
supply of energy and on the other hand energy from the PV is intermittent in nature. The energy consumption of RO
plant is strong function of clean water (permeate) flow rate and system pressure and they needs to be tuned to match the
maximum power provided by the PV arrays. In this work a novice method to tune the RO system parameters by ma-
nipulating the position of the valve at the brine side of the RO system is proposed. A simple perturb and observe algo-
rithm is used for automatic control of the valve position. The performance of the proposed battery less system is com-
pared with a conventional system using PV, charge controller and battery. The proposed directly driven battery-less

system provides more water per day than battery operated system.
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1. Introduction

Safe drinking water shortage in the world has necessi-
tated research and development in the sea and brackish
water desalination based on renewable energies [1]. In
the recent years, the interest in the use of reverse osmosis
membrane desalination has increased due to the energy
efficiency and versatility of this process relative to other
water desalination technologies [2]. When operating the
reverse osmosis desalination unit it is imperative that
system conditions are monitored and maintained at ap-
propriate set points in order to produce the required
amount of clean, portable water while preventing system
damage [3]. It is also desirable to find the operating
methods to reduce the energy consumption of the reverse
osmosis desalination plant in the presence of variability
of feed water salinity and input power.

PV-powered reverse osmosis is considered one of the
most promising forms of renewable energy powered de-
salination, especially when it is used in remote areas.
PV-RO initially is most cost-competitive for small-scale

systems where other technologies are less competitive [4].

In RO filtration process salty water is pressurized to flow
through a membrane, causing a separation of the saline
solution from the solute. The energy required to pressur-
ize the feed water is the major energy needed for the RO
process [5]. Reverse Osmosis is a scalable process, but
the energy efficiency decreases on small-scale systems.
Different control algorithms can be utilized to improve
the efficiency and feasibility of PV-RO systems [6].
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Several research groups in the world have shown in-
terest and working to integrate the RO process to the PV
panels to minimize the environmental effects, improve
the effectiveness and efficiency and to reduce the spe-
cific energy consumption by different design considera-
tions. The solar power is varying in nature and a control
algorithm was developed in [10] to track the maximum
power point in the PV array for the PV-RO system.
Thomson et al [7] proposed a small scale reverse osmosis
system driven by PV system delivering 640 liter/day of
potable water. In the system the maximum power utiliza-
tion in ensured by manipulating the speed of the AC mo-
tor using inverter (driving the high pressure pump) and
system pressure is adjusted by the energy recovery de-
vice. S. Abdullah et al [8] has integrated the RO system
with PV system and investigated the effect of fixed and
tracking panel on the output of permeate water and en-
sured the maximum utilization of the available energy by
changing the speed of the DC motor (driving the high
pressure pump). Bartman et al. [9] has proposed a
nonlinear control system having the capability to change
the speed of motor and valve position simultaneously to
find out optimal point of operation with minimum spe-
cific energy consumption. The power source of the sys-
tem is from the grid and there is no constraint on the
availability of the power. In our work we have devised
the strategy to make the full utilization of the energy
available from the PV panels by keeping the flow rate of
the input water as constant and changing the system
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pressure by manipulating the valve position at the brine
side.

The paper is organized as follows: Section 2 provides
the system description of the PV RO system, section 3 is
regarding the modeling of the whole system, and section
4 is about simulation results followed by conclusions.

2. System Description

PV RO system consists of power generation unit and
desdlination unit. PV power unit consists of PV panels
and DC power is produced when the solar radiations are
incident upon it. RO desalination process consists of high
pressure pump, membrane unit and pressure control
valve at the brine side. The solution is pressed by pump
against the membrane, water molecules passes through
the membrane reducing the concentration of the solute
known as permeate and the rest of the water with high
salt concentration is rejected as a waste known as brine.
The valve at the brine side is used to control the amount
of discharged brine and to control the system pressure.
Figure 1 depicts out the illustration of PV RO system.

Electric energy produced by the PV panel is strong
function of insolation and temperature of the module.
The current-voltage characteristics of PV arrays are il-
lustrated in Figure 2, where the maximum power point is
at |y and V. The closer we get to this point, the more
energy is generated to run the RO process in PV-RO
systems. Our goa is to maximize the power provided by
the PV array by targeting this point.
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Figure 1. Copmonents of PV RO System.
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Figure2.1-V and P-V curves of atypical PV array [5].
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Typical illustrations of 1-V and P-V curves for PV ar-
rays are available in [11], mathematical modeling of PV
cellsisdiscussed in [13,14], and the RO process model is
explained in [12]. Various techniques for maximum
power point tracking of PV arrays are summarized in
[15]. Models for the PV-RO systems were presented in
[6], and an experimental system was developed to track
the maximum power point using two PIC24 master/slave
microcontrollers. In [13], feedback and feed forward
control algorithms were developed to find the best fixed
voltage which operates the plant at a close value to the
maximum power point, but it has efficiency limitations.
In our approach, we are introducing a new way of track-
ing the maximum power point in PV-RO systems by
changing the position of the valve on the brine side,
which can be done easily without adding extra expensive
components.

3. Moddling

For PV RO system, it is assumed that the system is run-
ning directly by the output of PV panel, and the brine
flow rate is controlled by a valve. In this section, the
mathematical representation of the PV array, motor,
pump, and RO process will be discussed. The mathe-
matical equations which represent the RO desalination
process are explained in [6], and used in this work. The
RO system isillustrated in Figure 3, where P, Q; and X;
are the input high pressure, flow rate and salt concentra-
tion respectively. The high pressure forces the water to
pass through the membrane to the permeate side, while
leaving the retentate. The pressure at the brine side is
denoted by P,. Similarly, the brine flow rate and concen-
tration are denoted by Qp, and X, respectively. The per-
meate water flow rate is Qp, and its concentration ix X,
The Osmotic pressure is the function of temperature and
salt concentration in the feed water [5]. To have positive
permeate flow, the operating pressure needs to be greater
than the osmotic pressure.

Valve equation:

The pressure equation for the high pressure vessel
containing the membraneis as follows.

Qr, x5, Pr

=]

‘ Q. Xp, Pp

Qb, Xp, Ps

Valve

<

Figure 3. Illustration of the RO system.
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R =P - Dpy (1)

where Dp,, is pressure drop along the membrane. The
brine discharge rate through the valve is given by

Qb = Kvu\l(Pb - Patm) (2)

where u is the valve opening on ascale from 0 to 1, Kyis
the valve flow coefficient, and P, is the atmospheric
pressure.

M embrane M odeling:

The membrane mass balance equation is given by

reQ =r,Q+r,Q, 3

Neglecting the change in density, equation (3) be-
comessimple

Q =Q+Q, 4
Salt balance equation
Qi X =Q X, +Q X, ©)
From (4) and (5)
Xy - X
Q=G Xf-—Xp (6)

Membrane water permeability
Q, =(DP- Dp)K,A, )
where;
DP =05(P; +R)- P,
Dp =0.5(p; +Py)- P,
=05@X; +taX,)-aX,
and a =75.85* (T / 300)Pa/ ppm
Substituting (6) in (7), we get
(X, - XKy A P~ 2 (X, - 2X,)5+ Q. X,
_ g 2 H
%o = é au ®)
8Qb+(xf - Xp)KWAnEH

The membrane salt permeability is given by

Q, X, =(X- X,)KsA, ©
where A, is the area of the membrane, and
_ X, +Q X
X - Qf f Qp p (10)
Qp+Qf
Then from (5), we can write (10) as
_ 2Q.X, +Q_X
X: Qb b Qp p (11)
Q, +2Q,

Equation (9) can now be written as
f(X,)=Q,X,- gX- X, j§KsA, =0  (12)
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Equation (12) may be solved for X, using bisection
method in the interval [0, 0.95X¢], Where Q, is substi-
tuted by Equation (6), and X, by Equation (8). Next, X,
can be found from (8), Q, from (5), and Q; from (3).

Motor:

The following relation represents the torque of the
motor when its resistance is constant:

-1

T=—_m 13
< (13)

where T is the torque in newton-meter, | and |, are the
motor current and the current related to the friction, re-
spectively, and K; is the torque constant in A/Nm. The
motor angular velocity is represented as follows:

w=(V- RK, (14)

where w isthe angular velocity, V is the motor voltage,
R is the resistance of the motor in ohms, and K, is the
motor speed constant in rev/Vs.

Pump:

The feed water volumetric flow in the following rela
tion is the output of the pump, which is related to the
angular velocity of the motor.

_wb
2p

Dis the pump displacement per revolution. The hy-
draulic pressure of the feed in Pascal can be found using
the following relation:

Q (15)

p="2T.p (16)
D
where 7 isthe efficiency of the pump.
PV array model
The five parameters model for PV array can be used to
represent the relation between the cell current and volt-
age[13,14]:
V+IRg
+
I=1,-1,(e ™ -1)-V IR, (17
Rsh

where | is the light generated current, | and V are the
cell current and voltage, respectively, |, is the dark satu-
ration current, R; and Ry, are the cell series and shunt
resistances, respectively, a is the quality factor for the
diode, and V, isthe thermal voltage, which is defined as
follows:

V, = NKT /q (18)

where k is Boltzmann's constant (1.38 x 102 JK), T is
the ambient temperature in Kelvin, g is the electronic
charge (1.6 x 10 C), and N; is the number of cells con-
nected in series. The above relations (1-18) are a set of
non-linear equations which are solved in MATLAB. In
our method, we are introducing a new simple approach to
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Figure4. Illustration of the PV-RO system.

track the maximum power given by the PV array by ma-
nipulating the valve position. As in eg. (12), manipulat-
ing the valve opening is related to the volumetric flow of
the brine water. Additionally, since the volumes and the
masses must be balanced, this has a direct impact on the
flow of feed water, which is related to the output of the
pump (eq. 17). Furthermore, the output of the pump is
driven by the angular velocity of the motor (eg. 17),
which is related to the input voltage and current coming
from the PV array (eg. 16). Finaly, since the valve
opening is related to the voltage and current of the PV
array, manipulating it can also change the input power
going to the motor.

4. Simulation Results and Discussion

All of the above equations were programmed in the
MATLAB environment to simulate the system. Feed
water temperature of 300 K, a salinity of 5000 ppm was
taken and other parameters for PV array, motor, and
pump are from [3] and are below.

av, =1.5v

l,=25 10°A

R =1911 10°W

Ry, =1296W

K, =6.252(A/ Nm)

K,, =5.5(rev/Vs)

I, =0.65Amp

R, =0.1546W

D=26"10°m’/rev

K,=20" 10"

P, =101kPa

atm

K, =1.9481" 10 ®(m® / m* sec)

The solar insolation for a typical day in May in Dhah-
ran, Saudi Arabiais given in Figure 5. Figures 6 show
the simulation results when only the valve position is
changed from 10% to 80%. Manipulating the brine valve
position changes the load line of the motor pump. This
I-V relation represents the load curve to be matched by
the PV. Figure 6 shows the I-V curve of the PV array
and the load curves for two different valve positions (U =
0.1(10% open) and U = 0.8 (80% open)). It is evident
that as we close the valve position, system pressure in-
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creases and load line becomes steeper showing that more
power is consumed from the PV array. If the load line is
passing through maximum power point in the IV curve
then maximum power is harvested from the PV array and
this point can be tracked by changing the valve opening.

A simple hill-climbing (Perturb & Observer) algorithm
was developed to manipulate the position of the valve in
order to track the maximum power point. The system
operation is simulated from 6:00 am to 6:00 pm and the
current and voltage are measured every 15 minutes and
the change of power is monitored.

Figure 7 shows the power delivered by the PV com-
pared with the consumed power. At low power the valve
will not operate until the pressure in the membrane ex-
ceeds the osmotic pressure. Figures 8(a) and (b) illus-
trates the feed pressure and the permeate water flow rate.
The total water flow rate came to about 324 liters/day.

Conventional Battery-Operated System
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Figure 5. Typical 24 hours solar insolation in May at
KFUPM.
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Figure 6. I-V curve and RO load curves for different valve
positions.
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The performance of the proposed system is compared
with a commercial system delivered with an electronic
MPPT system and a battery. The MPPT utilizes the solar
energy during the day to charge the battery. The RO sys-
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tem then operates directly from the battery at almost
constant battery voltage of 24 volts (+- 2 volts). In this
case the brine valve is kept at a fixed position (0.5). The
efficiency of the electronic MPPT is 97%, and the battery
efficiency is assumed to be 85%. The total energy deliv-
ered by the MPPT to the battery is calculated as follows.

Es=Total Radiation energy = 6.76 kWh/m?

Energy available from the PV panel

= Es*(panel area)* (panel efficiency)

= (6.76)*(1.25)*(0.16)

=1.352 kWh

Assuming MPPT efficiency 97% is used to capture the

entire solar energy to a 24 volt battery. During RO op-
eration at a constant voltage of 24 volts, the battery cur-
rent is about 17 Ampere, and the permeate flow rate is
1.727 litterssmin. The total desalinated water depends
now in the battery efficiency. For example at battery ef-
ficiency is 0.85, the total operating time will be about
169 minutes, and the total produced permeate water Qyta
= 292 litters/day, that is less than the water volume pro-
duced by the proposed battery less system. In fact, to
produce the same amount of water per day, the battery
efficiency should be at |east 94%.

5. Conclusions

In this work detailed mathematical model of a battery-
less PV RO system is explained and a simple design ap-
proach to track the maximum power point of the PV
module is introduced. The perturb and observe (P&O)
algorithm is used to find and track and maximum power
point by manipulating the position of the brine valve in
the RO system. The whole system was simulated by
making use of typical values of the process parameters.
Power consumed in the RO process is closely tracking
the available power from the panel. The proposed
scheme is a simple low-cost approach since changing the
position of the valve can be done by a cheap microcon-
troller. Further improvements needs to be done to reduce
the repetitive fluctuations in the valve position. It is
shown that the proposed battery-less system provides
more water per day than battery operated system.
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