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ABSTRACT

Reverse osmosis (RO) desalination systems are widely used to provide suitable water for drinking
and irrigation especially in countries having an arid climate and receiving low quantities of rain.
There are two main difficulties of use of these (RO) desalination systems: the first is the effect of the
high salt concentration of feed water which causes membrane scaling and the second is the need for
high pressure causing high electrical energy consumption. Therefore, to guarantee optimum operat-
ing conditions with the use of advanced control, to ameliorate both the quantity and quality of the
product water and to reduce energy consumption, we propose three novel contributions in this paper.
The first consists of a design of a photovoltaic hydro electro magnetic reverse osmosis (PV-HEMRO)
desalination system. Instead of individual systems (HM and RO) alone as they are described in lit-
erature, this new system combines the principle of separating ions by electromagnetic forces and
the principle of reverse osmosis by membrane separation. The use of a photovoltaic energy source to
feed the system assures a low water product cost. The second consists of the use of an electromagnet
instead of a permanent magnet to allow us to vary the magnetic field. The third contribution is the
subsequent validation by experimental results of models given in literature. This validation allows us

to introduce advanced control and optimization purposes for the desalination process.
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1. Introduction

The desalination industry has been developed the last
few years and some applied research has been carried out
to ameliorate both the quantity and quality of drinkable
water [1,2]. Among these industries, we find the thermal
based desalination processes [3], electro dialysis processes,
multi-stage flash distillation process [4] although their
importance, these methods require higher energy and
do not offer a good quality. The best alternative to date
is desalination by reverse osmosis as almost half of the
world’s installed desalination capacity is in reverse osmo-
sis plants. Despite this process requiring high electrical
energy consumption when the salt concentration differ-
ences between feed water and product water is excessive,
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the recovery of water entering decreases to 15% [5]. This is
the case of the major of RO desalination process. Higher
salinity provokes higher osmotic pressure n than requires
higher applied pressure P which must be sufficient to over-
come the osmotic pressure n. For brackish water, reverse
osmosis operating pressure is between 15 and 25 bars with
an energy requirement near 3 kwh to product 1 m®of water.
Sea water operating pressure is between 50 and 60 bars.
Although the advantages in quality and quantity of the
reverse osmosis desalination, it presents many disadvan-
tages such us the energy requirement, the membrane scal-
ing and the environment pollution caused by the rejected
water. The main solution to overcome these problems is to
add a hydro electromagnetic (HEM) desalination process
able to decrease the feed water salt concentration. Thus,
the operating pressure decreases and the quantity of prod-
uct water increases. Furthermore, it doesn’t require high
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energy and the whole system will be compatible with the
use of renewable energies. Besides, we avoid membrane
fouling as the salt quantity in feed water is reduced.

Several preliminary studies can be found in the lit-
erature [6-8] where the use only of magnetic technology
for desalination was described. Although this method is
suitable for production of irrigation water which doesn’t
require a profound purification, the hydro magnetic desali-
nation alone can’t offer a good quality drinkable water.

Concerning the modeling of each part of the PV-HEMRO
desalination system, many models have been established
for only RO desalination systems to facilitate the implemen-
tation of a control loop [9-12]. The majority of these models
are representatives such us inputs-outputs models and they
don’t explain physical phenomenon and don’t allow the
control of some parameters.

The present modeling study proposes analytical expres-
sions of each part of the PV-HEMRO desalination system;
these expressions will facilitate the establishment of a con-
trol model [13]. This paper is organized as follows: First
we present a design of the whole system and the technical
relation between its components. The second part of this
paper deals with the analytical expression of the physical
phenomenon principle of both of the two methods: hydro
electromagnetic and reverse osmosis desalination. The third
section is devoted to simulation and experimental results in
order to validate the given models.

2. Design of the photovoltaic hydro electromagnetic
reverse osmosis desalination system

The system diagram shown in Fig. 1 is composed by
three parts as follows:

¢ A photovoltaic generator
¢ Hydro magnetic subsystem
¢ RO-desalination unit

The photovoltaic generator provides the DC volt-
age necessary for the two other parts. The PV panel is
equipped by an electrical adaptor. This one represents the
electronic devices which convert the DC voltage to the AC
voltage necessary to feed the motor pump which applies

Photovoltaic
source

Electrical Energy

Hydro Water with Reverse Freshwater
Feed water | Electromagnetic low salinity Osmosis
subsystem
Subsystem
HEM Rejected water
RO

Fig. 1. Diagram of the photovoltaic hydro electromagnetic re-
verse osmosis (PV-HEMRO) desalination system.

feed pressure P in excess of the osmotic pressure © which
results from the difference between the salt concentration
of the feed and the product water.

The hydro magnetic module is a remarkable tool to sep-
arate ions by magnetic phenomena in all conductive solu-
tions such as salt water. This process installed upstream of
reverse osmosis can actually reduce the salt concentration
by a factor of 30% for a single passage through. Our tar-
get is to reach a factor of 50%; thus, we can start industrial
production. The reduction of salt concentration for reverse
osmosis feed water protects membranes and decreases the
energy consumption. For the hydro electromagnetic subsys-
tem we have proposed the use of an electromagnet fed by
the PV generator instead of permanent magnet in order to
allow the increase of the magnetic field and so the increase
of electromagnetic strength allowing separate of feed water
cations and anions.

The reverse osmosis process is most commonly known
for its use in drinking water purification. It's based on
membrane technology and can theoretically achieve per-
fect exclusion of salt particles and other effluent. Moreover,
reverse osmosis involves a diffusive mechanism, so that
separation efficiency is dependent on solute concentration,
pressure and water flow rate.

3. PV-HEMRO desalination system modeling

As it is composed by three components, modeling the
whole systems consists of presenting the model of each part
of the system

3.1. Model of PV generator

To provide the wanted DC or AC voltage to the HEMRO
desalination system we have used a photovoltaic generator
which is a series-parallel association of photovoltaic cell mod-
ules as we have detailed in [9]. The PV generator is coupled to
a solar battery through a charge regulator. The use of the bat-
tery can avoid the problems of intermittent solar energy. The
equivalent circuit of the PV generator is given in Fig. 2.

The analytical expression of the electrical equivalent
diagram is
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Fig. 2. The electric diagram of the PV panel.
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3.2. Model of hydro electromagnetic process

As its name indicates, this new process is based on the
combination of hydrodynamic and electromagnetic forces
applied on the concentrated feed water flowing in a pipe.
When we add the perpendicular action of magnetic field B
(teslas) and the instantaneous velocity of the feed water v
(m/s), the charged ions in feed water such as (Na*, Ca*, K*,
Cl, COZ, SOZ, ...) having an electric charge g (Coulombs)
are transported by the action of Abraham-Lorentz force
given by the following equation in term of magnetic field
and neglecting the electric field.

F=quB 2)

As it is not charged, pure water is unaffected by the
magnetic force, so it keeps its direction, while the salt con-
centrated water is pushed by the electromagnetic field then
get moves outward. The trajectory of each charged particle
depending on its sign is shown in Fig. 3.

As the turbulent flow would remix the ions and can
product an internal electric field, the laminar flow is con-
sidered good although low speed. Therefore, we must
increase the electromagnetic field value B to overcome this
limitation. In [7] there is a proposition of a permanent mag-
netic module which provides a magnetic field of the order
of 5 Tesla.

There is also an approach of modeling of the power
consumption by the use of Nernst’s Law where the poten-
tial difference U between the product water (low concen-
tration) and the feed water (high concentration) is given
below:

RT. C,
AU=E, -E, =-—-Ln—

P

where, E. and E_ are respectively the potential of both of
feed water (f) and product water (p); R, perfect gas constant;
T, absolute temperature (Kelvin); f, Faraday constant; Z, ion
charge (Coulomb); C,and C, are the concentration of both of
the feed and the product water, respectively.

The power of the HEM process can be estimated by the
equation:

PV Generator

Anions (q <0)

(Cr, €037, 50%")
Feed water Desalted water
(q=0)
(Na*,Ca?, K*, CI-, €037, 50%7,...)
->
(with velocity V)
Electromagnet
Cations (q > 0)

(Na* Ca?*, K*)

Fig. 3. Water ion trajectory under the effect of electromagnetic
force.

jp dt = ijdt (4)
0 0

Another approach of modeling a permanent magnet
using the Colombian model was given in [14]; this model
can be used to calculate the magnetic potential in all points
in space.

The electromagnet is an electric magnet which can be
controlled by changing current intensity. It is constituted
by a solenoid and often of a part of ferromagnetic material
called a magnetic circuit. When an electric current passes
through the solenoid an electromagnetic field is created
and channeled by the magnetic circuit. The advantage of
the electromagnet is the possibility of automatic control. By
control of the current intensity, we can modify the magnetic
field value which is our purpose in this research. The Eq. (5)
gives the relation between the electromagnetic field B and
the electric current intensity I given by the photovoltaic
panel (see Eq. (1)).

p=tN; ®)

L "

where 11 is the magnetic permeability(H.m™); N is the sole-
noid spiral number; L is the solenoid length (m); Ipv is the
photovoltaic current (A).

Than manipulating expressions (2) and (5) the electro-
magnetic force F applied on water ions depends on photo-
currentI | by expression (6) below:

—qul,, (6)

Then, we can control the photovoltaic current Ipv, if we
want to control the force F.

3.3. The RO desalination unit model
3.3.1. Composition of the RO system

In literature there are several studies which introduce
modeling approaches detailed in [9]. However, the devel-
oped models are representative and they are not based on
the physical laws of the diffusion phenomena. We present
in this section of the paper the fundamental laws relative
to each part of the RO desalination system to facilitate the
introduction of controllable models in future studies. In
[15] a decomposition of the RO desalination system into
three principal parts is proposed. These parts are the brine
side, the membrane side and the permeate side as demon-
strated in Fig. 4. where (F: flow rate, T: temperature, P:
pressure and C: concentration; p: permeate side, f: feed and
m: membrane).

3.3.2. The established RO model

A. Gambier et al. has presented in [15] the overall flow-
rate, concentration and the feed pressure for the three parts
of the RO desalination system then deduced the physical
model of the whole system by the expressions below:

F, =F+F, (7)
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Fig. 4. The RO desalination decomposition diagram
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where A” and B’ are respectively the transport solvent and
solute parameters given below
Tm 7TU

A=Ay xp,xe T (15)
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4. Experimental results and model validation
4.1. Simulation results and discussion

The multi input, multi output HEMRO desalination sys-
tem model is shown in Fig. 5. The two fundamental input
parameters are the feed water F, flow and the brine pressure
P; the two fundamental quality parameters are the product
water concentration C, and flow rate F .

The model was simulated by Mathlab software. The
evolution of these two parameters is presented as follows.

The results consist of a comparison between the salinity
and the flow of the product water from brackish water in
two cases:

The first case consists of the use of RO desalination
without the use of the hydro electromagnetic (HEM) sys-
tem as shown in Fig. 6. The RO feed water salinity is C,=
10 kg/ m?, the water product salinity is C = 0.45 kg/m’,
where the product flow is almost F, = 1800 1. h,

The second case consists of the use of the HEM desalina-
tion process combined to the RO desalination system. This
HEM system first reduces firstly the salt concentration of
the feed water by almost 50%, sz 5 kg/m?, then the use
of the RO desalination system reduces the product water
salinity to almost C = 0.2 kg/m* The product water flow
was not affected and it keeps the same value of almost F =
1800 L.h". Fig. 7 shows that the use of the HEMRO desali-
nation system makes the product water salinity decrease to
almost the half of this salinity when we only use the RO
desalination system for the same feed water salinity.

) F,
) G

Fig. 5. The input output model of the hydro electromagnetic re-
verse osmosis desalination system.
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Fig. 6. (a) The product water salinity (Cp) and (b) the product water flow (Fp).
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Fig. 7. (a) The product water salinity (CP) and (b) the product water flow (Fp).

4.2. Experimental results and discussion

The RO desalination experimental plant was installed in
research center of energy technologies (Fig. 8).

To validate the salinity behavior we have chosen a feed
water salinity equal to 5 kg/m?, the same as the HEM sys-
tem output water salinity. It is the maximum salinity value
that we can introduce in our small experimental plant. With
a data acquisition system, we have measured the product
water salinity. Fig. 9 shows its behavior vs. time. This plat-
form is equipped with sensors able to measure the permeate
water salinity C, and the permeate flow rate F,. Experimen-

Fig. 8. Photo of the hydro magnetic reverse osmosis desalination
system.
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Fig. 9. Evolution of product water salinity.

tal values are stored in measure files then used to represent
curves by Math lab software.

Compared to the model simulation result mentioned
in Fig. 7(a) we can deduce the following;: first, the two final
values of the product water salinities given by the model
simulation and measured by the experimental plant are
the same, (Figs. 7, 9). Second, the hydro electromagnetic
desalination system has reduced the feed water salinity
from 10 kg/m? to almost 5 kg/m? to be used by the plant.
Thus we have avoided a large loss of water quantity and
we have protected the environment from the salted water
rejected if only the reverse osmosis process is used.

5. Conclusion

In this work a new coupling between a HEM and RO
desalination system is proposed to gather the advantages
of the two processes and to overcome their disadvantages.
Furthermore, the whole system provides huge quantities of
quality potable water with a minimum of energy consump-
tion at a low cost and without affecting the environment.

The prospects of the coupling of renewable energy and
HEMRO desalination systems show a flourishing future.
The analytic expressions and the elementary models given
in literature for each subsystem will simplify the introduc-
tion of a dynamic knowledge model that we will develop in
future research.

By simulation and experimental result the PV-HEMRO
desalination system is in perfect synergy with locations
where the water is of a bad quality and most needed. Such a
system will be a perfectly adequate solution to provide pota-
ble water to the majority of rural areas and remote villages.

The perfection of the system and the integration of
advanced control strategies based on the established model
will be the second phase of this study and will be necessary
to operate the system at optimum conditions and to control
both the quantity and the quality of the product water.

Symbols
C*M — Thermal CapaF:ity average (k] kg™ K)
d, —  Fiber intern diameter (m)
F, ~ —  Loss of water between brine and permeate

side (kg h™)
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Flow rate of feed water (kg h™)
Flow rate in membrane side (kg h™)
Concentration in brine side (kg m™)
Photo produced current (A)
Photo-Current (A)

Reverse saturation current (A)
Brine tube length (m)

Water mass in brine side (kg)

Brine pressure (Pa)

Feed pressure (Pa)

Maximal pressure (Pa)

Elementary charge (C)

Heat (W)

Serial resistance due to surface state of the
PV generator (Q2)

Shunt resistance due to junction face (Q2)
Brine temperature (K)

Feed temperature (K)

Permeate temperature (K)

PV generator voltage (V)
Thermodynamic potential (V)
Water viscosity (kg m™ h™)
Rejected water density (kg m™)
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