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ABSTRACT

Solar photovoltaic (PV) can easily power the electrical membrane desalination processes at low
specific power consumption (SPC), kWh/m®. Direct contact with the desalination pump systems
is considered as a remarkable advantage for such techniques. In this work, solar PV with/without
battery bank is connected to the reverse osmosis (RO) desalination system for a production rate of
1-10 m®/d. The system is aiming to produce a freshwater from brackish water sources. MATLAB/
Simulink toolbox is used to simulate the real system under different operating conditions. In real
time simulation is presented to measure the performance system during the day. Genetic algo-
rithm is also used to optimize the system performance under different operating conditions.
Results reveal that, increasing the solar radiation would increase the production system rate.
The optimum system SPC is recorded between 2.5 and 4.5 kWh/m?. Meanwhile, the optimum
recovery ratio for the RO is recorded between 15% and 19.5%.

Keywords: Solar energy; Photovoltaic; Reverse osmosis; Solar desalination; Genetic algorithm;
Brackish water; Desalination

1. Introduction

There is a serious shortage of drinking water in some
countries in the world, especially in the Middle East region
and North Africa (MENA), including Morocco. According
to the World Resources Institute (WRI) reported rate, more
than a third of the world’s population currently lives in
areas where the amount of existing fresh water does not
meet their needs [1]. Therefore, the desalination of sea-
water (SW) or brackish water (BW), is a process which
makes it possible to obtain fresh (potable) water via several

* Corresponding author.

membrane, and/or thermal techniques. Desalination can
be put in place against the challenges associated with
water scarcity to meet and satisfy the needs of the pop-
ulation growth with a huge world production capacity
[2,3]. Thanks to thousands of desalination plants around
the world (more than 15 900 desalination plants operated
in 2018), this production is still developing quite remark-
ably [4]. However, water covers almost three quarters of
the planet’s surface, about 97.5% of the earth’s water is salt
from the oceans and only 2.5% of fresh water from ground-
water, lakes and rivers, provide most of human and animal
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needs. Tackling the problem of water scarcity involves
more efficient and economical means of desalinating sea-
water or brackish water [5].

Drinking water production by using the desalination
processes especially reverse osmosis (RO) because it is the
most widely used technique (Fig. 1b) [6]. However it faces
a high electricity consumption. At the same time, energy
covers 60% of production costs in the thermal distillation
technique, and 44% in RO membrane process [7]. High
electricity consumption affects the environmental side and
more importantly the production cost [8]. The consump-
tion varies between 3.7 and 5.3 kWh/m?® depending on the
nature of water to be desalinated and the production qual-
ity [9]. In this sense, the economics of water desalination
play an important factor on the industrial scale. Several cri-
teria influence this factor, such as the quality of the intake
and production water, the capital cost of the production
plant, the source and the cost of the energy used, the costs
of upkeep and maintenance and the financing interest rate
[10]. Therefore, discovering and developing new energy
sources rather than conventional sources like renewable
energies to power plants and desalination stations, are very
important. They can be considered as an alternative produc-
tion of drinking water. Equally, they are very essential to
limit this problem which remains one of the major weak-
nesses of the whole system despite more advanced and
technological techniques, economic and industrial devel-
opment [11]. These sources represent several advantages:
availability throughout the year, free and inexhaustible
energy, etc. In fact, the major challenge of desalination by
renewable energies is that these techniques generally work
under conditions where the operating energy is practically
stable, and it is a permanent regime, but renewable energy
sources are generally non-stationary, they depend on sev-
eral factors. For this reason, the production of energy via
a renewable source requires adjustments for a continuous
supply; moreover, desalination technologies can adapt to
variable operations [12]. The main aim of this work is to
model, simulate, and examine the performance of the real
solar photovoltaic (PV)/RO freshwater production system.
It is quite important to enhance the performance of the

@  Hybrid
10%

Solar PV
43%

Solar Thermal
2%

system under different operating conditions. The system
aimed to desalinate a brackish water source. For that pur-
pose, the following pinpoints can be withdrawn as follows:

® Survey about the recent activity related to solar/
renewable desalination regarding RO process.

* Demonstrate the proposed system and the supporting
units.

* Modelling and simulation technique is presented.

* Mathematical and genetic algorithm (GA) models are
presented.

* Real time simulation is presented based on the optimized
results from the GA model.

2. Desalination and renewable energy

Throughout the world, solar energy is the most abun-
dant form of renewable energy, and the most used in the
desalination industry (Fig. 1a) [13], it has several advan-
tages as we have briefly indicated before. Some statistical
studies show that solar energy produced from 1% of arid
or semi-arid areas could be sufficient to meet the energy
demand of the whole world [14]. Accordingly, many
regions of the Middle East and North Africa receive a very
important daily irradiation frequented throughout the year;
this irradiation varies between 4.5 to 7 kWh/m? per solar
noon (Fig. 2a). These regions are also characterized by a
very significant annual electrical potential (Solar photo-
voltaic), it varies between 5.2 to 6 kWh/kWhP (Fig. 2b) [15].
Morocco is one of these regions rich of brackish and sea-
water, but suffers from a remarkable lack of fresh water,
especially in the Saharan, and the southern regions. In this
sense, desalination seawater or brackish water based on
solar energy is a proactive policy in the field of develop-
ment and enhancement of water resources. It is considered
as a very effective solution. In addition, it will become a
reliable alternative against drought not only for Morocco:
but also for many regions around the world (Fig. 2c) [16,17].
In the last few years, the desalination industry recognizes
remarkable progress all over the world; it has been evolved
in a speed and efficient manner through exploited in water

Reverse Osmosis (RO), 65%

Multi-stage Flash Distillation (MSF), 21%
Multi-effect Distillation (MED), 7%
Electrodialysis (ED), 3%

Nanofiltration (NF), 2%

Other, 2%
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Fig. 1. (a) Exploitation rate of renewable energies for desalination [13]. (b) Usage and exploitation rate of desalination techniques

worldwide [6].
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[15]. (c) Water stress in the world.
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treatment strategies. In effect, the exploitation of renewable
energy in the desalination industry has an essential effect,
especially on the quality-price ratio of the water produced,
the exploitation of renewable energy resources reduces
the energy cost of desalination plants, the thing that will
reduce the overall cost of desalinated water. Despite this
favorable combination of these sectors, the exploitation
of renewable resources is still limited. It requires finding
relevant solutions to develop these sectors. In this con-
text, renewable energies and desalination researchers
are developing several optimization methods and algo-
rithms which aim to increase the functional and produc-
tive performance of this industry. Table 1 presents all the
research work of recent years (from 2000 to 2021), which
shows perfectly well that renewable desalination sector still
needs improvements, and that is the objective of this work.
Based on Table 1 and Fig. 2, it would become remarkably
quite important to combine between solar PV and RO for
freshwater production.

3. System description

This paper presents a prototype of a small brackish
water reverse osmosis (BWRO) desalination unit which
has been designed to adapt its consumption continuously
to non-variable power supply. The RO/EV pilot system
includes a reverse osmosis membrane (F2), brand DOW
FILMETEC FT-30 (Table 2), two tanks; one for supply (D1)
and the other for receiving the produced water (D2), an IP
55 electrical panel, and a synoptic of the entire desalination
plant and other measuring instruments such as flow meters,
barometers, etc. (Fig. 3). The studied desalination system
comprises an asynchronous alternating current machine
of TECHTOP brand, type MS2 100L4 of 2.2 kW (Table 3),
coupled to a piston pump which supplies the small capac-
ity reverse osmosis desalination unit. Carrying the energy
produced by a single solar cell is not sufficient to power
the desalination system; thus, it is compulsory to gather the
cells in series and to have the desired power in parallel to
return the system to normal steady-state operation.

A dimensional study that has been executed is based
on a brand photovoltaic solar panel: Amerisolar, Model
AS-6P30 (Table 3) made to ensure the total number of GPVs
necessary to couple it by photovoltaic energy, considering
that the appropriate solar field for GPV desalination system
must be composed of 14 PV panels connecting in series and
in parallel generating a nominal peak power 4.00 kW (at
noon) connected to a DC bus via a DC-DC converter to push
the solar field to produce their maximum power during
the nominal operation of the desalination system. The
conversion of DC bus to another AC is done by a DC-AC
converter (3 ~) to supply the machine part of the reverse
osmosis unit (Fig. 3a). Because of that the system becomes
autonomous (Fig. 3b), the intermittence of the energy source
used in this system requires storage of electrical energy in
the batteries, as listed in Table 3; (Battery Hoppecke Sun
power VL 2-1700). That would be important to ensure the
normal functioning of the system in case the solar photo-
voltaic system does not produce any energy (by night for
example). In such systems the batteries are the intermedi-
ate between DC-DC and DC-AC converters; this location

has several advantages: the power produced, and the nom-
inal voltage of the system are practically stable and they
ensure a very high starting current during the operation, etc.

4. Mathematical and GA optimization models

It is quite important for any modelling and simulation
system to withdraw and present the mathematical model
and the modelling technique that has been adopted. For
that purpose, MATLAB/Simulink model has been built to
simulate the real system. The model includes the blocks
which represent each unit. Behind each block (double click),
the code equations that represent this unit is performed by
modelling each unit, it will become easier to connect all the
units for the simulation results. Because of the existence of
the real system, the model type is considered as a perfor-
mance type not a design type. Concerning performance
type, the flow rate, solar radiation, areas, sizes, ambient tem-
perature, etc., are kept known parameters. The calculation
parameters are productivity, salinity profiles, salt rejection
percentage, brine, power, efficiency, etc. Fig. 4 shows the
system units model under MATLAB/Simulink browser.

4.1. Photovoltaic generator mathematical model

The low efficiency of the conversion of photon energy
to electric energy is one of the two major problems of solar
PV systems which limits this technology, intermittence is
another major problem which has a continuous change
in quantity of electrical energy generated by the PV solar
field due to the variations of metrological conditions (dura-
tion and period of irradiation, solar masks, etc.) [38,39].
In addition to, the Current-Voltage (I-V) characteristic of a
PV generator is non-linear; it varies with the variation in
irradiation and temperature [40]. The model of the solar
cell used in this work is a simplified equivalent circuit. It is
constituted of a single diode for cell polarization phenom-
ena and two resistors (series and shunt) for the losses [41].
Therefore, it can be called “one-diode model”. This model
is used by manufacturers through by giving the technical
characteristics of their solar cells [42,43]. For the PV system
[44,45], it is quite important to address the system perfor-
mance by the main specifications of the PV. Such specifica-
tions can be concluded in some parameters like short circuit
current, open-circuit voltage, photon current, saturation
current, maximum current and voltage. For short circuit
current, I, Amp, the following correlation can execute it
based on open-circuit voltage, V_, V, and solar radiation,
I, W/m2,

I, =0.1682+0.0008328 x I, —0.003672 x V/,. +3.053¢
—06x1,xV,_ +1562—05x V2 —6.45¢—09x]1,
X V2 -1.717¢-08x V2 1)

For photon current, it can be calculated based on

I, A, short-circuit coefficient (=0.0017, A/"C), and ambient
temperature, T, °C.

I, = (I, +KIx (T, +273-298)) x L )
ph scr a 11000
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Fig. 3. (a, b) are respectively the pilot system RO/EV of the RO desalination unit powered by a photovoltaic solar source with and
without batteries.
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The reverse saturation current module is calculated
based on I A open-circuit voltage, V_, short circuit current,
I, A 1dea11ty factor, IF (1.2-1.6, based on PV type), electron
Charge g (=1.6e-19C), number of cells in series, N, and the
ambient temperature, T, °C.

I
I = scr (3)

s

ox qxvV,
PLN, x (13865 — 23) xIF(T, +273) | ~

q ><(Vpv +(IPV X RS))

Ipv =Np><Iph—Np><Io><exp

where N is the number of cells in parallel, and R_ is the
resistance. Thence, the PV module power can be calculated
in Watt.

va = va X Ipv 7)

The module area can be calculated from cells area, A, m?,

and packing factor, B, (~=0.89).
A, xN xN )

AWI =
B,

®)

The module efficiency based on module area can be
expressed as follows.

FExI XV _ 9
Ny = IS % Am ( )

The total system area, m?> can be calculated based on
module area and number of modules (NOM).

A =4, xNOM (10)
The total system power, Watt is then calculated.
IJlotal = va X NOM (11)

For performance calculations, the module efficiency, the
electrical efficiency, and the thermal efficiency can be calcu-
lated respectively as follows.

Pogar
— otal 12
n’” Ic x Atotal ( )
n, =2 (13)
f
n
= =y 14
M =538 (14)

where 0.38 is the conversion efficiency of the thermal [44].

N, xTF x (1.3865¢ — 23) x (T, +273)

Saturation current module, I, A, can be expressed from
the following relation where E_ is band gap (=1.1-1.6), eV.

T +273Y) gxE,, 1 1
I =1 _x|-* xexp| ———2—— x| —-
o~ 7 208 IFx1.3865¢—23 | 298 T +273
4)

For the PV current, it will be assumed that V parameter
isequal tothe V_, V.

va = ‘/oc (5)
+1 (6)

4.2. Battery bank mathematical model

Concerning the power bank battery of the PV-RO
system calculations, the following steps that have been
adopted [45]. For the battery in discharging mode, AH
should be calculated. For single battery, the AH, is calcu-
lated based on battery current, I, A, and the dlschargmg
time, ¢, h.
AH, =1, xt, (15)

For single battery storage, Wh, the battery voltage V, is
multiplied by the AH,.

BSp=AH, xV, (16)
Single battery power, W:
_ BSpxDODXxn, 17

" OHxNOC

where DOD is the battery depth of discharge and OH is
the operating hours, h, and NOC is the number of cloudy
days. The total battery power bank, W can be obtained based
on the battery power, Bp and the number of batteries, NOB.

Table 2
Specifications of the FT30 membrane

Property Value

Membrane type Thin-film polyamide
Permeate flow 1-10 m?/d at 55 bar
pH range 2-11

pH for washings 1-13

Surface area 2.8 m?

Rejection rate salt 99.4%

Maximum operating temperature 40°C

Maximum operating pressure 35 bar

Minimum pressure drop 1.5 bar

Free chlorine tolerance <0.1 ppm
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Table 3

Specifications of the different elements of the system

25

Parameter =~ Name Value
P Rated power 2,200 W
Desalination system motor, TECHTOP, v Rated voltage 20 V
Type MS2 100L4 I Rated current 795 A
F Rated frequency 50 Hz
Cos(P) Power factor 0.82
P Nominal power 265 W
V. Open-circuit voltage 138.30 V
I Short circuit current 2.98 A
PVG at STC, AmeriSolar brand, Vinp Voltage at nomi.nal power 130'90V
Model AS-6P30 mp Current at Tlc.)mmal power 2.58 A
n Module efficiency 14.29%
Cell type Polycrystalline 156 mm x 156 mm
N, Number of PV cell in series 60
N, Number of PV cell in parallel 01
Viae Nominal voltage 2V
C100/1.85V  Nominal capacity 1,955 Ah
C50/1.85V  Capacity for a discharge in 50 h 1,870 Ah
Battery Hoppecke Sun power C24/1.83V Capacity for a discharge in24 h 1,785 Ah
VL 2-1700 Type OPzV Lt, . Lifetime 1,600 cycles
Dg.. Dump 80%
Npw Total number of batteries of the system 15 unity
LxIxh Dimensions 215 mm x 277 mm x 855 mm
TBP = B, x NOB (18) The RO model [48-50] can be expressed based on

Load current, Amp can be obtained based on the total
battery power and the load voltage based on the application.

_ TBP
Ty

1

I (19)

For charging mode, the same sequence will be consid-
ered, however, the charging time, t, h, will be assigned for
the AH, calculation.

Single battery Amp hour, AH.

AH, =1, xt, (20)

4.3. Reverse osmosis mathematical model

In desalination systems, where the reverse osmosis
membrane is the heart of the whole project, overcoming
the filtration resistance and the osmotic pressure of the
membrane system is very important to force the solid—
liquid filtration phenomenon. As a result, fresh water is
produced through the application of high pressure in the
supply side by the high pressure motor pump according
to the configuration of the RO membrane unit in addition
to the quality and quantity of the production [44,46,47].
The following figure (Fig. 5) shows the principle of a
RO module.

performance modelling technique where the output pro-
ductivity should be calculated based on the input power
to the RO. The feed flow rate, kg/s is calculated based on
power load on the high-pressure pump (HPP, kW), the den-
sity, pump efficiency, and the pressure difference across the

pump.

) HPPxp(T,Xf)xnp

p P (21)

The RO productivity, kg/s is calculated based on the
assigned recovery ratio (RR) as follows.

M, =RRxM, (22)

The product salt concentration, g/kg is then calculated
based on the feed salinity ratio, X, g/kg and the salt rejection
percentage (SR = ~0.98).

X, =X, x(1-SR) (23)

The rejected brine kg/s is the difference between the feed
flow rate and the product flow rate as follows.

M,=M,-M, (24)
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Table 4

GA model assumptions that has been considered for the proposed model

Population: Specifies the type of the input to the fitness function; Type: Double vector; Size: 25; Creation function: Constraint

dependent.

Selection: The selection function chooses parents for the next generation based on their scaled values from the fitness functions;

Type: Tournament; Size: 2.

Reproduction: Reproduction options determine how the genetic algorithm creates children at each new generation.

Crossover fraction: 0.8.

Mutation: Mutation functions make small random changes in the individuals in the population, which provide genetic diversity

and enable the genetic algorithm to search a broader space; Type: Constraint dependent.

Crossover: Crossover combines two individuals, or parents, to form a new individual, or child, for the next generation;

Function type: Intermediate; Ratio: 1.

Migration: Migration is the movement of individuals between subpopulations, which the algorithm creates if the case is set the

population size to be a vector of length greater than 1. Every so often, the best individuals from one subpopulation replace

the worst individuals in another subpopulation; Direction: Forward; Fraction: 0.2; Interval: 20.

Based on the mass and salt balances, the rejected salt
concentration g/kg is calculated.

:foXffMpxXp

X 25
b n 25)
The average salt concentration kg/m?:
:foXf+Mb><Xb 26)
w M, +M,
The temperature correction factor, °C:
TCG = exp| 2,700 x L 27
P 1273 208 @7)
The membrane water permeability k ;
k, =6.84x10° x(18.6865 - (0.177 x X, )) /(T +273) (28)
The salt permeability k_is;
k, = FFx TCFx 4.72x107
x(0.06201 - (5.31x 10 x (T +273))) (9)

where FF is the membrane-fouling factor (FF = 0.8). The
calculations of osmotic pressure for feed side, brine
side, and distillate product side are found as follows:

1, =7584xX, (30)

[1, =75.84x X, (31)

I1,=75.84x X, (32)
The average osmotic pressure on the feed side:

1, =0.5x(I1,+I1, ) (33)

The net osmotic pressure across the membrane:

AH = Hav _Hd (34)
The net pressure difference across the membrane:
M
AP = d +ATI (35)
3,600x TCFXFFx A, xn, x N %k,

where A, is the element area in m?, 7, is the number of mem-

brane elements, and N is the number of pressure vessels.
The specific power consumption (SPC, kWh/m®) is

calculated based on the high-pressure pump (HPE, kW).

1,000 x HPP
3,600x M,

SPC= (36)

Density, kg/m® is calculated as presented in the follow-
ing function. This equation is applicable in the salinity range
of 0 to 160 g/kg and for temperature from 10°C to 180°C.

0.5><a0+u1><Y+a2><(2><Y2—1)+

p, = %1,000 37
a3><(4><Y3—3><Y) 47)
where
,=2.01611 +0.115313 x ¢ + 0.000326 x (2 x (0?)) - 1);
a,=-0.0541 +0.001571 x & + 0.000423 x (2 x (0?)) — 1);
a,=-0.006124 +0.00174 x o +0.000009 x ((2 x (0?)) - 1);

a,=0.000346 + 0.00008 x o +0.000053 x ((2 x (%)) - 1);
Y =2T -200/160; o = (2,000X) — 150/150; X (g/kg).
Specific heat capacity (J/kg°C): the specific heat of water

at constant pressure is:

_ 1 2 3
CP—LOOOx(aP+bp><T+cp><T +dp><T )

(38)

a,= 4,206.8 — 6.6197X +1.2288 x 102X%;
bp =-1.1262 + 5.4178X x 102X —2.2719 x 10*X?;
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Fig. 5. Simplified basic flow diagram of the RO process.

c,=1.2026 x 102 - 5.3566 x 10X + 1.8906 x 10°X%
a‘p =6.8774 x 107 + 1.517 x 10°X — 4.4268 x 107X>.

4.4. Genetic algorithms of photovoltaic/RO

A genetic algorithm (GA) is a method of solving both
constrained and unconstrained optimization problems
based on a natural selection process that mimics biological
evolution. GAs search for the optimum solution from one
set of possible solutions that is an array of decision-vari-
able values. This set of possible solutions is called a popu-
lation. There are several populations in a GA run, and each
of these populations is called a generation. Generally, at
each new generation, better solutions (i.e., decision-vari-
able values) that are closer to the optimum solution as
compared to the previous generation are created. In the
GA context, the set of possible solutions (array of deci-
sion-variable values) is defined as a chromosome, while
each decision-variable value present in the chromosome
is formed by genes [51]. Population size is the number of
chromosomes present in a population. The GA process
is briefly shown in Fig. 6. In this work, it is particularly
important to assign the main GA model criteria regarding
to the main process that shown in Fig. 6. The following
assumptions (Table 4) are considered for the proposed GA
to achieve optimum results.

To construct any GA model, the objective function for
each unit should be performed. For the PV model, module
power in Watt, module efficiency, total power, field power,
total efficiency, and electrical efficiency. The GA would be a
multi objective function model. The objective function that
needed to be maximized or minimized will be assigned as
y(1,...,n), where the inputs that effect the function would be
assigned as x(1,...,n). For the PV GA model, y(1) = module
power, Watt, y(2) = module efficiency, y(3) = Total power,
Watt, y(4) = total efficiency, and y(5) = electrical efficiency.
Table 4 summarizes the main inputs and objective functions
to be maximized and/or minimized for the PV system. In
the same regard, Table 6 lists the objective functions for the
RO unit.

5. Results and discussions
5.1. Environmental operating conditions

The studied project is installed within the fac-
ulty of sciences Ain Chock Casablanca (Laboratory of

Renewable Energies and Dynamics Systems). Casablanca
is a Moroccan city located in North Africa (Latitude L =
33.567°, Longitude | = -7.667°, Altitude H = 55 m, Climate
zone = IV, 1), it is characterized by a very large share of
population at national level, this explains the region’s sig-
nificant need for electricity and drinking water, etc. Fig. 7
presents the metrological data of the studied region. The
studied region (Casablanca-Morocco) receives an annual
daily solar radiation-horizontal of around 4.58 kWh/m? d
(Fig. 7a and d), this daily global radiation varies from 2.70
in December to 6.40 kWh/m? d in June. According to Fig.
7b, Casablanca-Morocco is a region that has a very high
sunshine duration, it varies between 5 h 54 m in December
and 9 h 50 m in June (60%-70% of astronomical sunshine
duration), a situation that will increase energy produc-
tion during this period. Fig. 7 shows a very good presence
of solar radiation at the location of operation. In fact, in
September (Fig. 8), Casablanca recognizes a maximum
irradiation during the whole day, however, in December,
the irradiation is at its minimum value during all the year.
These results are directly related to the position of the sun,
and the tilt of the earth. That would give a clear indication
about the importance of using PV in that regard.

6. Results and validation

At the laboratory scale of Renewable Energies and
Dynamics Systems, Faculty of Sciences Ain Chock of
Casablanca-Morocco, after the study that has been pre-
pared saline water with a salinity of 2,500 ppm to desali-
nate it. During this study which is based on the variation
of delivery pressure of the system by the main pump of the
installation from 15 to 35 bar to find out their effect on the
productivity of the installation. Table 7 lists some of the
proposed system results against the developed software
model. The results show a remarkable matching between
the experimental and simulation results. For the RO results,
the specific power consumption is found relatively high
with a value of 8.7 kWh/m?®.

That would need the optimization model to minimize
the SPC to minimum levels. Decreasing the SPC would
indicate that the system can produce more freshwater at
low rates of power consumption. The product salinity is
almost zero with maximum production rate of 5.45 m?/d.
The brine loss flow rate is about 29.75~30.89 m®/d where the
feed flow rate is about 35~36.34 m®/d. Thence, the recovery
ratio is recorded low by 15% as a value. That would proba-
bly need an optimization in order to maximize the recovery
ratio as much as possible.

Concerning the PV part, generally, the results of the sim-
ulation model are found in good matching with experimen-
tal setup. The module efficiency is about 7%-14%, the total
system efficiency is about 17.35%. The photon current, PV
current, and PV power is recorded as 1 A, 2.082 A, and 310-
312 W respectively. The total PV area is about 25 m? where
the average cell temperature is recorded as ~40°C. For bat-
tery part, the battery Amp-hour is about 1,700 to 1,875 AH,
the battery storage is 3.75 as a maximum value, and the bat-
tery voltage is 2 V. It is very important to address the system
behavior along a typical or average day in the year. For that
purpose, solar radiation effect on the system results, and is
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Fig. 6. The overall GA operational process [51].
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considered as an important power conversion parameter.
Fig. 9 represents the feed flow rate daily variation during
the 24 h, m%/d, brine flow rate, m*/d, product flow rate, m?/d,
and product salinity, ppm of the RO unite based on differ-
ent seasons (Mar, Jun, Sep, and Dec). According to Fig. 9a,
the feed flow rate of the RO system is considered as a low
value in December ~60 m®/d at noon compared to the other
seasons, however in September, the flow rate is considered
as a high value at noon (~70 m?/d) where the irradiation, I, is
maximal. Consequently, the daily irradiation of the studied
area influences directly the feed flow rate of the RO system,
therefore, a high irradiation, notably at solar noon, gives a
feed flow rate too, and the reverse versa. Throughout the
day, the brine flow rate produced, m*d, by the RO unit

(Fig. 9b), varies according to the variation of the irradiation.
A value of ~60 m?/d is recorded at solar noon in September.
Consequently, when the irradiation, I, W/m? is maximum,
the brine flow rate produced becomes maximum as well, and
the reverse is true. Fig. 9c represents clearly the product flow
rate variation, m*/d during the day. It has been noticed that
this variation is assimilated to feed and brine flow rates, and
is obviously clear that the product flow rate is more import-
ant than brine flow rate. Thence, the result of recovery ratio,
RR, % of the desalination membrane used in this study (RR
=15%). In case the product flow rate has a maximum value,
the salinity, ppm of the latter becomes very low (0.0025
ppm), Fig. 9d. For that reason in sunshine period, when the
solar PV field produces the electric power, the product flow
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Table 7

Data results for the proposed model vs. the experimental data at the location of operation

33

Parameter Simulation results Experimental results
Power recovery Batteries Batteries
Solar radiation, W/m? 1,000 1,000
Operating hours, h 24 24

Feed temperature, °C 25 25

RO results

SPC, kWh/m? 8.73 -
Power, kW 1.983 ~2

Feed, m?/d 36.34 35
Brine, m3/d 30.89 29.75
Productivity, m?/d 5.452 5.25
Feed salinity, g/kg 2.5 2.5
Brine salinity, g/kg 2.941 -
Average brine salinity, g/kg 2.703 -
Freshwater salinity, ppm 0.002064~0.0 00

Feed pressure, kPa 4,000 3,800~4,000
Net osmotic pressure, kPa 206.3 -
Recovery ratio, % 15 15

Salt rejection, % 99.89 99.89
Number of pressure vessels, # 1 1
Number of elements/vessels, # 1 1

PV results

Module efficiency/electrical efficiency, %/% 7.09/9.37 14.29/-
Overall efficiency, % 17.35 -

Total system area, m? 25.2 25.2
Photon current, A 1.082 1

PV current, A 2.082 2.38

PV power, W 312 310
Battery results

Battery type, Volt 2 2
Battery efficiency, % 75 75
Battery storage, kWh 3.75 3.570
Battery amp-hour, AH 1,875 1,785~1,800

1000

Ohr

= =
=S

Fig. 8. The variation of the average daily irradiation of 11 y (from 2005 to 2016) of the zone studied for the months March, June,

September, and December.
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Fig. 9. Results of the RO system along 24 h based on different seasons (Mar, Jun, Sep, and Dec) for (a) feed flow rate, (b) brine flow

rate, (c) product flow rate, and (d) product salinity.

rate becomes essential, consequently, their salinity becomes
minimal compared with the period when the desalination
system consumes the power stored in the batteries (between
0-7 h and 18-23 h). Fig. 9d shows that by reducing the power
(low rates of solar radiation), the product salinity would
increase slightly due to decrease of system productivity. Fig.
10 represents the daily variation of photon current during
24 h, A, module efficiency, %, electrical efficiency, % and
total PV power, kW of the solar system PV based on differ-
ent seasons (Mar, Jun, Sep, and Dec). According to Fig. 10a,
the generation of the photonic current by the PV system in
September recognized a very high value compared to the
other months, particularly in December which recognize a
minimum generation of this current where the irradiation,
I, is minimal. Consequently, the daily irradiation of the
studied area influences directly the generation of the pho-
tonic current of the PV system [Eq. (2)], therefore, the high
irradiation (at solar noon) generates a high photon current,
and the reverse is true. Throughout the day, the module effi-
ciency of our installation (Fig. 10b), varies according to the
variation of the irradiation of each season, a value of ~8% is
recorded at solar noon in September which is very close to
the maximum efficiency (9.37%), in December, the solar PV
field works with a minimum efficiency, it is observed that
the positioning and the sun inclinations have a direct effect
on the efficiency, consequently, the moment when the irradi-
ation, I, W/m?, is perpendicular to the PV solar cell (at solar
noon), the efficiency of the latter becomes maximum, and

the reverse is true. Fig. 10c represents perfectly the electrical
efficiency variation during the day, it is clearly noticed that
this variation is assimilated to that of module efficiency, this
confirms that the module efficiency influences the electri-
cal efficiency of the PV production. That is to say a convec-
tion efficiency maximum value is recorded at solar noon in
September, this value is quite close to 10%. It is also noticed
that at solar noon, the overall efficiency of the PV system
is always at its maximum regardless the season (Mar, Jun,
Sep, and Dec), for this reason, the power production of PV
system recognize a maximum value at solar noon as well
(Fig. 10d), in fact, the quantity of power, kW, produced by
the PV field was recorded during June, this production is
largely linked to the duration of sunshine, where June recog-
nized a very important duration of sunshine in Casablanca
comparing to other months. Generally, the PV efficiency
found is low according to the use of polycrystalline type.
Fig. 11 represents the daily variation along 24 h of the battery
load current, A, and PV/Battery power profile, kW, based
on different seasons (Mar, Jun, Sep, and Dec). According to
Fig. 11a, the battery load current of the power bank, recog-
nized a remarkable decrease during the period of 00-07 h, in
this period, the PV system didn’t produce any power, on the
other hand the RO unit produced fresh water. In effect, the
power consumed by the desalination system is that stored in
the battery bank. For the period from 7-18 h, the current of
the battery starts to increase, this increase means that the
storage system starts to charge from the power produced by
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Table 8
GA index depending on the high production rate, m*/d
Optimum output Best individuals’ variables
M, kgls X, glkg M, kg/s SPC,kWh/m? Power, kW n d, kPa T,°C X, glkg RR SR
0.422 0.022244 1.716 2.658 4.041 0.8 1,508.037 26.081 2.044643 0.19748 0.9891
0.305 0.020669 1.265 2.695 2.962 0.8 1,505.313 25.845 2.039428 0.19441 0.9898
0.194 0.020252 0.833 2.861 2.002 0.8 1,555.204  25.526 2.018716 0.18914 0.9899
0.157 0.024086 0.628 2.609 1.476 0.8 1,500 25.001 2.016724 0.20000 0.9880
0.091 0.023573 0.432 6.203 2.047 0.8 3,108.202 35.144 2.053011 0.17491 0.9885
0.052 0.057796  0.225 3.880 0.726 0.8 2,093.031  25.103 2959391  0.18754  0.9805
0.015 0.031963  0.066 9.903 0.535 0.8 5,259.15 35.598 2.1487 0.18541  0.9851
0.012 0.031791 0.069 12.250 0.545 0.8 5,294.922 35.463 2.166238 0.15091 0.9853
0.012 0.032005 0.069 12.247 0.541 0.8 5,292.256 35.491 2.164365 0.15086 0.9852
(a) Photon current, A - (b) Module efficiency
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Fig. 10. Results of the PV system along 24 h based on different seasons (Mar, Jun, Sep, and Dec) for (a) photon current, (b) module

efficiency, (c) electrical efficiency, and (d) rated power.

the solar field, the power generated by the PV system is not
fully stored in the battery bank, a large part of this power is
exploited directly by the desalination unit (Fig. 11b), this is
the reason that the production of the RO system is at its max-
imum as the electrical power is maximum as well (Fig. 9c).
For the period from 18-23 h, the PV system did not produce
any power, therefore, the RO unit will consume the power
from the battery, for this reason that the working character-
istic of the power bank is: discharge-charge-discharge as it is
perfectly presented in the figure Fig. 11b.

6.1. Optimization results

It is aimed to optimize the system performance (pro-
ductivity) for the maximum gain with low power consump-
tion. For that purpose, GA is implemented to recognize
the best operating conditions to enhance the system pro-
ductivity. Based on Tables 4-6, the GA model results are
presented. Fig. 12 shows the GA model results based on
the generations fitness and objectives of the RO system. The
average distance between individual parameters is found
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(b) PV/Battery power profiles, kW
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Fig. 11. Results of the battery bank along 24 h based on different seasons (Mar, Jun, Sep, and Dec) for (a) battery load current

and (b) power profile.

in the range between 1,000 and 2,500 along 140 genera-
tions. That would improve accuracy of the GA model. It is
observed from the histogram (Fig. 12b) that the bin width
is too small because it showed too much individual data
and did not allow the underlying pattern of the data to be
easily seen. Table 8 indexed the best operating conditions
for the RO objective functions M, X, M,, SPC). For max-
imum productivity, the power is "about 4 04 kW, the feed
temperature should be 26.0811°C, the pressure should be
1,508.03 kPa, the feed salinity should be 2.044 g/kg, RR is
0.19748 and the SR is 0.9891. That also would result a low
SPC which is highly recommended. Lowering the power
consumption of the RO would reduce the load demand on
the PV modules. The SPC is remarkably about 2.658 kWh/
m?®. The lowest production rate is combined with high SPC
where the M =0.0122 m?/d and the SPC = 12.24 KWh/m’.

Fig.13 represents the effect of optimization results by GA
of power and pressure drop on the productivity, m*/d, prod-
uct salinity, ppm, feed flow rate, m*/d, and SPC, kWh/m? in
case of increasing the range of the operating conditions. The
result data on the Fig. 13 has been recorded based on 15%
of recovery ratio and 2.5 g/kg of feed salinity ratio. Fig. 13a
shows that by increasing the power P (range = 0.5-6 kW),
the productivity, m*d will increase as well. For instance, at
pressure drop d = 1,500 kPa and the power P = 0.5 kW, the
productivity was recorded as ~2.5 m’/d. However, at P = 6
kW and pressure drop d, = 1,500 kPa, and the productivity
is equal to ~40 m’/d, with a very important percentage of
increasing.

Therefore, it will be highly recommended to operate the
system at low pressure drop and high power. The reason
why reducing the pressure drop will increase the operating
power of the desalination system. However, increasing the

power P, kW, would increase the productivity, m?/d. Both
parameters have a direct effect on the production flow rate
of fresh water to choose the most adopted operating mode.
Consequently, it is highly recommended to assign the pres-
sure drop at a value of 1,500 kPa and power at a value of 4-6
kW to achieve maximum productivity, m*d (~40). Fig. 13b
shows that by increasing the pressure drop, the product
salinity, ppm, will increase too. Increasing the product salin-
ity is not favorable; however, it will reduce the fresh water
quality produced and their cost values too.

Therefore, to obtain a suitable freshwater flow rates,
m?/d, with minimum ranges of pressure drop, kPa and feed
flow rate, m*/d (Fig. 13c). Reducing the power will increase
the product salinity too. However, it will reduce the pro-
ductivity, m?/d, and feed flow rate, m*/d parameters as well
(Fig. 13c and b). The pressure drop will also cause a massive
reduce in feed flow rate and productivity. For instance, the
percentage decrease and will become 99.84% at d, = 1,500
kPa (from 300 up to 25 m*/d). However, the variation of all
these parameters will influence the SPC, kWh/m? (Fig. 13d).
The variation of the power in the system has no effect on
SPC, kWh/m?, on the other hand the pressure drop has a
direct effect on it. If we manage to minimize the pressure
drop, the SPC also becomes minimal, the thing that will
reduce the rating production of fresh water with good qual-
ity production (<0.003 ppm).

Fig. 14 represents the effect of optimization results by GA
of power and feed salinity ratio on the productivity, m?/d,
product salinity, g/kg, feed flow rate, m*/d, and SPC, kWh/
m°. The result data in Fig. 14 has been recorded based on 15%
of recovery ratio and 3,500 kPa as an average value of the
pressure drop. Fig. 14a shows that by increasing the power
P (range = 0.5-6 kW), the productivity, m*/d, would increase
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Fig. 12. GA fitness results according to RO objective functions: (a) average distance between individuals, (b) score histogram,

(c) selection function and (d) Pareto front.

too as anticipated. For instance, at product salinity X, = 2.5
g/kg and the power P = 0.5 kW, the productivity is recorded
as ~2 m’/d. However, at P = 6 kW and product salinity X =
2.5 g/kg, the productivity is equal to ~14 m?/d. Consequently,
it is clearly noticed that the productivity of the desalination
system, in this case, does not depend on the feed salinity ratio
X Certainly, it has a slight effect regarding to water density
but cannot change the production behavior. However, it is
strongly linked to the high power. Fig. 14b shows that by
increasing the feed salinity ratio, the product salinity, ppm,
will increase too. Increasing the product salinity is not favor-
able however, it will reduce the fresh water produced qual-
ity and their cost values too. Therefore, to obtain a suitable
freshwater flow rates, m’d, the feed salinity ratio (range X,
= 2-4 g/kg) found has no effect on the feed flow rate, on the
other hand it is only necessary to operate the system at high
powers to increase their productivity, m?/d (Fig. 14c). The
feed salinity ratio will cause a reducing in feed flow rate and
increase the product salinity. For instance, the percentage of
reduce would become 83.34% at X, = 2.500 g/kg (from 10 up

to 10 m?/d). However, the variation of these parameters will
influence the SPC, kWh/m?® (Fig. 14d). Therefore, if it is man-
ageable to increase the X, the SPC will become minimal.
The PV GA model is aimed to increase the power
and the efficiencies. Therefore, the best operating condi-
tions should be resulted from the PV GA model. The GA
results are listed in Table 9. The results are indexed based
on maximum module efficiency, maximum total power,
maximum total efficiency, and electrical efficiency. For
high module efficiency, the power output is recorded as
a value of 1,538.19 W where the total efficiency is 8.114%
and ambient temperature is about 33.46°C. Solar radiation
should be 781 W/m? V_=80.35V,1 =3.068 A, andR=15
ohm. For maximum power (=1, 59§ W), the module effi-
ciency is equal to 4.3195%, the total efficiency = 8.59%, T =
31.9°C, [ =764 W/m? V _=80.35V, .=3.06A,and R = 15
ohm. Flg 15 shows the percentage of the change between
the indexed outputs based on the PV GA results. It is
obviously clear that the change in the module efficiency
is not significant enough. However, the optimum value is



38

5500
5000
4500

4000

(=W

3500

=]

= 3000
2500
2000

1500

5500
5000
4500

« 4000

(-9

£ 3500

=

= 3000
2500
2000 |2
IS()(J

Fig. 13. Optimization results for proposed system based on the variation of power and pressure drop (RR = 15%; X, = 2.5 g/kg):

A. Lilane et al. / Desalination and Water Treatment 258 (2022) 16—42

m/day

(a) Productivity,

1 2 3 4 5 6
Power, kW

(c) Feed flow rate, m3/day

/

W

DRI

1 2 3 4 5 6

Power, kW

[N
W
=]

200

150

100

50

(b) Product salinity, ppm

5500 7
5000 / g 3
g‘é’ Q?Q
4500 |, S3
< 4000
=%
~ 3500
5
3000 %
2500 /& 090
2 § g
2000 { /Q‘
1500
| 2 3 4 6
Power, kW
(d) SPC, kWh/m®
5500 2 2
5000 1 11—
4500 10 10—
4000 b C
A~
:‘, 3500 g .
7 7
= 3000
6 6—1
2500
5 5—
2000 4 4
1500
| 2 3 4 6
Power, kW

(a) productivity, m*/d, (b) product salinity, ppm, (c) feed flow rate, m*/d and (d) SPC, kWh/m?.

2 (a) Productivity, ms.’day
[
r\la -Jla [+ 3 = = =
35
50
=
E
[
»
2.5
N IS o @
2 1 1
1 2 3 + 5 6
Power, kW
i (c) Feed flow rate, m3fday
L oo o 8o o ow
=] (=] o o o o o o (=]
35
50
i)
B
|
>
25
2
1 2 3 4 5 6
Power, kW

Fig. 14. Optimization results for proposed system based on the variation of power and feed salinity ratio (RR = 15%; d, = 3,500 kPa):

14

(b) Product salinity, ppm

r /
N /
=
S
558§
oo o
=1}
)
w3
0
<
oy
25 8
(=)
) /
1 2 3 4 6
Power, kW
; (d) SPC, kWh/m®
— 9.812 9.812
35— 9814 9.814
&5 9.816 9.816
=
B 319818 9.818
[+
» 9.82 082
25— 9822 9.822
— 9.824 9.824
2
1 2 3 4 6
Power, kW

(a) productivity, m*/d, (b) product salinity, ppm, (c) feed flow rate, m*/d and (d) SPC, kWh/m?.

%107

6

[S]

6

5}

9.824

9.822

9.82

9.818

9.816

9.814

9.812



A. Lilane et al. / Desalination and Water Treatment 258 (2022) 16—42

(a) Module

0.043343068,
26%0

0.037586847,

2204 0.043194887,

26%

(¢) Total efficiency

(b) Power. kW

(d) Electrical

mIndex 1
B Index 2
HIndex 3
m Index 4

m Index 1
H Index 2
B Index 3
m Index 4

39

Fig. 15. Indexed results based on the PV/GA objective functions. (a) Module efficiency, (b) power, kW, (c) total efficiency and

(d) electrical efficiency.

150 4000
140 1
3500
1301
120
3000
1or
)
o 100 2500
2
=
90 1
2000
801
701
1500
60 1
50 1000
200

15

14

130

120

110 |,

oc

vV, Volt

600
1, Wm®
s7 i

800

1000

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1

Fig. 16. The optimum variation of (a) power, Watt and (b) total efficiency based on the variations of solar radiation and open-circuit

voltage.

centerlines around 4.3%. The significant change is occurred
to the power while indexing to the total efficiency (Index
3). Where, the power from index 3 represents only 21%
followed by the rest. High power is found under index 2 as
anticipated. Generally, indexing with respect to the output

power should be claimed where the open-circuit voltage
is about 80 V, and the solar radiation is about 764 W/m?2.
Fig. 16 shows the optimum variations of output power
and system total efficiency based on the variations of solar
radiation and open-circuit voltage parameters. As shown
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Table 9
GA index results for the PV system

Optimum output

Best individuals’ variables

n, Power, W Neor Nue T,°C I, W/m? V.V Ip v A R, ohm
0.0433 1,538.198 0.0811 0.0487 33.464 781.110 80.352 3.069 1.501
0.0432 1,593.45 0.0859 0.0485 31.912 764.054 80.159 3.036 1.500
0.0422 1,334.703 0.1092 0.0474 30.761 503.725 80.212 3.011 1.501
0.0376 1,153.596 0.2367 0.0423 33.366 200.773 80.068 3.030 1.500
0.0376 1,189.788 0.2451 0.0422 30.063 200.000 80.000 3.000 1.500
0.0376 1,189.788 0.2451 0.0422 30.063 200.000 80.000 3.000 1.500
0.0432 1,593.45 0.0859 0.0485 31.912 764.054 80.159 3.036 1.500
0.0433 1,538.198 0.0811 0.0487 33.464 781.110 80.352 3.069 1.501
0.0422 1,334.703 0.1092 0.0474 30.761 503.725 80.212 3.011 1.501
0.0376 1,189.788 0.2451 0.0422 30.063 200.000 80.000 3.000 1.500
0.0376 1,189.788 0.2451 0.0422 30.063 200.000 80.000 3.000 1.500
0.0376 1,153.596 0.2367 0.0423 33.366 200.773 80.068 3.030 1.500
0.0376 1,189.788 0.2451 0.0422 30.063 200.000 80.000 3.000 1.500
0.0376 1,189.788 0.2451 0.0422 30.063 200.000 80.000 3.000 1.500
0.0376 1,153.596 0.2367 0.0423 33.366 200.773 80.068 3.030 1.500
0.0422 1,334.703 0.1092 0.0474 30.761 503.725 80.212 3.011 1.501
0.0432 1,593.45 0.0859 0.0485 31.912 764.054 80.159 3.036 1.500
0.0433 1,538.198 0.0811 0.0487 33.464 781.110 80.352 3.069 1.501
0.0433 1,538.198 0.0811 0.0487 33.464 781.110 80.352 3.069 1.501
0.0432 1,593.45 0.0859 0.0485 31.912 764.054 80.159 3.036 1.500
0.0422 1,334.703 0.1092 0.0474 30.761 503.725 80.212 3.011 1.501
0.0376 1,153.596 0.2367 0.0423 33.366 200.773 80.068 3.030 1.500
0.0376 1,189.788 0.2451 0.0422 30.063 200.000 80.000 3.000 1.500
0.0376 1,189.788 0.2451 0.0422 30.063 200.000 80.000 3.000 1.500

Note: The following parameters are considered constants for the PV GA model.
A_=0.024 m% KI=0.0017 A/°C; IF = 1.3; NOCs = 60; NOCp = 1; NOM = 15; BF = 0.89; FF = 0.88

in Fig. 16a, increasing the solar radiation would increase
the power up to a certain limit. Besides that, increasing the
V.. V would increase the power as expected. For instance,
at 1,000 W/m? and 100 V, the generated power is about
1,500 W (1.5 kW). However, at 1,000 W/m? and 150 V, the
power is recorded as 2,250 W (2.250 kW). For the total
efficiency, maximum efficiency would occur at low values
of the solar radiation and high values of the open-circuit
voltage. For instance, at 200 W/m? and 130V, the efficiency
is recorded around 40%.

7. Conclusion

This developed work is concerning the combination
and optimization between solar photovoltaic/battery and
the reverse osmosis desalination process. The environ-
mental conditions of operating system are put in mind the
location of Casablanca, Morocco where the real system is
established. It is aimed to desalinate brackish water source
with a salinity ratio of 2-2.5 g/kg to produce about 1-5
m?/d of freshwater. As it is well known, the combination is
performed, however, it would be quite interested to opti-
mize the system performance in order to reduce the SPC,
KkWh/m?, that is, increase the system productivity. For that

purpose, GA model is performed and used in this work to
optimize the system objective functions such as productiv-
ity, product salinity, SPC, PV efficiency, total power, and
electric efficiency. The main target of the GA model is to
decide the best operating condition that can lead to high
rate of production, that is, low SPC. The recommended
results can be withdrawn as following:

* A developed simulation model is performed to model
and simulate the PV/battery/RO system. The model
validation showed a remarkable matching with the real
system.

* GAmathematical model is performed to enhance the sys-
tem productivity via objective.

* Increasing the solar radiation will increase the total sys-
tem productivity. The GA results show that a value of ~765
W/m? is quite remarkable to increase the productivity.

e A PV power values of 2-4 kW are optimum for the
RO productivity under the feed flow temperature of
26°C. The SPC, kWh/m?, is optimized from 12 down to
2.6 kWh/m®.

e The optimum RO pressure is about 1,500 kPa with
pumping efficiency of 80% and RR equal to 19% instead
of 15%.
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A _

BF -

B —
f

Bp —

BW -

GPV  —

HHP —

NOC —
NOM —
OH —

ppm  —

RO —
RR —

SPC —
SR —
STC  —

SW —

TBP —
174 _
Wco —
X _
Y

Subscripts

a _
av -
b _
Batth —

§~w\gmmm
|

A. Lilane et al. / Desalination and Water Treatment 258 (2022) 1642 41

Area, m?

Backing factor, %

Packing factor, %

Battery power, W

Brackish water

Specific heat capacity, k]J/kg°C at constant
pressure

Battery depth of discharge
Band gap, eV

Fill factor, %

Genetic algorithm
Photovoltaic generator
Altitude, m

High-pressure pump, kW
Current, A

Ideality factor

Solar radiation, W/m?
Short-circuit coefficient, A/°C
Length, m, Latitude, °
Longitude, °

Load factor, %

Mass flow rate, m*h, kg/s
Number, #

Number of cloudy days
Number of modules, #
Operating hours, h

Power, kW, or Pressure, bar
Parts per million

Electron charge, C

Reverse osmosis

Recovery ratio

Resistance, ohm

Specific power consumption, kWh/m?
Salt rejection

Standard test conditions: irradiation
1,000 W/m?; Cell temperature 25°C; AM 1.5
Seawater

Temperature, °C

Time, h

Total battery bank power, kW
Voltage, V

Water costs, $/m?

Salinity ratio, g/kg (ppm)
Extraction percentage, %

Ambient
Average
Brine
Battery
charge
Distillate product, discharge
Element
Electrical
Feed
High
Load
Module

scr
th
total

—  Saturation

—  Open circuit

—  Product or pump, parallel
— photon

—  Photovoltaic

—  Series

—  Short circuit

— Reverse saturation
—  Thermal

—  Total

—  Water

Greek

S =)

— Difference

— Efficiency, %

— Density, kg/m?®

—  Osmotic pressure, kPa
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