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INTRODUCTION

The problem of fresh water shortage faced by most countries as a result of consumption increase and

popuation growth , where the aserage daily per person water consumptionis in the order of 50 liters in
the developing courtries and exceeds 500 liters in certain western countries .These figures represent the
total average consumption for al activitieswithou distinction
while for the human nutritional purpose the daily requirement is only about 4 to 5 liters per person for
cooking and dinking.
This problem led to use desdlination process as about 97 5% of the world’s water resources is existed as
salt water in the oceans and seas in addition to bradish water in many regions, at the present time a
number of large desalination units are already in operation most of these units are powered by fossil fuels
(oil or gas) either directly for distillation processes or indirectly for processes using semipermeable
membranes (electrodialysis or reverse osmosis) among the desalination methods ,the reverse osmosis
desdination me has the alvantage from the point of view of energy consumption the low energy
consumption is a primary reason why reverse osmosis is rapidly becoming the sea water desalination
choice.

The energy crisis is one of the most difficult problems faced by different countries, due to the higher
prices and limitations of conventional fuels ,a lot of effort is devoted to find competitive dternative
energy sources. Among posshle aternative energy sources, the solar energy is pollution—free and
limitless Also recent development in wind turbine technology means that wind paver can be regarded as
ardiable and cost—effedive power sourcefor many areas in the world.

The rising energy costs have motivated many courtries to turn to renewable energy sources for
desalination purposes.

The cost is a'so the main criterion for the dhoice of the solar! wind generators dimensioning and there
is more than one factor affeding it ,when areverse osmosis g/stem is powered by combined solar / wind.

Chapter (1) presents the desalination by reverse osmosis in addition to the operation of solar and wind

generator.



Chapter (2) presents the simulation results of the main reverse osmosis desalination systemsin use
a—One stage (RO1)
b—One stage with recovery turbine (RO1RT)
c—Two stages (R0O2)
d—Two stages with recovery turbine (RO2RT)
Where:
It also deds with two new designs proposed. These two designs are simulated according to the
following models
e—One stage with modue mnnected to the rejectwater (ROII)
f—Two stages with modue conrected to the rgectwater (R021) where improvement in specific energy
and productivity were adieved in addition to the rejedwater reduction compared to
RO1 RO2
Chapter(3) deals with simulation study of reverse osmosis desali nation system powered by solar wind
and by combined solar —wind pawer plants where program model was developed to study the foll owing
possible designs
a—O0One stage reverse osmosis g/stem with recovery turbine powered by solar energy with a. battery and
a. diesal generator b—One stage reverse osmosis g/stem with recovery turbine powered by wind energy
with abattery and a diesel generator c—One stage reverse osmosis g/stem with recovery turbine powered
by combined solar —wind energy with a battery and adiesel generator
Also the operation of two new proposed designs was tested
~Reverse osmosis g/stem with n modue with constant and a variable pressure
Chapter(4) deals with the problem of optimal dimensions of solar and wind subsystems with objective
function ,the st of potable water .The steepest descent algorithm succeeded to give the solution while

the variations of the diff erent parameters proved the sensibility of the method.



CHAPTER (1)
REVERSE OSMOSISDESALINATION SYSTEMSPOWERD BY SOLAR AND WIND
ENERGY

1.1 THE DESALINATION BY REVERSE OSMOSIS
1.1.1 INTRODUCTION

Water is becoming scarce a consumption increases due to population growth and rising standards of

living .The average daily per person water consumption is in the order of 50 liters in the developing
courtries and exceads 500 liters in certain western courtries. These figures represent the total average
consumption for all activities without distinction while for the human nuritiond purpose the daily
requirement is only about 4 to 5liters per personfor cooking and drinking.

Abou 97 5%.0f the world' s water resourcesis existed as slt water in the oceans and sess.

At the present time anumber of large desdination wits are aready in operation most of these units
are powered by fossil fuels (oil or gas) either directly for distillation grocesses or indirectly for processes
using semipermeeble membranes (electrodialysis or reverse 0smosis).

However for a high capacity plant operating with a high plant factor -energy- related costs account for
4010 50 % of the total cost per cubic meter of fresh water [1].

Energy consumption is one of the important parameters that dictates the doice of the used
desdli nation methodand the fina unit cost of desalted water.

Many studies were made and proved that reverse osmosis consumes less energy than the other
systems|[2].

The cost of the consumed energy depends beside the performance of the plant on the quality of
Energy [3] ,when compared to freezing or evaporation yeverse osmosis has the advantage that water can
be separated from a solution at near theoretical minimum power requirements without the large energy
investment which is required for a change of state [4] .

So low energy consumption is a primary reason why reverse osmosis is rapidly becoming the seawater

desdli nation processof choice. The seavater reverse osmosis processrequiresonly 5to 7 (Kwh/ m3)

of energy to produce acubic meter of potable water where it is about 1/2 the energy that is required by

conventiona distillation[5].

112 THE BASIC PHENOMENON AND PROCESS DESCRIPTION.

Reverse osmosis(R.0) is a presaure driven separation d water from a brine solution across a

membrane the presaure being adequate to overcome asmotic pressure of the saline solution and to provide

an economicdly acceptable flux [6,7] .



The membrane is placead in a cylindrical pressure vessel which must be alequately proteded against
damage which would be caused hy failure or power outage. The cost of membranes is abou 25% of the
total install ations for brackish water and about 35% for seawater [8].

The feed water Fw with concentration Cf(ppm) enter the membrane-module with pressure P is split

into a permeae flow or product water Pw with concentration Cp(ppm) and reject water Rw with
concentration Cr(ppm) .

Therelationship between product water and feed water is given by arewmvery ratio Rr ag[§].

_ Pw
= (1.2)

also the relation between feed and product and reject water in the R.O. systemisas
Fw=Pw+ Rw (1.2

The product water flow through a semi-permeable membrane can be expressed at design operating
condtionasfollowing [9].

Pw = (Lp)(P-Am)(A) (1.3

Where Lp is the hydrodynamic permeability of the membrane (m’/m' Cpsi thr).
P isthe applied hydrostatic pressure (psi).
A isthe area of the membrane (n?).
ATT is the difference between the osmotic pressure of the feed Arrf and poduct Arrp
water where is calculated by the following relation (psi).
Amr=Anf —Amp 1.9
The sdlt rgjection R is defined [8,10] by the relation.

Cf -C
r={=CP) 5 P) (1.9

The osmotic presaure of feed water is established by the feed concentration Cf and temperature Tk it can
be expressed by [11,12].

_ 0.038493(Cf ) (Tk)

oo

and Arp iscalculated as follows

Artf (1.9



. 0.038493(Cp)(Tk)
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1.7
There ae different methods to correct the equation d product water where in chapter(2) will be
exhibited the main fegures of models dealt with that.
A -FLOW RATE

A R.O. plant is usualy designed to produce a certain flow of productwater, low product rate is a sign

of fouling and an indication that cleaning is necessary .

A corfiguration must be operated above min. krine or reject flow rate to prevent concentration
polarization, from occurring.

Each stage of an R.O plant is designed to operate at a particular recovery [13] ,if the recovery is more
than the design value then the product water quality will be poorer because the salt concentration onthe
feed /rgect side of the membrane increase.

A higher salt concentration increases the salt flux also the increase of the osmotic pressure will reduce
the water flux, both result in impaired product water quality [7].

The range of recveries which have been proposed for various s/stems has been between ( 20 & 45
)% ,with the lower recveries being used in smaller systems [4],in ather words the reject brine water is
between (80 & 55)% of feed water.

No any study deds with this quantity of Reject brine water. As economicd problem of brine disposal

whereis not included in ecmnamical estimates [14].

B- EFFECT OF APPLIED PRESSURE
The permeded rate can be increased by increasing the goplied pressure
The salt flow through a membrane is defined by.

Fs=(B)(Cf -Cp) (1.9

where:  Fs- isthe salt flux (g/cm2 Es).
B- isthe salt permeability (cnvs).

Cf-Cp- isthe mncentration gradient acossthe membrane (g / sz) .

Although nane of these parametersis directly affeded by a dhange in the feed presaure [15] thereis an
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indirect effed of pressure onthe salt concentration d the product water.

If the pressure reduced, lesswater permeaes the membrane. while the salt flux stays constant ,thus
there is more salt per unit volume of product water conversely if the presaure increase more water
permedes the membrane, yet the same amournt of salt transfer occurs .Thus there is less salt per unit
volume of water [16].

The effect of pressure on salt regjection is demonstrated in [17], aso the feed pressure results in
compadion d the membrane [18] at a particular temperature obtained after operating for time (t).

The effect of pressure on the overal productivity is a result of the sum of the instantaneous
productivity and the cmpadion, usualy the productivity at any particular time is greater for high
pressure operation than for low presaure operation.

The standard fead presaure for bradkish water membranes is nearly 27 bar (400 psi) while that of
seavater membranesis about 55 bar (800 psi) or higher (7].

Operating presaureisthere for amajor fador in determining reverse osmosis flux [19].

e EFFECT OF TEMPERATURE

Fead water temperature has sveral effects on energy requirements first the osmotic pressure is

directly proportional to the absolute temperature, although this is not a large eff ect ,because the possible
temperature rangeis small, it isrea & tendstoward increasing the power requirements as the temperature
isincreased.

A seandeffect which ismore evident is the increase in the masstransport coefficient ( Lp).

There aelower and upper temperature limits imposed on the R.O operation .

The lower limit is zero C°for all membranes. and the upper limits depend an the membrane , and are
pressure dependent, the current upper temperature limits of (30 to 35) C° where etablished by the
membrane manufadurers.

Generaly the optimum performance of membrane system is obtained when the feed temperature is
(2410 27) C°.So when the typical feed water temperature is low ,a hea exchanger is used to control the
feed water temperature [7] Up to 30 C° the flux increased with increase in feed temperature but at over
30 the flux decreased with increase in temperature However the flux does not vary significantly at feed
temperature between 15& 50 C° this means that a satisfactory flux can be obtained at normal atmospheric
temperature [19].

D- EFFECT OF THE FEED CONCENTRATION

In adual operating condtions the feed concentration changes frequently ,it was found that RO flux

deaeased with incressed feed concentration where when the fead concentration increased its osmotic

pressure rose but the effedive operating presaure decreases 0 the flux still decreased noticeably [19].
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The sdt flow is essentialy independent of pressure and the permeae quality improves with applied
pressure .

The relationship between the water flux and salt flux characteristics of a membrane can have
significant effect onthe power requirements [4] Salt rgjection depend onthe sat flux or on the quality in

other word depends onthe-recovery ratio.

E- CONSUMPTION OF ENERGY
The theoretical energy requirement to separate fresh water from seawater at law recovery is about

0.75 (Kwh/m®) this theoretical limit could be gpproached by anidedlized reverse

osmosis device having.
1. perfect membranes able to provide mmplete salt rgection at working pressure just dightly
above the feed Osmosis pressure.
Zero concentration polarization.
No energy requirement for feaed pretreatment and filtration.
negligible brine side hydrauli c losss.

100 efficient feed pumping.

2 T

10 efficient energy recovery from the rgjed brine.

Red reverse osmosis g/stem depart rather widely from the aove idedlizations ,in order to achieve
high membrane productivity and salt rgjection ,typical working pressures for sea water desalination are
abou 2.5times the feed asmotic presaure.

Energy losses due to hydraulic friction and pump inefficiencies are substantial [20] .Reverse osmosis
processisreversible and the minimum work is required for separation when
the applied presaure gproacdhes the osmotic pressure .Thus for atypical seawater system with an osmotic

pressure of 24.8atm. the energy required to separate one liter of water would be 24,8@® cc-atm in more

famili ar units this amountsto 0.595 (Kwh/m3) inthisisat aninfinitely low permeaion rate[4].

The energy consumed by the P.O. processwill be mainly used to drive the foll owing pumps [14].
* high pressure pump.
e regjed water pump.
o fea water pump.
e product water pump.
» miscdlaneous pumps for chemical injection.
Thefollowing relations is used to cal cul ate the ansumed energy(wh) in P.O. [21].
1-High pressure pumpis (H.p.p)

12



Eo = %%Eﬂzm (1.9

2-Rejed water pump is(R.w.p)
c PR
o~ 1O (PR) )cm 1)
0 ep
3-Fea water pump is(F.w.p)

_Hc)(PF)om
EFP = E’T%VE(FW)

(1.10)

(1.10)

4-Product water pump is(P.w.p)
ECIC
O e O

c - conversion fador

(1.12)

P, PR, PF, PP, the applied presaure by high, rgect, fead, product , pumps respedively
(psi)
Ep- the dficiency of pump
Miscdlaneous pumps for treatment will be not considered for simpli city & unknown spedfic
parameters The load EL(wh) in the model is

EL =Eo+ ERP + EFP + EPP (1.13)
The specific energy SFE(kwh/m ) of productwater is
EL)(20)°C

SPE = WE (1.14)

1.2 SOLAR AND WIND ENERGY

The rising energy costs have mativated many courtries to turn to renewable energy sources for

desdlination purposes [1] . and particular attention is being paid to the mnsumption d various desalting
processes it also results in an increased research effort on the use of renewable energies lar and wind
energy[2].

Two demonstration projects were performed using wind or solar power for the energy suppy of
reverse osmosis desali nation wits [22].

The world's first solar-powered sea water reverse osmosis g/stem has been installed and was
operating in Jeddah ,Saudi Arabia on the eastern shore of thered sea[23]

More recently however small experimenta genuinely wind-driven urits have been run on Suderoog a
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small Island df the north sea @ast of Germany [24].

For location at brownsville, texas.A design concept for a solar desalination plant couples a state of art
solar power generation system with a reverse osmosis membrane filtration system Alternating current
electric power is generated by an integrated wind & solar energy conversion system. The optional wind/
solar ratio is very dependent uponsite mnditions[25].

A wind and phdovdtaic powered reverse osmosis avater desalination dant with a fresh

water production o 150 (m’/day) was carried out in Tarifa Cadiz Spain [26].

1.2.1- SOLAR ENERGY

The energy crisisis one of the most difficult problems faced in different countries, due to the higher

prices and limitations of conventional fuels. A lot of effort is devoted to find competitive alternative
energy source Among posdble dternative energy sources, the solar energy is the most inexpensive,
palutionfreeand limitl ess

The application d solar energy in dfferent uses has foundit's way successfully in many purposes.
The knowledge of the avail able solar irradiation is valuable for the design and assessment of solar energy
system.

Extensive work has been done for determining the total solar insulation onaflat plate surface at any
orientation and their optimum tilt i n dfferent ways. [27,2829,30,3l].

- _SOLAR RADIATION
The solar radiation consists of dired and diffused radiation, and The hourly values of global radiation

incident on atilted surface ae aculated asfollows 132].
Ht = Hbt + Hdt + Hrt (1. 15)
Where Hbt Hourly values of direct radiationincident onatilted surface.
Hdt-  Hourly values of diffuse radiation incident on atilted surface
Hrt-  Hourly values of reflected comporent incident on atilted surface
If we asume that the diffuse and reflected radiation comporents are isotropic then we can write.
Where Hd isthe hourly value of the diffuse componrent on the horizontal plane.

The direct comporent on atilted surface is calculated as the following.

Halt = %(Hd)(1+ cos(t)) (1.16)

Hrt :%(H )(rg) (L+cos(t)) (1.17)

H- isthe hourly value of the global radiation on a horizontal plane.
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Rg- isthe groundreflectance

t- isthetilt angle of the surfacetoward the horizontal plane.

Hbt = (H — Hd ) (Rb) (1.18)
where Rb isthe houly mean tilt factor and cefined by the relation
cos(z
Rb = ( ) (1. 19
cos(i)
Where

z- The angle between the incident direct radiation and the normal to the horizontal surface & the
mid-point of the hour considered.
i- The angle between the incident direct radiation and the normal to the tilted plane & the mid-point
of the hour considered.
Thetotal solar radiation onatilt surfaceHt can be expressed by [33].

Ht = (H - Hd) (Rb) +0.5(Hd) (1+ cos(t)) + 0.5(H ) (rg) (1~ cos(t))

(1.20)

- THEPHOTOVOLTAIC SOLARCELLS
The growth of research development, and production during the last decade in the aeaof medium and

large scde photovoltaic power generation ,is phenomenal and several factors have emerged duing the
recent yeas that placethe photovoltaicsin a more favourable eonomic pasition [34].

The sdilicon is the most widely used and the best characterized semiconductor material. It is
dominating among the semiconductor materials used for photovoltaic energy conversion, and it looks like
it will keep this position for many yeasto come.

Although there eist materias with better photovoltaic properties, silicon is out performing them

either because of econamic reasons or because of the mastering of its cdl tedinology [35].

-THE EFFICIENCY OF SOLARCELLS
The efficiency of solar cell isgiven by:[34]

P max
ec =

1.2

Pin (1.2)
Where Pmax is the maximum power which defined as the foll owing.

P max = (V max) (Imax) (1.2
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Pmax = (FF)(Voc)(Ic) (1.23)

Vmax- is the maximum voltage.
Imax- is the maximum current.
FF- fill factor.
Voc- open circuit voltage.
Ic- short circuit current.
Pin- the input power is defined as.
Pin =(areaof solar cells) . (irradiance)
The maximum power dependsonVoc andlc and FF.
The factors which affect the dficiency are:
-open circuit voltage.
-short circuit current density.
-shurt and series resistance.
-impuritiesin the silicon.
Again theload resistancein the maximum power point depends on the area of the cél.
The efficiency of solar cell depends mainly on Ic ,Voc where alarge Ic is the result of the following
factors:
(1) -atotal absorption o thelight ,which requires.
-alow refledion.
-opticd confinement.
(2) -atotal collection of the generated carriers, requiring.
-alarge diffusionlength in bath neutral regions.
-a low surface recombination velocity on both surfaces The efficiency of solar cdl. deaeases if
the temperature of cell is more than the Tr (referencetemperature is taken to be 25 C°).
The cell temperature Tc is calculated [36,37] acarding to the relation.

Tc = (Tair) + (tc) (It) (1.24)
Where Tair- the temperature of surrounding air in (C°).

It- the total radiation incident onapv modue (mw/cmz) :

Tc- the temperature cefficient equals 0.3 (C° R:mz/ mw)
The efficiency of solar cell dueto Tc becomes.
ec = er (1-e(Tc-Tr +(ic) (K))) (1.25)

Where
e- isthelossin efficiency of the solar cell for every degreeCelsius of cell temperature (e = 0.005).
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er- isthe dficiency at reference temperature.
andK in simple but less accurate[31] is given by therelation K = 78.76 (mw/C°.cn?)  (1.26).

1.2.2 WIND POWER

Unequal heating of atmosphere and earth surface causes the motion of air masses i.e. wind, meaning

that solar energy is transformed into kinetic energy.
Receant development in wind turbine technology means that wind paver can be regarded as a reliable

and cost-eff ective power source for many areas of the word [38].

- PHYSICAL-TECHNICAL CHARACTERISTICS
The mean wind spedl in the height of interest hz can be determined as.

V(h,)=V(h) Sﬁg (1.27)

where
hi- height of measurement hz :height of interest
V(hi)- mean wind speed at height of measurement
V(h2)- mean wind speed to be calculated of the height of interest

a- altitude eporent or Hellmann-exporent (the value of a depends on the surface roughness and
thermal stratification).
The energy of motion (kinetic energy) of a moving mass m increases with the square of its velocity Vf,
acording to the formula
£= (MY a2

Flowing air presents a moving massif a volume of air V with density d and massm=d V, moves with

spedad Vf, thenits kinetic energy is.
Pin:%(d)(Aw)(Vf ¥ (1.29)

Normal air presare at sealevel about 1 bar and a temperature of 20 C°in an air density of 1.225
(kg/m7’):

A wind pover plant converts part of the kinetic energy of the dr flow into mechanica energy
reducing the speed o the dr flow.

if we consider an area A, which is perpendicular to the air flow then avolume V of size

(V= Aw. Vf . t) (tisthetime) will flow through this area per seaond Using eq.(1.29), the power Pinis
equal.

17



Pin = %(d)(AW) ()’ (1.20)
The maximum power output is

P max :%(d)(AW)(Vf y (1.31)

-THE POWER COEFFICIENT (Cp)

The maximum theoretical efficiency will be not more than

P max
Pin
An idead wind powver plant, operating without losses can convert at most 16/27 o the energy

Cp= = 16/27 = 0593 (1.32)

contained in the ar flow through itsrotor areainto mechanical energy [39] .

In this case, the velocity is reduced to a third. However, Eetz's efficiency limit of 16/27 is nat, as was
often assumed, precisely derivable from conservation laws.

In pradice apower coefficient Cp is defined, which givestheratio of mechanica energy obtained and
natural energy suppied.
The power output Pro

Pro :%(d)(Cp)(AW) (V) (1.39)

For a given aerodynamic design of the blades, the power coefficient Cp is essentialy a function anly
of the quotient of velocity u of the blade-tips and velocity v of the wind.

This quotient is aso called the tip speel ratio (u/v).it has been shown [40] that the rotor power
coefficient is nealy independent of wind speed for amachine operating at a constant tip speed ratio.

The power that would be produced by awind machineis given by

Pe=2(d)(Ce)(Cp) (AW) (1 ) (1.3

where Ce the dficiency of the conversion d mechanical energy into electricd energy.

The wind velocity at which the production of rated power of the madine is attained is called rated
wind sped.

If the rated wind speed is exceeded, the blades can be twisted, or turned out of the wind, so the power
coefficient Cp isreduced and thus aso the power of the rotor Pro at the shaft. to the extent that the power
Pe does not exceed the rated power predetermined by the macdhine size.

For the start of awind paver plant a definite minimal torque is required the torque at cut-in velocity
must be & least as high as this minimum torque.

The torque developed at cut-in velocity is essentialy dependent on the wind velocity and onthe angle

18



of incidence of the blades.

The optimum angle of incidence at cut-in velocity is considerably larger than the optimal angle of
incidence for normal operation. Thus if the angle of incidence can be ajusted by turning the blades
arourd their longitudina axis, the necessary minimal wind speed required for starting is grestly reduced.

If the technically determined maximum wind velocity vmax is exceeded, the wind pover plant is
turned off on grounds of safety.

The minimum or cut-in wind velocity isreferred to as vmin, the rated wind velocity as Vrat,

Depending on the average time. the average wind speed and the dharacteristics of the madine, the
power predicted using the steady state power curve and the average wind speed could differ significantly
from the measured value [41].

When techniques and rotational speed are known the power output at the madchine can be determined,

the predicted paver produced would be an average value & given by the foll owing equations[42].
00 if (vf <V min)
%(d)(Ce) (Cp) (Aw) (v )° O if (v min<VF <Vrat)

Pe = L (1.3)
E(d)(Ce) (Cp)(Aw) (Vrat)3 0 if (Vrat <Vf <V max)
00 if (Vf >V max)
1.2.3BATTERY

The battery is adevicefor transforming chemicd energy into eledrical energy and consists essentially
of two plates of different materials immersed in a liquid solution which acts more readily on ore plate
than on the other.

The magnitude of Electro motive force (e.m.f.) between the two plates depends only uponthe materia
of the plates and onthe dectrolyte andfor a given pair of plates,it isindependent of their area

The active materials in a battery contain a definite quantity of chemica energy which may be
transformed into electrical energy, so that a battery can give adefinite number of watt-hours or a definite
number of ampere-hous at normal
voltage [43].

If Eo isthe open-circuit voltage of a battery, rb isthe internal resistance, and r is the resistance of the
externa circuit, then the arrent
i = Eo

rb+r

(1.3)

and has a maximum value on short circuit as
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_Eo

j = — 1.37
rb (1.37)
If n batteries are onnected in series then the airrent.
n)(Eo
__()(E) o

(n)(rb)+r

If r is large wmpared with (n . rb) as is usually the case, then the aiurrent is approximately
proportional to the number of batteries conrected in series.

But if n batteries are connected in parallel then the current i is

_ E
I = % (1%)

An '

An increase in the number of batteries does not produce any considerable increase in the current as
long asr islarge compared with (rb/n)

The usual reason for connecting batteries in perallel is to divide the load and so make the battery last
longer.

-THE EFFICIENCY OF BATTERY
The storage efficiency of a battery is dependant on [44].

state of charge.
Temperature.

electrolyte aoncentration.

P w0 N PR

magnitude of charge and dscharge aurrents.

A reasonably acarrate model of a battery can be obtained by fixing some of parameters to their
optimal values and by assuming that the energy exchange is within the minimum and maximum limits.

The charge and discharge dficiencies (ebc and ebd) can then be analyzed in terms of the dharge and
discharge aurrentsonly.

If Ei isthe energy enters the battery with an average aurrent ic during the time interval dt then energy
stored during dt is

Ebc = (ebe) (Ei) (1.40)
but
Ebc = (dc) (Vbo) (1.41)

Where dC change in stored charge
Vbo nominal battery voltage.
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(ebc) (Ei) = (dc) (Vbo) (1. @)
where: (ic) (dt) =dc
aso the discharge dficiency
_ (ibd) (dt) (Vbo)

ebd = S (1.44)
where output energy from the battery is
Ebd = (ibd ) (dt) (Vbo) (1.45)
The overdl efficiency of the battery isthe product of ebc and ebd
eb = (ebc) (ebd ) (1 .46)

The energy obtained from the battery Ebd is smaller than the input energy Ei and is expressed by the
relation[45,46].
Ebd = (eb) (Ei) (1.47)

The value of efficiency eb istaken as(eb = 0.85).
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CHAPTER (2)
SIMULATION OF DESALINATION SYSTEMSBY REVERSE OSMOSIS
2.1 ONE STAGE REVERSE OSMOSI SSYSTEM
The parameters affecting the operation d R.O system are Cf, Cp, P. Tk, Y ,where at design operation

condtion equ.(1.3) is used to calculate the Pw ,but these parameters will be not constants pradically at
field operation, cle that equ.(1.3) will be corrected to be gplied with actual parameters and to be &le to
simulation studies of different designs.

There ae different models to corred the equation o product water so in the following will be
exhibited the main feaures of models dealt with this subjea and we will simulate these models
to construct the suitable model

For simpli city and to recognition will name the models as one, two three.

2.1.1 MODEL ONEJ8] (M1)
The concentration d the feedwater is gradually increased up to concentration of rejed water Cr at the

end .

This implies that also the osmotic pressure of feedwater is increased to average value of osmotic

pressure where.

Amfo = (amf)(CF) 2.9)

Amtf  iscalculated by eq.(1.&) and (ﬁ) isthe average ancentration factor which is efined as
_Rp\+e)
()=
(2.2)
Cp=Cr (1-R)(CF)
Amtfo = (arf)(CF)
Pw=Lp(P-Amfb) A

Pw = E%Z%%@?\M Thus Arrfb depends on the recovery Ratio Y
A2 = (Pf - (dPfb/2) - Pp - Arrfo - Arp)
Al = (Pfo - (dPfbo/2) - Ppo ~ Arrfbo ~ Arrpo)

and the membrane salt rgjection R simil arly the concentration of productwater Cp increases gradually and
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its value can be alculated using the average concentration fador (C_F) where

Cp=Cr(1-R) (ﬁ) 2.3
R is the salt rejection of the given membrane and does not change with the concentration over the
concentration ranges normally occurring in an installation.

This model ignores the osmosis pressure of productwater Mrp where the productwater foll owing the
eguation
Pw=Lp(P-Amfb) A (24)
2.1.2 MODEL TWOI[11] (M2)

The main equations incorporated with this method are the following 1121

OA2 [TJTCFA
P = B Forrs @9
Where:

Pw isthe actual permeae flow rate
Pwi isthe standard permedae flow rate

A2 = (Pf - (dPfb/2) - Pp - Artfb - Arrp) (2.6)

Al = (Pfo - (dPfbo/2) - Ppo — Arrfbo — Arrpo) 2.7)
Where A2 isthe actual parameters

Al isthe standard parameters
Pf feed pressure, dPfb/2 bunde pressure drop, Pp product pressure A7t fb osmosis pressure for feed, and
Arrp Osmosis presaure for product The value of the parameters ended with o related to standard
condtions

TCFA and TCFS are dependent on the type of device (spiral or hollow fiber) and onthe membrane
type (cdlulose acetate, polyamide composite) where for HFHBIO)

TCF =1.081>) (2.9
andfor FFF(B9)
TCF =1.03") (2.9
The concentration d the feedwater is gradually increased up to the cncentration Cfb where is cdculated
asfollows
Cfb—gL D1C (2.10)
H-YE
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and the osmotic presaure of feedwater is calculated as follows

3 0.038493(Cfb) (Tk)
) OCfb ([
000 -
@ Huooo
The osmotic presaure of productwater is calculated as foll ows
Amrp=0.01(Arrf)  (for seawater). (2.12

Artp=0.05(Amrf) (for brackish). (2.13)
The concentration d salt in thergject brineis caculated by therelation

Cf
Cr = W (2.1)

Arrfb

(2.1)

2.1.3MODEL THREE [47] (M3)

The design adual membrane productivity can be obtained as follows

Pw = (PCF ) (TCF ) (MFRC) Pwi (2.15)

Where;
Pwi isthe permeaor capacity at design operating condition.
PCF is pressure correction factor incorporates the presaure.
terms effecting cgpacity. where be cdculated by the following equation [48,49].
PCF = E (2.16)
Al
bunde presaure drops can be estimated [8,26] and TCF isthe
temperature correctionfador is given [24,25] for B10T and B9 permedors by the relation.

TCF =1.00™2) 2. 17)

MFRC the membrane flux retention coefficient is alog function with respect to time ,however the time
factor is not significant after theinitial flux decline has occurred

The differencein MFER values and consequently permeaed productivity between third and fifth yea
of continuols operationis less than two percent [48] due that will be not considered in the simulation

Reverse osmosis g/stems are designed to produce a specific amount of permeae & the end of the
membrane guaranteed life.

Pwi istheinitia permeaed capacity at design operating conditions

The concentration o salts Cr in reject water is calculated 148] by the relation
Cr = e (2.18)

(2-Y)
The feed brine mncentration for membrane is based onan average [48,49].
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_Cf+Cb
2

Artfb can be calculated from equ(2.11) by replacing Cfb from equ. (2.19)

Cfb 2. 19)

The osmotic presaure of productwater for BLOT & B9 is calculated by (equ.2.12,2.13) respectively
[48].
2.1.4 A PROPOSEL MODEL (M4)

This model was suggested depending on the past models and practical considerations and taking in the

consider the second stage of R.O. so we can note the following points.
» Concentration d product water Cp and the Osmosis pressure of product water have consider values.

Equ(1.7)A2.1),(2.3) is used to calculate the osmotic pressure.

Correctionfactor (@) [18] isused to correct Cf & Cp.

Pressure rrection factor (PCF) [47.4849] is used to correct the productivity Pw.
Temperature mrredionfactor (TCF) [47,48,4)] is used to correct the productivity Pw.

MFRC will not consider where the time fador is not as significant after the initial flux has occurred
also is used to estimate long-term [ 7].

Fig. (2.2)-Flow diagram of reverse osmosis g/stem (One stage)

Pump (hp) Pump (Pw1)
Pump (Fw1)
' Pump (Rwl)
Cf

Cr
Fig.(2.2)
2.1.5 COMPARATIVE STUDY OF SSIMULATION RESULTS

1 - Concentration of salt in feed water (Cf)
Fig. (2.2) representsthe relation between Cf & (Aml,Am2 ,Ant3,A114).

The simulation results of Cf was as
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A3 > A2 > Al > A4

The difference between the upper and lower values (A713- A7t4) arein the range of (8 to 26) psi

Fig. (2.3 represents the relation between Cf & (Pwl ,Pw2 Pw3 Pw4)

The simulation results of Cf was as

Pw4 > Pw2 > Pw3> Pwl if ( Cf < 26000 ppn) and

Pwl > Pw4 > Pw2 > Pw3if ( Cf > 26000 ppn) Pw2,Pw3,Pw4 ismore dosely but Pwl converges
when Cf increases to about 26000ppm to intersect Pw2,Pw3,Pw4 where Pwl diverges after intersedion
takes place
2- Applied presaure (P) psi by the high pump
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Fig.(2.4) representstherelation between P & SPEL ,PE2 ,FPE3 ,SPEA.
The output of simulation of P is straight line and SPE is function of P with slop (SPE/P) where
SFEL1 = SFE2 = SFE3 = SFE4

3- Temperature of feed water (Tk)
Fig. (2.5 represents the relation between Tk & Pwi,Pw2,Pw3, Pw4 The output of simulation results of Tk

was as
Pwl > Pw4 > Pw2 > Pw3 where Pwl linea with negative dope but Pw2.Pw3,Pw4 are curvatures concave
down increase dightly to maximum points near (Tk2= 330 ;Tk3 = 322 ;Tk4 = 335) where decrease after
that

The linear relation of Pwl results from absence of Temperature arrectionfador (TCF)
4- Reovery Ratio (Y1) of the system
Fig.(2.6) represents the relation between Y & A, A2 ,Ant3, A4 The simulation results of Y was as
Thevaluesof Aml ,Am2 ,Ant3 ,A14 increase when Y increase where the relations are not linear and
the order of the values are

if YL1=0.1 then

Aml > ATI3 > A2 > A4

where Aml-Am4 = 6 psi

and if (0.3>Y1>0.1) then

Am3> Al > Am2> A4 andif Y1> 0.3 then

A3 > A2 > Aml > A4

where A7T3- A2 =151ps

Fig.(2.7) represents the relation between Y & (Pwl,Pw2,Pw3, Pw4)

The Output of simulation results of Y was as

Pwl > Pw4 > Pw2 > Pw3 where deaease when Y increases but Pwl concaves down and
Pw2,Pw3,Pw4 are nearly linear for Y < 0.5 ,Pw3 fanishs for Y > 0.5 kut Pwl Pw2 Pw4 fanish for Y >

0.62.
Fig.(2.8) representsthe relation between Y & (SPEL, FPE2, PIE3, FE4)).
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The output of smulationresults of Y was as
SPE1L = SPE2 = SPE3 = SPE4 and curve line where the specific energy SPE isdependenton'Y .
where SPE is fast deaeasing when Y decrease from 0.1 to 0.25and in the range of 0.35 to 0.62the
curve nearly islinear with negative small slope

- the Concentration correction factors

Equ. (2.2) defines the mncentration correction factor for model one and from equ(2.10) is defined the
correction factor for model two ,by replacing equ(2.18) in equ.(2.19 and arrangement the @rrection
factor for model threeis
(2-Y)

CF3:—2(1_Y)

(2.20)

CF isfunction d Y,Cf,Cp, but CF2.CF3, function of Y where for ssimulation d Cf the results resulted
from the values of correction factors where
CF3> CF2> (CF1= CF4)
- the osmosis presaure of product water is very small wherewasas Arrpl=0
Armtp2 = Amrp3 andfunction o Cf, Y,
Arrp4 isfunction of Cp, Cf, Y
where the max. value of Arrp4< 7 psi for Cp = 500 ppm.
- the product water depends on the partial difference of osmosis pressure where Pw decreases as AT
increases for that the output Pw of models as was mentioned before Pw decreases when Y increases where
At isfunction of Yfig.(2.6)
In the following simulations , proposed model will be depended due to two pants
- isenable to simulate reverse osmosis g/stem has seandstage

- isenable to simul ate recovered energy and the modue connected to the rejectwater

2.2 ONE STAGE REVERSE OSMOSISSYSTEM WITH RECOVERY TURBINE
In the following, proposed model will be dependent in simulation studies ,where the productwater

(Pw) from one RO Modue is given by equ(1.3) where the osmosis pressure differenceis calculated by
equs.(1.6) ,(2.1) ,(2.2 ,(1.7) ,(2.2) ,(2.3)

when designing a reverse osmosis plant using any membrane permeaed, it is necessary to correct the
membrane productivity from standard conditions to actual design conditions The rrection process
include arrections for operating pressure and temperature [47]

The presaure correction factor PCF can be alculated using the equ.(2.16) [48,49 ,while the values of
parameters related to standard conditions are given by membrane manufadurers while bundle pressure

drops (dp) can be estimated [7,50 burdle pressure drop at actual conditions of 15 (psi) and 6 (psi) are
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asumed for B10T and B9 permedaed respedively

Instantaneous capacity of the permeded is affected by the feedwater temperature ,the temperature
correction factor for both B10T & B9 permeaed is estimated by equ(2.17) [48,49]

The productwater given by eg. (1.3) will be crrected by the

correction factors TCF & PCF so The product water by one modue
during ore hour (mg/hr) is
Pwl = Lp(Pol-Amnt)(AL)(TCF)(PCF) (2.22)
Pol :Theapplied presaurein first stage (RO1) (psi).
ATl :The osmosis pressure differencein (ROI) (psi).
Lp=19x10"° [B.04*" ™ 3600  (m/psi tin® Chr )
A1 :the aeaof the membranein the modue (m?)

The feed water is caculated as the following:
Pwl

Fwl=—— 2.2
Y1l
and the recovery water is calculated from the relation
Rwl = pw 2= YA (2.23)
Hyi E

In reverse osmosis unit ,brine regjedion takes place at a pressure near the supply pressure (applied
pressure) and at aflow rate between 70% and 90% of the suppy seawater flow [51].

Hydroturbines and impuls turbines are two devices that have been used in indwstry for the past 20
yeas or more to reaver energy from high pressure process steans, the dficiency for these devices range
from 75% to 85% [6].

Most reverse osmosis g/stems have no provision for reject brine energy recvery resulting in gross
inefficiency sincethe rgect brine flow represents most of the energy applied to the feed pumps ,in order
to dotain much improved efficiency a family of paositive displacement energy recovery pumps has been

developed for reverse osmosis gystem in the product capacity range from 1 liter/hour ,for the small est

manual desalinatorsused in life raftsupto 100 (mg/day) for heavy duty desalination plants.

These reciprocating pumps combine feed pumping and brine energy rewvery functions in eadh
cylinder [52].

The max. feed to rejed pressure drop of spiral-wound element is (8-12 psi) less than one bar per
element and (40-60 psi)per six element pressure vessel but the presaure drop through a halow fiber may
be high as (50 psi) about (3.5 bar) ,withou medhanical problems ,however it is good pacticeto keep the
pressure drop below (25 psi) less than (2 bar) for both configurations [7].
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Fig.(3.1) illustrates the system with recovery turbine conrected to the rejectwater where the recovered
energy is calculated from the following relation.

The energy avail able for recovery from the reject brine can be estimated using the relation

01 .0
= ] — -1 .
RE =c(Po dp)etBY—l HR\/\A (2.24)

dpisthefluid presaure lossthrough R.O. (psi) et isthe efficiency of recovery turbine.
The Load (wh) when Reaovery Turbine connected to the system.
ELR=EL-RE (2.%5)

and the spedfic energy SFER (KWh/m3) is

SPER = ELR %107/ Pwl (2.26)
EL The Load in the system without recovery turbine (see dh.2))

2.2.1 COMPARATIVE STUDY OF SSIMULATION RESULTS
Programs was install ed in Fortran language to simulate the two designsin Fig. (2.1) & Fig. (2.9).

Fig.(2.9) Flow diagram of reverse osmosis g/stem (One stage) with recovery turbine (R.T)

Pump (hp) Pump (Pw1)
' Pump (Fw1l) RT
Pump (Rw1l)
Cf
Cr
Fig.(2.9

The foll owing results was mentioned from simulation
-The productwater (Pwl) decreases when (Cf) increases where Pw1=0 when the osmosis presaire (A7l
> Pol) asaresult feedwater (Fwl) & rejectwater (Rwl) decreases and fanishes when (Pw1=0) .fig.(2.10
- Fig.(2.17) represents the relation between Cf & (SPE) where the specific energy depends on (Cf)
—Fig.(2.12) is sen the relation between (Pal & Pwl,Rwl,Fwl) from second degree where this
comes from the corredionfactor (PCF) in equ. (2.35).
(Pwl = 0 .Rwl = 0,Fwl = 0). if (Al = Pol) so we can estimate the real value of (Arrl) from thefig.
(Pwl) increases if (Pol) increases but (Fwl & Rwl) increase quickly more than (Pwl) that means
more reject of water (Rwl).
—Fig.(2.13) represents the relation ketween (Pol & R1) where the gplied pressure (Pol) increases if
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(Cf) increases but the salt rejection (Ri) jumps from (0.75) to (0.95) when (P0O1) increasesto (400 i) but
in the range of (P01 > 400) the salt rejection (R1) increases mach slowly as straight line with small dop
1-The specific energy is function d (Pol) where is linear interseds the y-axis at value represents the
consumed energy by the other pumps.

From fig, (2.14) we note the (SPE) increases more dightly than (SPER where the recovered energy
increases as (Pol) increases 9 the (SPER relative to (SPE) decreases as (Po1l) increases where the value
(SPE - SPER  isdecreased if (Po1l) increased where (RE) isincreased.
2-Fig.(2.15 represents the effect of (Tk) on the (Pwl) where (Pwl Rwl, Fwl ) are increased if (TK)
increases to value near (Tk = 335) where (Pwl ,RM, Fwl ) decreases if (Tk>335).

This behavior of (TK) arises from the effect of correction factor (TCF) equ(2.34) in this range of
temperature but when (Tk > 235 then arises the dfect of osmosis presaure (Arrl) where is diredly
proportionto (Tk) which is deaeased the (Pw1) that is not seen when (Tk< 335).

-Fig.(2.16 represents the relation between (Tk & Pol) where when (TK) increases (Pol) deaeases but
thereis limitation for the maximum of (TK) related to the characteristic of the membrane.

-Fig. (2.17)represents the relation between (Tk & SPE) where is me energy will be saved if (TK) is
increased and the system produces constant fresh water.

-fig.(2.18 is dhown the effed of (Y1) on (Pwl,Rwl,Fwl) where (Pwl) is deaeased as (Y1) increases
with nealy -ve slope line but (Fwl,Rwl) are aurvature decrease quickly when (Y1) increases up to (3.3)
but in the range of (Y1 > 0.3) (Fwl,Rwl) deaease dightly.

-Rewvery ratio (Y1) is one of the important parameters has effect on the operation and consumed
energy in the reverse osmosis system where the (SPE,SPER) decrease fastly if (Y1 < 0.3) and decrease
more dlightly if (Y1 > 0.3) fig. (2.19).

-the recvered energy by the recovery turbine (R.T) decreases if (Y1) increases to the state becomes the (
R.T.) is usdless where ( SPE = SPER) if (Y1 > 0.5) bu if (Y1 < 0.4) then reasonable energy will be
saved.

It isimportant to operate with (Y1 > 0.3) for two pants:

-to save energy.

-to save water especialy the bradish water and money.

-fig.(2.20 represents the eff ect of (Cpl) on (Fwl,Pwl,Rwl).
where are airvatures increase when (Cpl) increases that results from the decreasing of the osmosis
pressure difference (Arrl)

-Fig. (2.21) represents the relation between (Cpl & SPE) where the (SPE) is function d (Cpl) and
(SPE) deaeasesif (Cpl) increases.
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23 TWO STAGES REVERSE OSMOSIS SYSTEM WITH AND WITHOUT RECOVERY
TURBINE
2.3.1 THE OPERATION OF REVERSE OSMOSISIN TWO STAGES
Althowgh the single stage seawater units have been huilt they are often limited to low water

recveries. In order to have asatisfactory permede quality and recovery, the second stage unit has been
used to treat al or part of the permeae from the first stage The second stage unit is the same a would be
used for a bradkish water having simil ar characteristics [4,6,53].

The feedwater is pumped from the source by feed water pump (F.W.P) and is presaurized to pressure
(P) by the high presaure pump (h.p.d) into the modue where the feedwater (Fwl) is lit into
productwater (Pwl) andrejectwater (Rwl) in first stage (Pol) .

The productwater (Pwl) is pressurized by the second high presaure pump (h.p.p2d to be & the
feedwater for the second stage (Po2) where also is split into productwater (Pw2) and rejedwater (Rw2)

Fig. (2.22 Flow diagram of reverse osmosis system (two stage) and fig(2.23) represents flow diagram

of reverse osmosis two stage with recovery turbine (R.T).
Pump (hp) Pump (Pw1) Pump (Pw2)

Pump (Fwl) Crl

. Pump (Rwt)
A Cf Fig.(2.22
Pump (hp) Pump (Pw1) Pump (Pw2)

Pump (Fwl)

A Cf R.T

Pump (Rwt)

Fig.(2.23
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In the following will be exhibited the relations between the first and second stage and the energy

consumed in the two designs.

A- SECOND STAGE
The productwater (Pwl) in the first stage (P0O1) has the Concentration (Cpl) will be the feedwater for

the seocond stage where the productwater (Pw2) is calculated from the foll owing equation.
Pw2 = Lp(Po2 - Am2)(A2) (TCF)(PCF2) (2.26)

Where Lp is the hydrodynamic permeability of the membrane
Po2 isthe applied pressure by the high pressure pump2(psi)
A2 isthe Areaof membranein the modue(R.0.2)
A2 isthe difference between the feed and product osmosis pressure in the second stage
PCF2:The Pressure Correction Factor for the second stage
see(2—2) for A2 , PCF2

The feedwater (Fw2=Pw1) to (Ro2) (m®/hr) is

Fw2 = Pwl= Pw2/Y2 (2. 27)
andthe rgjectwater (Pw2) is calculated from the relation
Rw2 = Pwi- Pw2 (2. 28)
interm of Pw2 & Y2, Rw2 becomes as follows
2
Rw2 = Pw2 H—Y E 2. 2)
B— THE CONSUMED ENERGY IN THE SYSTEM -
-Theload inthe system fig. (2.22
EL = ERP+EFP+EPP+Eo01+EOQ2 (2.90)

Eol,EFP, arecalculated by equ(1.9),(1.11)
- The cnsumed energy in the high pressure pump2 (wh)

o2 = waﬁéﬁp\m (2.31)

- The consumed energy in the rejed pump (wh)

E(C);OPR) ol g(th) (2.32)

- The consumed energy in the product pump (wh)
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EPP = E(ME(PM) (2.33)
O & O

where
Yt =(Y1) (Y2) (2.34)

Y2 - The Recovery Ratio of The second stage (R02).
Pwt- The productwater of the system (Pwt = Pw2).
Rwt- The rejectwater of the system

where

Rwt = Rwl + Rw2 (2.3)

- The specific energy in the system(KWh/mg)
-3 [
epe - ({EH)00) @ %

S

2.3.2TWO STAGESREVERSE OSMOSISSYSTEM WITH RECOVERD TURBINE
Fig.(2.23 illustrates the system with Reavery Turbine cnnected to the rej ectwater where the Recovered

energy is calculated from the following.

RE:C(Pol—dp)etD1 —1@?\/% (2.37)
e

and the spedfic energy (Kwh/m3)

-3 [
S CLID -

2.3.3 SIMULATION RESULTS
The following results was mentioned from simulation d Reverse Osmosis System (Two stages)

without Recovery Turbinefig. (2.22) and with Recvery Turbinefig. (2.23).
In the range of (Cf < 6000 ppn) the specific energy deaeases about (2 kwh) but in the range of (6000
to 500 ppm) the specific energy deaeases just about ( 1 kwh).
The Remvery Turbine (R.T.) recoveries ensible energy fig. (2.24) where morethan (5 kwh) is saved.
The specific energy is function of (Pol) fig.(2.25) for the two designs where is direct proportion
straight line has +ve. slope The (R.T.) saves about ( 4 to 9 Kwh ) in the range from (600 to 1200 psi)

where the recovered energy increasesif (Pol) increases .
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The specific energy eff eded by (Y1) where the (SPE,SPER) deaease vastly when (Yt < 0.25 where
Yt = (Y1) (Y2) but for ( Yt > 0.25) the (SPE.SPER deaease more dightly aso the recovered energy
deaeases to the state becomes the (R.T) not useful where for (Yt > 0.3) the two curves becme too much
closed fig.(2.26).

The spedfic energy deaeases when (Cp2) increases this effect results from the seand stage where
when (Cp2) increases the gpplied pressure (Po2) will decreases and due that (SPE,SPER) will decrease as
it hasseeninfig.(2.27).
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2.4 ONE STAGE REVERSE OSMOSISSYSTEM WITH MODULE CONNECTED TO REJECT
WATER
2.4.1 REJECT WATER (Rw)

Thereverse osmosis g/stem is usually designed to produce acertain flow of productwater (Pw) .

A low product rateis asign of fouling and an indication that cleaning is necessary .

A configuration must be operated above minimum brine or reject flow rate to prevent concentration
polarization from occurring.

The range of recoveries which have been proposed for various g/stems has been between (10 & 45) %
with the lower recoveries being used in smaller system [5] in other words the reject water is between (55
& 90) % of feed water.

Reverse osmosis g/stem is consider as the most system consumes water for that Kuwait was not keen
onto carry on alarge scale brackish water desalination mainly to save the bradkish water sourcewhich is
considered to be amain sourcefor blending distilled water produced by Multistage dfect (NSF) plantsin
addition to the unsolved problems of brine disposal [3]

In Reverse Osmosis System the rejea water takes place & a pressure near the supply presaure (applied

pressure

A- DESCRIPTION OF THE SYSTEM
The feed water (Fwl) with salt concentration (Cf) and Presaure (Pol) is slit into a product water
(Pwl) with concentration (Cpl) and Pressure less than (10 ps) [15] and the reject water (Rwl) with

concentration (Cr1) and Pressure near applied Pressure (Pol) sincethe rejed water represents most of the
energy applied to the feed pumps.

In this design the reject water Rwl from RO1 isthe feed water for the second stage fig. (2.28
Fig. (2.28 Flow diagram of Reverse Osmosis system (One stage) with modue conrected to the

Pump (hp) Pump (Pwt)

Pump (Rwll)
Cr

Fig.(2.29
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The product water Pwll is calculated from the foll owing relation when noany external presaure.
Pwll=Lp(P11-Aml1)(ALl)(TCF)(PCF11) (2.27)
where P11- The presaure in the reject water by (RO1) (psi).
P11= Pol—dp (2.28)
and dp Thelosspressurein (ROL).

All- The Areaof membrane in the second modue.
PCF11- The Presaure Corredion Fador for the second modue whereis calculated by the relation.

PCF11=0.0021® ﬁ:&l— (d%)% Ppll- Arrf1l+Ampll (2.29)

where
Ppll -thePresarein productwater (Pwl1)

Arrf11- The reverse osmosis pressure of the feedwater is caculated from the

0.038493(Cr1) (Tk)

Arrfll= (2.30)
o -2 Crl [
HooH
A71Tpl1- The reverse osmosis pressure of the productwater is calculated from the
0.038493(Cpl1)(Tk
AmTpll= (Cp11) (Tk) (2.31)
000 ZCPLLCT
Hiooo HH
ATl1- Thereverse osmosis pressure of the feedwater
Amll=Amnfll-Amrpll (2.2)
Cr1- The concentration of satsin the feedwater to the secondmodueis calculated from the relation
Cf -C
cr1=(C=Cp) 233)
(2-Y)
Cp11- The mncentration of saltsin the productwater by second module
R11 -Thergjected sadts by the membrane is caculated from the relation
R11= M‘ (2.34)
Crl
Therecovery ratio of the seacondmodueis expressed as
Y11= Pwil (2.%)
Rwl
and the reject water from the system is
Rwll= Rwl-Pwll (2.30)
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and the product water from the systemis
Pwt = Pwl+ Pwll (2.37)
So the Revery Ratio of the system RO11is calculated as

v = W (2.38)
Fudl

The salt Concentrationin the Pwt of the system RO11is
(Cp1) (Pw1) + (Cpll) (Pwal)
(Pwl+ Pwll)

Cpt = (2.39)

B-THE CONSUMED ENERGY BY THE SYSTEM
Theload in the system is as follows

EL = Eo+ ERP + EFP + EPP1 (2.40)
EFP, Eol are the same of RO1 see dap.(1) ,ERP & EPPare clculated by the foll owing relation
ERP- The consumed energy in the rejed pump (wh)

_He)(PR)CO 1 _ _
ERP—E o i 1E(FW1 Pwt) (2.41)

ERP- The consumed energy in the product pump (wh)

EPP = E—,(ME(PM) (2.9
O e 0

The specifice eergy of the system (KWh/ m3)

SPEt = EL x107°/ Pwt (2.43)

242 SAIMULATION RESULTS

A program was installed in Fortran Language to simulate the design in fig.(2.28), where the

simulation of design RO1 was performed in this design in addition to of simulation of the Concentration

of salt in productwater of the secondstage (Cp11).

The specific energy of the design is function of (Cf) fig. (2.29) where significance improvement
achieved in the range from (2000to 460@)ppm for bradkish and sea water this improvement is from the
conrected modue to the reject water from first stage where is used here the pressure in the rejectwater

(Pol—dp) diredly to produce water without any additional energy or change in the state of energy
fig. (2.30) represents the relation between the gpplied presaure (Pol) and the specific energy.
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The straight lineisfor one module (Pol) and the aurveisfor the design Ral.

The second modue starts when (Pol-dp > Arrll) where the specific energy of the system deaeases
to the minimum value when (Pol) nealy ( 950psi) for this mulation.

In the range of increasing in temperature of feedwater from (0 to 54 C°) the specific energy increases
from minimum to value equaled to (SPE) of one modue and decreases when (Tk > 54 C°).
for seawater (Cf = 42000 ppm).

The effect of (TK) is very low when brackish water is using asis e in fig. (2.31) the lower curve
when (Cf = 8000 ppn).

The spedfic energy in the design islessthan design ore modue when (Y1 < 0.35) where the
med paint is function d (Cr) where for low concentration o (Cf) the spedfic energy is lower
and the med point takes placefor higher (Y1) asis shown in fig, (2.32 where the lower curveis
for ( Cf = 4000 pmn).

The secondmodueis operating if ( Y1 < meet point ) and the energy will be saved but for ( Y1 > meet

point ) the design returns to one stage.
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2.5 Two STAGESREVERSE OSMOSISSYSTEM WITH MODUL CONNECTED TO
REJECT WATER
2.5.1 DESCRIPTIONCF THE SYSTEM
This System is compound & three modues Fig. (2.33) One is connected to the productwater (Pw1) of
First stage and the secondmodue is conrected to rejectwater (Rwl) of the first modue.
Pump (Pw1) Pump (Pw2)

v

Cpl

' Pump (Fw1) Rw2

Pump (Rwt)
5 Cr >

Pump (Pw1l)
Cpl1l

Fig.(2.33

(see the operation of (RO1) . (R02) , (RO11))
Thergect water from the systemis

Rwt = Rwll+ Rw2 (2.44)
and the product water from the system as

Pwt = Pw2 + Pwll (2.45)
So the recovery ratio of the system is calculated as

Ys=— (246)

The salt Concentration in the Pwt of the systemis
= (Cp2) (Pw2) + (Cp11) (Pwll)
Pwt

C

(2.47)

25.2 THE CONSUMED ENERGY BY THE SYSTEM
Theload in the systemis

EL = RP + EFP + EPP1+ Eol + E02 (2.48)
For EFP BEol ,E02 see dhap.(l) (2-2) , (2-3)

ERPis calculated by therelation
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. [(C) (PR)E1 @th (2.49)
H eo

EPPas calculated by the relation

EPP = E—,(ME(PM) (2.50)
O e O
The specific energy in the system
10)° C
g = HEL)(10) (2.51)

ST

25.3SIMULATION RESULTS
The program was installed in Fortran Language to simulate the design PO12 where the foll owing

simulation was performed.

The consumption of energy in the design increases quickly when (Cf) increases from (2000- 4000
ppm) but for the range (400046000 ppm) the consumption increases dightly where intersects the specific
energy line of one modue at a point near (43000 ppn) and for (Cf > 46000 the modue (ROII) becomes
unable to produce water where (Pol-dp < Arll) so fromfig. (2.34) .

SPET < SPE if Cf< 430 ppmand
SPET > SPE if Cf> 43000 ppn
Fig.(2.39 illustrates the behavior of the design when the applied pressure increases where is
shown
if (Pol < 720psi ) then (RO11) does not operate because (Pol-dp < Arll) Then the cnsumption of
energy increases but
if (Pol > 720psi ) then (SPET) decreases to its minimum value when (Po1> 975 psi ) but increases for
(Po1> 975

if (Pol< 790 psi ) then (SPE< SPET) but

if (Pol> 790 psi ) then ( SPE> SPET ) where the point (Pol= 790psi) is intersect point

The consumption of energy of the design is function o temperature (Tk) where
if (Tk< 305k°) then ( SPET < SPE)
elsaif ( Tk > 305k°) then ( SPET > SPE)
elsaif ( Tk = 305k°) then ( SPET = SPE)
if (Tk < 330Kk°) then (SPET) is considered nearly dired propation tut for ( Tk > 330 K°) then (SPET)
nealy independent of ( Tk) fig. (2.36).

55



The specific energy isinverse proportion functionto (Y1) where
if ('Y1< 0.3) then ( SPET< SPE)
elseif (Y1=0.3) then (SPET = SPE)
eseif (Y1> 0.3) then (SPET > SPE) & (Pol-dp< Amll) where (ROI) isout of operation fig.(2.37).
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26 REVERSE OSMOSISSYSTEMSWITH RECYCLING OF REJECTWATER
2.6.1 DESCRIPTION OF THE METHOD

As we have seen the range of recveries which have been proposed for various g/stems has been

between (10 & 45) % with the lower recoveries being used in smaller system 175,in other words the
rejed water is between (55 & 90) % of feed water.
In this work will be exhibited the simulation of designs illustrated in figs.(2.38—41) where was
minimized the rejectwater and as result was minimized the specific energy and the chemicd treament.
The rejectwater is recycled to be a a part of the feedwater where the concentration of feedwater will
increase up to controlled values of Concentration d brinein feed & reject water so the feedwater from the
source when the rejectwater isregycled is equal to the productwater value where.
Fw=Pw+Rw , and
Fw = Fwr + Rwr , if isrecycled where
Fwr = Pw
Rw=0, ifisrecgycled
so the value of rejedwater (Rw) depends on the ntrolled value and onthe Concentration of brine in the
feedwater (Cf )whereis cadculated from therelation

Cpt = (Cr)(R\N)+(Cf)(PW) if isregycled
Rw + Pw
and the Concentration in Prductewater (Cp) is calculated from the relation
Cp=Cir (1— R)CF if isregycled
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Fig. (2.38 Flow diagram of reverse osmosis system (one stage) with recovery turbine (R.T ) and
recyclethe rejectwater.

Pump (hp) Pump (Pw1)
Pump (Fw1l) RT
< Rw1l
Cf Pump (Rwl)
Cr
Fig.(2.38
Pump (hp) Pump (Pw1) Pump (Pw2)
Pump (Fwl) i
R.T
< Rwt
Cf Pump (Rwtl)
Cr
Fig.(2.39

Fig. (2.39 Flow diagram of reverse osmosis system (Two stage) with recovery turbine (R.T ) and

regycle the regjectwater.
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Pump (Fwl)
Crt Rwt

Cf Pump (Rwll)
Fig.(2.40
Fig. (2.40 Flow diagram of reverse osmosis system (One stage)
Pump (Pw1) Pump (Pwt)

Pump (Fwl)

Crt

. Pw1l

2
’ lfw 8->
f Cf Pump (Rwt)

Fig.(2.4)

Fig. (2.41) Flow diagram of reverse osmosis system (two stage) with modue conneded to the
rejedwater and recycle the rejectwater

2.6.2SIMULATION RESULTS
The programs were installed in Fortran Language to simulate the designs in figs.(2.3841) where same

condtionwas applied in run prackish water was supposed (Cf = 4000 ppm).

A - EFFECT OF RECYCLING ON SALT CONCENTRATION IN FEEDWATER
Fig. (2.42 represents the increase in Concentration o sats in feedwater due to regycling the

rejedwater. for the goplied control the maximum Concentration of salts in feedwater in the designs was
abou.
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10000 ppn for the design ROL1 after 4 hours
20000 pn for the design RO2 after 7 hours
30000 pm for the design RO11 after 5 hous
560000 pm for the design RO21 after 7 hours

B -EFFECT OF RECYCLING ON SPECIFIC ENERGY
Fig. (2.43 represents the increase in Concentration d sats in feadwater due to regycling the

rejedwater and it’s effecting on the specific energy of the designs.

The specific energy is constant in RO1 but increase in the other’ s designs where specific energy of
(RO11< RO21< PO1< RO2) if (Cf< 300 ppm) orin 5 haurs.

Fig. (2.44 represents the relation between the spedfic energy and the Concentration of salts in
productwater where asis howed.
(RO11< RO21< ROl <RO2) if (Cp< 760 ppm)
(RO11 < RO1 < RO21< R0O2) if (Cp< 900 ppn)
(RO11 < RO1 < RO2 < P02))if (Cp> 900 ppm)

c-EFFECT OF RECYCLING ON PRODUCTWATER
Fig.(2.49 is showing the eff ect of time or Iteration onthe productwater where the productwater of the

designsisasfollowing.
(RO11> RO21 > RO1 > R02) if (Iteration < 4.5 hours) but
(RO11 < RO21 < RO2 ) dfter 4.5 hous

D -EFFECT OF RECYCLING ON REJECTWATER
Fig. (2.46) is shrown the effed of regycling onthe rejedwater, where the rejectwater in the designs as

the following order.

(RO11= RO21< RO1 < R02) if (Iteration<=2 haurs) but
(RO11< RO21< RO1 < RO2) if (Iteration>2 hous)
RO11and RO21 have small deferencein 5hours Iteration.

2.6.3 DISCUSSION
The design Fig.(2.40) was the best during 4 haurs Iteration and the goplied condition a control where

in this case the Reverse Osmosis System will dispatch the brine water ones every 4 hous then return to
start from beginning in other words the system starts with initial values of (Cf) and (Cp) and increeases
every time up where when the condition ( Cp = 1000 ppn) is touched then the system dispatches the
brine water or rejedwater and Cp in the productwater will be abou 750 (ppm) and the
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specific energy about 4 (Kwh/m3) .

For this dmulation about ( 20% ) just dispatch from the rejectwater of the system
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CHAPTER(3)

SIMULATION STUDY OF REVERSE OSMOSISDESALINATION SYSTEM POWERED BY
COMBINED SOLAR AND WIND POWER PLANTS

3.1 INTRODUCTION

The shortage of fresh water and The rising energy costs have motivted many courtries to turn to

renewable energy sources for desalination purposes[1].

Few papers dedt with solar and wind energy in spite of water desalination by wind & solar power is
very attractive dueto passibility of overcoming the energy supdy discontinuity by storing the fresh water
and because water desdlination is particularly needed in remote aeas of devolping countries where in
many cases are favourable conditions for the utili zation of wind and solar energy. [22,2351,38,2].

A wind and photovoltaic powered reverse osmosis sawater desalination plant with a fresh water
production of 150(m3/day) was carried out [25].

The Battery is an important part of Solar and Wind paver plants as a storage system when excess
energy is attained or to supdy the system by power when no energy from solar and wind where the
capacity is chosen to cover threedays operation[53,54,55,5657, 5859].

The problems of shortage of drink water and high cost of energy in Greece ee passible to overcome
andto befaced dueto favourable winds and solar energy in many sits of Greece espcially in theidands.

This paper presents the simulation model of Reverse Osmosis System operated by wind or solar or
both energy in Greece idand kythors where the combined of renewable energy sources has been applied
there [160.

The Load in the system mainly is used to operate the pumps in the system this Load is consumed to
produce the Productwater.

Fig. (3.1) represents the block diagram of the reverse osmosis system of one stage with remvery
turbine (R.T) combined to wind generator ,solar cells ,batteries ,diesel generator ,control of power and

main pumps.
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Fig. (3.1) the block diagram of reverse osmosis s/stem with reavery turbine (R.T) and pover plants.

The power mainly is consumed in Feed pump High pump Product pump ,Rejed pump and some power
is used in treatment this power will be not considered due to its gnall quantity compared to the other

pumps o we can write [14,21].
EL =Eo+ EPP + ERP + EFP (3.

Where

EL- The Load in system per hour (kwh)

Eo- The Load in High Pump per hour (kwh)
EPP-The Load in Product Pump per hour (kwh)
ERP-The Load in Rgjed Pump per hour (kwh)
EFP- The Load in Feed Pump per hour (kwh)

68



In case the System conrected to Recovery Turbine the Load will be as the following
ELR= EL - RE (3.2
Where
ELR- The Load with Recovery Turbine (kwh).

RE -The Remvered Energy (kwh).

The Load is consumed to producethe requirement of Productwater each haur where denaotes as
Pw(ms/ hr)
The Load is function d the parameters and characteristics of water in the regions g/stem and the
charaderistics of Reverse Osmosis System .the product water acrossthe membrane is given by [17] is
corrected by Temperature, Presaure Correction Factors TCF & PCF [47,48,49.

The hourly energy. balance when Reverse Osmosis combined to solar and wind power plants is

written as follows.
NL (k, 1) = ELR- AwxWE (k, 1) - Avx SEc(Kk, 1) 3.3

Where

ELR, Aw, Av were defined before

k - The number of day

I - The houwr in the day
NL(k,1) -The net load per hour (kwh)

WE(K,1)-The power produced by wind madcine (vah/ mz)

SEc(k,1)-The power produced by photovoltaic system (KWh/ m2)

Computation o NL(k,1) will denote the operation of the system where there aethree caesFig. (3.2).
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Wind Machine Solar Cells Reverse Osmosis System

[

calculate the Net Laad in the system
NL(k.I1)=BL(k.I)-Aw x WE(X.I[)-Av x SEc(k.,1)

R discnarge the battery
to (B{k.I)-NL(k.1l)/eb)

discharge the battery

te (Bmin) and compute

the RLik.I) and call diesel
BL(k.I)=NL(k.Il)-ee(B(k,I)-Bminl}

NL{k,I) > et (Bmax—B :

es No
tharge the battery
to (B(k.1)-ABS(NL(k.I)) /e®

charge the battery to Bmax and
compute the excess energy
ENb(k,[)=ABS(NL(k,I))—et(Bmax-Bi(k.I1])

Fig.(3.2) Possible operation of the system each hour

1-1f NL(k.1)40 then the Reverse Osmosis System coperates by wind and
solar energy only and there is an excess of energy mere than
reguirment and the excess of energy will be directed to charge the

battery upcn the capacity of battery will have two possible ways
where
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a If Abs (NL(k,I)) < eb(Bmax-Bmin) then the battery will be dharged to
(B(k,I) +(Abs(NL(k,1)))) else

b- If (Abs NL(k,1) > eb(Bmax —Bmin)) then the battery will be charged to Bmax and there excess of
energy where

ENb(k,1)=Aw( WE(k,1))+Av( SEc(k,1))-EL-eb(Bmax-B(k,.)) (3.9

where
eb - The dficiency of battery.
B(k,)- The aurrent level of the power stored in the battery (kwh).
ENb(k,1)- the excessof energy (kwh) after achieve the Load and charging the battery to Bmax.
2- If (NL(k,1) = Q) then equetion (3.3) reducesto

EL = Aw (WE(k,])) + Av ( SEc (k,1)) (3.5)
that means the System operates directly by wind and solar energy, where the Load is covered and no
contribution from battery or diesdl.
3- If (NL(k,I) > 0) then the Load is higger than energy from wind and solar and reeds contribution of
energy to maintain the operation of the system to produce the requirement of productwater and the second
step depends onthe foll owing condition.
a If (NL(kI) < eb(B(k,1)—Bmin)) then the battery will be discharged to (B(k,1)—NL(k,1)/eb) to recover
the Load
b- If (NL(k,1) > eb(B(k,])—Bmin) then the battery will be discharged to Bmin and remains residual |oad
whereis computed by the relation.
RL(K,I) =NL(k,I) - eb(B(k,1)—Bmin) (3.9

The Residual Load will be produced by diesel generator to maintain the operation of the system.

The program consists of the foll owing parts.

1- main program to cdculate the time operation of Solar. Wind, Battery and diesel generator yearly for

small and high cepacity of productwater 0.71514.3 (m3/ hr) with plant factor 100% operation (8760 hr)

yealy.

2- Simulation program for Reverse Osmosis System as subroutine to evaluate the Load in the system for
the required of drink water hourly and yealy to provided the main program with the required load.

3- Simulation ogram for Wind Energy System as subroutine to evaluate the power ead hou for one
yea attained from wind.

4- Simulation program for Solar Energy System as aubroutine to evaluate the power each haur for one
yea attained from solar.

5- Simulation rogram for Battery System as subroutine to evaluate the state of energy and the current

level of battery ead hou and time éurdance of energy i.e. the energy excess the load and bettery the
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time charge and discharge andtime operation of diesel generator to achieve the load in the system.
3.2 0ONE STAGE REVERSE OSMOSISSYSTEM WITH RECOVERY TURBINE POWERED BY
SOLAR ENERGY
The simulation model was developed to simulate reverse osmosis operated by (Photovoltaic power-
diesdl).
The data and parameters used in the simulation program are the real hourly data of the yea 1982 for

global solar radiation onharizontal surfaceof Kythnos Island in Greece each case was performed for 20

Reverse Osmosis Systems with different Productwater from 0.71514.3 (m3/ hr) where the time operation

was calculated hourly and yealy for each subsystem.
Fig. (3.3) shows the houly load of 20 dants and time operation of diesel (T-diesel) in case Reverse
Osmosis System conreded to Photovoltaic System and Battery.
We also defined the time operation of system by solar (T-solar)
-Time éund.(T-abund) when attains excess energy more than load and energy requirement to charge the
battery to Bmax eq(5).
-Time charge (T-charge) when the energy more than loudand lessthan load and eb(Bmax-B(k,I)).
-Time discharge (T-discharge) when the energy lessthan load.
Time diesd is the time operation of diesel generator when the solar energy not enough and the battery
was drained to Bmin.
(T-abund) + (T-charge) + (T-discharge) = 8760 - (T-diesdl).
Where
(T-solar) = 8760- (T-diesal).
In Fig. (3.4) the productwater yealy and time percent of diesel ,solar required to each system to

operate for one year.
The optimum spedfic energy was attained for productwater 4.37 (m?’/hr) and (37.46 %) energy from

diesal.
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3.3 ONE STAGE REVERSE OSMOSISSYSTEM WITH RECOVERY TURBINE POWERED
BY WIND ENERGY
The Simulation model was devel oped to simulate Reverse Osmosis operated by (Wind power - diesdl).

The data and parameters used in the simulation program are the rea hourly data of the year 1982 for
wind speal of Kythnas Islandin Greece.
Each case was performed for 20 Reverse Osmosis Systems with different Productwater from 0.715

143 (m3/ hr) where the time operation was calculated hourly and yealy for each subsystem.

Fig. (3.5 shows the hourly load of 20 dants and time operation of diesel (T-diesel) in case Reverse
Osmosis System conreded to Wind madine System and Battery.
We aso defined the time operation of system by wind (T-wind).
-Time éund.(T-abund) when attains excess energy more than load and energy requirement to charge the
battery to Bmax eq(5)
-Time charge (T-charge) when the energy more than loud and lessthan load and eb(Bmax-B(k,|))
-Time discharge (T-discharge) when the energy lessthan load.
Time diesd is the time operation of diesd generator when the wind energy not enough and the battery
was drained to Bmin.
(T-abund) + (T-charge) + (T-discharge) = 8760 - (T-diesdl).
Where
(T-wind) = 8760- (T-diesdl).

In Fig. (3.6) the productwater yealy and time percent of diesel ,wind required to each system to

operate for one year.
The optimum spedfic energy was attained for productwater 12.54(m3/hr) and (49.36 %) energy
from diesal.
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3.4.0ONE STAGE REVERSE OSMOSISSYSTEM WITH RECOVERY TURBINE POWERED
BY COMBINED SOLAR AND WIND ENERGY
The Simulation model was developed to simulate Reverse Osmosis operated by (Solar-Wind Power -
diesd).
The data and parameters used in the simulation program are the real hourly data of the yea 1982 for
Wind speed of Kythnos Islandin Greece
Eacdh case was performed for 20 Reverse Osmosis Systems with different Productwater from 0.715

143 (m3/ hr) where the time operation was calculated haurly and yearly for each subsystem.

Fig. (3.7) shows the hourly load of 20 dants and time operation of diesel (T-diesel) in case Reverse
Osmosis System conreded to Wind madine System and Battery.
We also defined the time operation of system by Solar-Wind (T-Sdar-Wind).
-Time éund.(T-abund) when attains excess energy more than load and energy requirement to charge the
battery to Bmax eq(5).
-Time charge (T-charge) when the energy more than loudand lessthan load and eb(Emax -B(k,1)).
-Time discharge (T-discharge) when the energy lessthan load.
Time diesd is the time operation of diesel generator when the Solar-Wind energy not enough and the
battery was drained to Bmin.
(T-abund) + (T-charge) + (T-discharge) = 8760 - (T-diesdl).
Where
(T-Sdar-Wind) = 8760- (T-diesdl).
In Fig. (3.8) the productwater yealy and time percent of diesel ,Solar-Wind required to each system to

operate for one year.
The optimum spedfic energy was attained for productwater 16.71 (m3/ hr) and (45.59 %) energy
from diesel.
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35SIMULATION RESULTS

The simulation was performed for 20 Reverse Osmosis plants where the gradient of Productwater

(Pw) from plant to other was adjusted as
Pw= Pwl (N. 10 where N =( 1 up 20 and Pw1 is the Productwater of one modue.

Fig.(3.3) shows the results of simulations the R.O.Systems operated by Photovoltaic System and
Battery where the yearly time operation by solar and diesel and time @und. time dcarge and time
discharge of battery yealy for ead R.O.System was cdculated also.

Fig.(3.4) is the time percent of time operation d diesel and solar relative to productwater per yea

where
T-diesd increase from (1.2- 61.8 % for productwater from (17.18- 343.5 (m3/hr)

Fig.(3.5 shows the results of simulations the R.O.Systems operated by Wind System and Battery
where the yealy time operation by wind and diesel and time abund. time charge and time discharge of
battery yealy for each R.O.System was calculated also

Fig. (3.6) is the time percent of time operation of diesel and wind relative to productwater per year

where
T-diesdl increase from (0 - 100) % for productwater from (17.18- 343.9 (m3/ hr)

Fig. (3.7) shows the results of simulations the R.O.Systems operated by Solar-Wind System and
Battery where the yearly time operation by Solar-Wind and diesel and time abund. time carge and time
discharge of battery yealy for ead R.O.System was cdculated also

Fig. (3.8) isthe time percent of time operation of diesel and Solar-Wind relative to productwater per

yea where

T-diesdl increase from (0 - 51.4) 56 for productwater from (17.18- 343.5 (m?’/hr)

3.6 Discussion
The problems of shortage of fresh water and rising energy costs are possible to be solved by Reverse

Osmosis System operated by solar or wind or by combined solar and wind.

Wind System is more dficient for productwater less than 35(m3/hr)and solar system is more

efficient when productwater more than 35 (m3/ hr) where for productwater 343.2 (m3/ day) T-diesel

is 100% in wind system and just 61.8% in solar system.

The combination d solar and wind energy enhanced the productivity and time operation by solar and
wind where

T-diesdl was decreased to (51.4%) compared to (61.8%) in solar and (100%) in wind system for the

78



same productwater (343.2 (m3 / day) .

The system operated by solar energy is more stable than system operated by wind energy

The combination d solar and wind energy where is possible enhances the productivity and reduce T-

diesel and give stability to the system.

The pdlicy of operation and size of battery and load of system eff ect on the T-diesel and possible to be

removed for specia design where for our simulation it is possible to remove diesel generator if the plant

factor is (0.9) andthe load (34.92kwh) ie 108 (m*/day) or less.

The optimum spedfic energy was attained at certain value for each power plant of poductwater.

Reverse Osmosis Parameters System

Concentration of salt in feedwater (Cf) = 30000 ppm
Concentration of salt in Productwater (Cpl) =500 ppm
Feedwater Temperature (Tk) = 300 k

Recovery Ratio (Y1) = 0.4

Membrane Areain module (Am1)= 10 m’

Operating pressure (Pol) = 800 psi

Pump efficiency (ep) = 0.9

Turbine efficiency (et) = 0.9

Specific energy consumption (spe) = 6.97 (Kwh/mg)

Wind Machine Parameters

Rotor swept area (Aw) = 528.5 m?
Cut-in speed (Vmin)= 3 m/s

Rated speed (Vr) = 11.1 m/s

Cut-out speed (Vmax) = 24 m/s
Wind generator efficiency (Cp) =0.25

Photovoltaic tai c Parameters

Area of photovoltaic cells (Av) = 1200 m?
inclind angle (Ai) = 37°25'

Conversion efficiency (ec) = 0.08

Battery Parameters
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Maximum level (Bmax) = 600 kwh
Minimum level (Bmin) = 120 kwh
Battery efficiency (eb) = 0.8

3.7 ONE STAGE REVERSE OSMOSISSYSTEM WITH N MODULESPOWERED BY
COMBINED SOLAR AND WIND POWER PLANTS

3.7.1 DESCRIPTION OF THE SYSTEM
Few works have been published about Reverse Osmosis Systems R.O.S. operate with constant

pressure by solar or wind energy.

These works use batteries to maintain a constant presaure in case the Energy is lessthan requirement
to the system or to store the Energy in case more than requirement.

The Batteries represent the main part in the system and big obstruction faaes the wide application in
arid areas of the world due to high part of cost and dain of money which increases the @wst of the
Productwater by thisway.

Up to date dl the modues gart and stop together with constant pressure that means the need to many
batteries to maintain operation of the system in case no enough energy from solar and wind so we can
estimate the maximum cgpadty of Batteries with simple cculationas
Maximum capadty of Batt.=(Consumption Energy in One Module) x

(Numbers of Moduesin the System).
aso that depends onthe policy of system’s operation and demand d water.
Two programs was installed to simulate the two paossible operations of design Fig. (3.1)

by one generate.

A - OPERATION WITH CONSTANT PRESSURE

In this operation the Modules operate one presaire Po so when the energy is enough to first Module

will start in ather words.
if ( P < Po) then the system not operate and there (Eab) not enough to operate one modue and it isless
energy of modue ( Em) where the energy needed to start (ELs) where
Em= Eab+ ELs and
if (Eab= 0) then (Em= Els) that means no solar or wind energy so the energy that may be obtained is
(Eab<Em) Or (Eab=0) and the energy that may be needed is
ELs= Em- Eab
if (Eat = 0) then (ELs= Em)

The System will operate under the pressure control as the following
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if (P < Po) then the energy not enough to operation

if (P>= Po & P< 2Po) then ore Module operates

if (P> 2Po & P< 3Po) then two Modules operate The system may be controlled by the general condition

if (P> Npo & P< ( N-1(Po)) then N Modules operate The maximum energy (Eab) that may be stored is
less than (Em) and

the maximum energy (ELs) that may be neeled is equal to (Em) if one or N Modues operate so the

cgpacity of the Batteriesis minimized to be Lessor Equal (Em) the energy of One modue

B - OPERATION WITH VARIABLE PRESSURE
In this operation the Modules operate one by one with variable presaure (Pmax & Pmin) where
(P <= Pmax & P >= Pmin)

so when the energy is enough to generate Prnin then the first Module will start in other words

if ( P < Pmin) then the system nat operate and there is energy (Eab) na enough to operate one modue
andit islessthan the energy of modu e (Emin) where the energy needed to start one modue (ELS) where
Emin= Eab+ ELs and
if (Eab= 0) then (Emin = Els).
that means no solar or wind energy so the energy that may be obtained is
(Eab<Emin) Or (Eab=0).
andthe energy that may be needed is
ELs= Emin- Eab
(ELs= Emin) if (Eab= 0)
The System will operate under the pressure control as the following
if (P < Prnin) then the energy not enough to operation
if (P>= Pmin & P < Pmax) then one Module operates
if (P> Pmax & < Pmax+Pmin) then one Module operates
if (P>= Pmax+Pmin & P <= 2Pmax) then two Modues operate
if (P> 2Pmax & P < 2Pmax+Pmin) then two Modules operate
The system may be cntrolled by the general condttion
if (P>= (N-1)Pmax+Pmin & < (N)Pmax) then N Modules operate
The maximum energy (Eab) that may be stored is less than (Emin) and the maximum energy (ELS)
that may be neaded is equal to (Emin) if one or N Modues operate so the caecity of the Batteries is
minimized to be Lessor Equal (Emin) the required energy to start one modue

3.7.2SIMULATIONRESULTS

In this mulation was supposed sea water of high salinity as a Feedwater and sunrny windy region to
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provide the system with the solar and wind energy

Fig. (3.12 represents the relation between the energy and the number of Modules that operate in two
designs so for same energy and time the numbers of Modules under operation when the system operates
with variable pressure is lessthan the Modules in the system when operates with constant pressure and
the difference in number of Modules increase if the energy increases as is gown in Fig. (3.12) where
abou 12 Modules will be under operationin design operates with constant pressure subtend to 1 Module
operates at maximum state in ather words
if (P < Prnin) then No any Modue operatesin the two designs
if (P> Pmin& P < Po) then design with constant pressure not operates but 1 Module operates in the
other design.
if (P = Pmax ) then 1 Module operatesin variable option and 12 Module in constant option

Fig.(3.13 is hown the difference in number of Modules at the same time between the two designs
where we can note that in variable option the system operates earlier than in constant option and at high
energy we nead huge numbers of Modues in constant option but in variable option few numbers of
Modules is nealed that means minimization about 12 times the basic cost if the system operates with
variable pressure.

Fig. (3.14 represents the relation between the required energy ELs to operate one Module in the two
designs where ELs in variable option is very small that means small capacity of battery need bu in
constant option ELs is equal to Emin ather words.

ELs= 0.8kwh in constant option kut
ELs= 0.044kwh in variable option

In the present Reverse Osmosis g/stem combined with solar and wind energy the cgadty of batteries

for full operationis.

ELs= N (number of Moduesin the system) x ELs (in constant opt.)

that means huge number of batteries is needed in the present systems which leads to high cost of the
productwater

Fig. (3.19 is $hown the relation between Eab and time for the two designs where in variable option
Eab isvary small where & maximum value

Eab < Emin = 0.044kwh that means snall battery is needed but in constant option

Eab< ELs= 0.8kwh must be the capacity of battery

Fig. (3.16 is hown the Productwater in constant option is less than the productwater in variable
option in the first 4 hours but at high energy the total productwater in constant option is more than the
productwater in variable option & xt the Productwater per Module in variable optionis much more than in
constant option when the system operates at maximum state

In Fig.(3.17) the Rejectwater in constant option is more than in variable option
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37.3DISCUSSOIN

The foll owing points are mentioned From this smulation

1-Variable option is more econamic than constant option where less Modules are used and minimum
energy is gored o required to start a modue where it is possible to remove the battery from the
system.

2-Huge numbers of Module is used in constant option and number of batteries to store the eundant
energy.

3-Huge number of Batteries and Modues are used in the present systems where the Modules operate dl

together with constant presaure.

4-more atention must be paid to the control system to enhance the orientation forward wide gpli cations

of Reverse Osmosis System combined with solar and wind energy.
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CHAPTER (4)
OPTIMIZATION OF THE DIMENSIONS OF WIND AND SOLAR SUBSYSTEMS

4.1 DISCRIPTION OF THE OPTIMIZATION PROBLEMS

The cost is one of the main criterions stand behind the decision of any application a development in

fields of life , the decision is easy to be taken when ore factor is affecting in the system , to light this
point will discuss the problem of combined wind, solar and desel power to operate reverse osmosis
system.

When aregion hes limited potable water and is surrourded by saline water ,in addition to favorable solar
,wind energy or both where the conditions of combined desalination system with such energies are
satisfied ,arise the problem of optimum sizes of the power subsystems such solar ,wind storage systems
andfuel or main grid.

The works have been published about reverse osmosis g/stem combined to wind and solar energy are
classified as the following plants.
1-Reverse osmosis desali nation system (wind energy)
2-Reverse osmosi s desdli nation system (solar energy)
3-Reverse osmosis desali nation system (wind energy,diesel ,main grid)
4-Reverse osmosi s desali nation system (solar energy,diesel ,main grid)
5-Reverse osmosi s desdli nation system (wind energy,solar energy)
6-Reverse osmosi s desdli nation system (wind energy,solar energy,diesel ,main grid)

In modes 1,2,5,the battery is necessary to maintain the operation o the system for days in case no
energy from wind and solar [53,54,%,56,5758,5].

Few papers concerned with the combined wind and solar power plant from view the technique of
optimization [60,61,&].

No ore say how the size of subsystems (wind solar)energy, battery are chosen to achieve the
operation of the system with minimum cost for arequirement Load (Productwater).

In this work will be optimized two reverse osmosis desdi nation systems RO1, RO1RT with recovery
turbine combined to solar ,wind ,letteries ,diesel systems efig. (3.1)

To find the optimum sizes of wind madines ,of photovoltaic conversion system and the caacity of a
battery storage system for a combined power plant with Reverse Osmosis System ,the minimization of the
total life-cycle st of the power plants g/stems is the aiterion to obtain the optimum parameters of the
system for requirement of productwater.

Thetotal life-cycle mst istaken as yearly cost where is expressed as following

Z=(C1)(Aw)+(C2)(AV) +(C3)(Bmax) +(C4)(RLt) 4.1
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where

Z -Thetota cost per yea of power plants ($)
Cl - The ast of rotor swept areaper m’ ($/m’)

C2 - The mst of photovoltaic panels per m? ($/ m?)
C3 -The s of instaled capacity per kwh ($/kwh)

C4 - The st of residual load per kwh ($/kwh)
Aw - The rotor swept area (m?*)

Av - The areaof photovoltaic panels (m?)

Bmax- The maximum cgpadty of the battery (kwh).

RLt - Thetota residual load per yea (kwh).

Theresidual load is an implicit function of the dimension parameters and its costs where we aan write

RLt(Aw,Av,Bmax,C1,C2,C3,C4).

4.2 NON LINEAR PROGRAMING

The total cost of power plants Z is function of Aw Av . Bmax. and which transcribe into nonlinear

programming problems of the form

min{ f°(2)|f' (2)<01=12,....m Re~b =0}

where f': R” - R' are mnvex function ,Risamatrix , and bisavedor of appropriate dimensions

The function (2) to be minimized under the operationa constraints included in the simulation model the

partial derivatives of (2) relative to (Aw , Av , Bmax) when a combined system is designed for a sunry,

windy regions ,will take the form

0z _0(ClxAw) 9(CaxRL)

<0
0AW 0AW 0AW
0Z _ 0(C2x Av) .\ 0(C4xRL) <0
0Av 0Av 0Av
0z __9(ClxBmax) 9(C4xRL)
oBmax  0Bmax oBmax
where we know that
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0(C1lx Aw) >O’ma(C4><RL) <0
0AW 0AW

0(C1x Av) >0’ma(c:4>< RL) <0
0AvV 0AvV

0 (C1x Bmax) >O’ma(c4>< RL) <0
0B max 0B max

The partial derivatives of theresidual |oad relative to size change in powver subsystems will increase if
sizes of power plantsincrease andtendto 0 ,when Aw Av Bmax becomes largerThe minimum of the total

cost Z will achieve for the points (Awo, Avo, Bmaxo ) if

0Z _ 0Z _ 0Z -0
JAw O0Av 0B max

and the Hessian matrix of the oljective functionis always +ve definite where

0°Z 0°Z 0°Z
——7>0,...——>0,...
AW 0Av 0B max
Steepest descent algorithm is one of the earliest algorithm to be used for function minimization.

>0,

The problem is considered as the form
{f° (z)|zDR”}
where f°:R” - R' is at least once ontinuously differentiable The highly precise clculation o the

derivatives of the function
and its value , may be quite mstly in terms of computer time ,and one may therefor wish to avoid it for as
long as possiblein an iterative process for solving the problem

there are basically two types of algorithms for solving the problem which avoid or reduce the
cdculation of derivatives of the function
-The first type derives from methods such as steepest descent or Newton-Raphson and approximates
derivatives with finite differences ,the predsion of the approximation being progressively increased as
one gproaches a solution of the problem
-The seaond type is modified stegest descent algorithm that is conceptually independent of derivative
cdculations which avoid either partly or completely the calculation of derivatives of function

Sewond type was used to find the minimum cost of power plants combined to RO1 RO1RT systems
and the optimal size of each power plant shares in the desdli nation system to produce the required of drink
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water

The outline of the algorithm is as the following

Notations; XJ. = (Aw, Av, Bmax)j at iterationj , AX = (AAw, AAv, AB max)

Data

Step O

Step 1

Step 2

Step 3

Step 31 :

Step 32 :

Step 33 :

Step 4

:a =05...a,=0.05,..., =10,... 3, =5,...5,=05,...y =3.

:Set J=0,...£ =¢,

if A(g,X;)20 then

—£
=%
go to stepl

else

:Set 4 =y and compute

:Compute hj(E,Xj)Z—%g(x,— "‘me)_z(xj)E

:Compute A(e, X)) = Z X +/31@Dhj(€,><j)ﬁ'z(xi)

f (1 X0 ) =Z B+ uihy (e, X)) E-Z(X,)

O(u. X, )= f (1. X0y ) -z fh, (E’Xi)g

if (©(u, X, )= 0) then

p=p,u
gotostep 3.1

else
A=pu
if (f(A,X,.h;)<-a, &) then

i
X =X, +Ah (g, X))
J=J+1

gotostep 1

else

xD:x].

Stop
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4.3 OPTIMIZATION MODEL
The Load in the system mainly is used to operate the pumps in the system this Load is consumed to

produce the Productwater

The strategic am of the desdlination system is to produce the requirement drink water and quality
with minimum cost.

No problem when the system operate by diesel or main grids due to steady power supplied to the
system but in case the system operates by solar or wind energy there is necessity to use the optimum size
of subsystem shared in supplying power to achieve the Load with minimum cost

The equation (4.1) is used to compare the triplets (Aw,Av,Bmax) where for each triplets will generate a
value of RLt thisenergy is suppased to be provided by diesel generator to achieve the Load in the Reverse
Osmosis System to produce the required of productwater for each Load there is one triplets give a
minimum

seechapter (3) for the operation o system and the possible operation each hour fig. (3.1)

The strategic aim of thiswork is to maintain the operation of the Reverse Osmosis System to produce
therequired of drink water
in the mnsumption’s area with minimum cost of the subsystem shared in the power plants .to achieve this
purpose aSimulation program was developed to optimize the subsystem’s gzes combined in the power
plants
The program consists of the foll owing parts
1-main program depends on a gradient-type method with a finite differences of approximate derivatives
and modification d steepest descent algorithm [63,64 with some @nditions and suitable steps length
cdculation to increase the dficiency of program and keep the operation in logic caculation to find the
optimal sizes of subsystem.
2-Simulation program for Reverse Osmosis System as subroutine to evaluate the Load in the system for
therequired of drink water hourly and yealy, to provided the main program with the required 1oad
3-Simulation program for Wind Energy System as subroutine to evaluate the power ead hou for one
yea attained from wind.
4-Simulation program for Solar Energy System as subroutine to evaluate the power each haur for one
yea attained from solar.
5-Simulation program for Battery System as subroutine to evaluate the state of energy and the current
level of battery ead hou andthe Residual load haurly and yealy.
6-Simulation rogram for cost as subroutine to calculate the st of the power plant per year where the
minimum cost is the criterion to obtaining the optimum parameters of the system after finite iterations.

The data and parameters used in the simulation program are the rea hourly data of the yea 1982 for
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global solar radiation onharizontal surface adfor wind speed of Kythnos Islandin Greece.

The simulation program is run har by hou for one yea where relative minimum is found for the
sizes of (Aw,Av,Bmax,RLt) each iteration and after a limited number of iterations the optimization
tedhnique all ows the global minimum cost to be foundfor the optimal sizes of (Aw,Av,Bmax,RLt).

Sewond program was developed to ched the globa minimum and the optimum sizes of
(Aw,Av,Bmax,RLt) where it depends on computational technique as main program and the programs
mentioned in 2,34,5,6

For each parameter of the triplets (Aw,Av,Bmax) the program was run aroundthe optimal value where
the global minimum and the optimum values were verified.

The effect of Load also was smulated where Reverse Osmosis System with Recovery Turbine was
verified.

4.4 APPLICATION
4.4.1 ONE STAGE REVERSE OSMOSISSYSTEM WITHOUT RECOVERY TURBINE
POWERED BY COMBINED SOLAR AND WIND ENERGY

The reverse osmosis g/stem was supposed to produce 7.15 (mg/ hr) human consumption from sea

water with salinity (36000 pm) and the recovery ratio (Y=0.4) . seethe operation d one stage without
recovery turbine capter (2) , also seeone stage reverse osmosis /stem with recovery turbine powered by

combined solar and wind energy chapter (3).

4.4.2 ONE STAGE REVERSE OSMOSIS SYSTEM WITH RECOVERY TURBINE
POWERED BY COMBINED SOLAR AND WIND ENERGY

seethe operation of one stage with recovery turbine chapter (2) also see one stage reverse 0sSmosis

system with recovery turbine powered by combined solar and wind energy chapter (3).
To keeping the photovoltaic system in the power plant new costs was supposed to study the effect of

the parameters on the optimum values where for each parameter the simulation program was run.

A45RESULTS

The figures (4.1-3) are see the optimum values of (Aw ,Av ,Bmax) and the subtended minimum cost
for ROL reverse osmosis g/stem withou recovery turbine and RO1RT reverse osmosis gystem with
recovery turbine due to the market cost.

Figures (4.4-6) show the optimal values of (Aw ,Av , Bmax) when Remvery Turbine mnneded to the
system due prospective asts.

Table(4.1) Optimization results obtained from the simulation of two reverse osmosis systems one stage
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RO1 & ROI1RT with recovery turbine.

ROS. [Aw(m?) |(dAw) % |Av(m?) |(dAv)% |Bmax(Kwh) |(dBmax) |Z($) (d2)%
RO1 861 0.0 2752 770900
RO1RT |640 -25.6 0.0 0.0 2040 -25.8 571200 |-25.9

C1= 350($/me ),C2= 200 ($/m? ),C3= 70 ($/kwh) ,C4= 3 ($/kwh)

The recovery turbine improved the system where decreased the optimal val ues and the st about 26%
table(4.1)
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4.6 SENSITIVITY ANALYSES

To study the effect of each parameter on the performance of the system and onthe optimal values of

the parameters the optimization program was run for each parameter where Cl ,C2 ,C3 were decreased

30% and C4 WE(k,I),SEc(k,l) increased 30%.

Table (4.2) is srown the results and the effed of ead parameter on the optimization and costs ,where
we can say there are interrelations among the parameters and the st of the system is function of (Cl ,C2
.C3 .C4 WE(k.I) ,SEc(k,l)) ,aso the optimum values are function of (Cl ,C2 C3 C4WE(K,I) ,SEc(k,1)).

Table(4.2) Optimization results obtained from the simulation of the Reverse Osmosis System One

Stage RO1RT with Recovery Turbine for the parameters (C1,C2,C3,C4,FE WE).

ROS.  [AwW(m?) |(dAw) % |AV(n?) [(dAV)% |Bmex(Kwh) |(dBmex) [Z($) [(d2)%
ROIRT 333 0.0 2149 | 0.0 884 0.0 77915 0.0
C1-30% |387 +16.2 | 1969 |-8.3 874 11 72533 |-6.9
C2-30% | 300 0.0 | 2778 |+29.2 | 899 1.7 70456 |-9.6
C3-30% |335 +0.6 2188 |+1.8 961 +8.7 72352 |-7.1
C4+30% |332 0.4 2474 |+15 968 +9.5 83725 |+7.5
E30% | 293 12 2143 |-0.3 900 +1.8 72346 |-7.1
WE+30% |283 15 2143 |-0.3 899 +1.7 73907 |-5.1

Table(4.3) Optimization results of the yealy diesel consumption and yealy time operation of diesd
generator ,obtained from the simulation d the Reverse Osmosis System One Stage RO1RT with

Reoovery Turbine for the parameters (C1,C2,C3,C4,FE,WE).
C1= 50 ($/me ),C2= 10 ($/nr),C3= 20 ($/kwh) ,C4=0.5 ($/kwh)

ROS.  [RLyKwh) [(dRLD) % [td(hr) (dtd)%
ROI1RT 44133 0.0 1124 0.0
C1-30% 43638 +1.1 1111 -1.2
C2-30% | 36026 -18.0 922 18
C3-30% |40721 7.7 1033 -8
C4+30% | 35400 19.8 894 205
SE+30% | 36579 171 932 17
WE+30% |40712 -7.7 1044 -7.1
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4.7 Discussion

The photovoltaic system has removed from the power plant for the two designs of reverse osmosis
systems. This result comes from the high cost of phaovoltaic system relative to the other systems and the
low of solar energy in the region.

The maximum effed was attained by deaeasing the st of photovoltaic system where global
minimum was deaeased by (10%) due to (-30%) in (C2) but when Solar Energy increased (30%) the
global minimum cost decreased (7%).

Inspite of this save in diesel we found the global cost increased about (7.5%) as a result of increasing
(15%) in (Av) and (9.5%) in (Bmax) to maintain the operation of the system with minimum cost.

Theincreasing in desd price éout 30% raised the global cost about (7.5%).

In general we can write as results the foll owing

Z=f(C1 C2,C3,C4WE(k,I) ,SEc(k,I)).

Aw=f (Cl ,C2 WE(K,I) ,SEc(k,I)).
where (dAw) is small about (1%) due to (30%) changein
Av=f(C3 C4 C4).
where (dAv) is lessthan (2%) and less than (1%) due to (30%) change in (C3) and solar ,wind energy in
respedively.

Bmax=f(C3 ,C4)

where (dBmax) is lessthan (2%) dueto (30%) change in remains parameters.

Table (4.3) shows the effect of parameters on the diesel consumption and qoerating time of diesdl
generator where low effect of (C1) and high effect of (C4) but the practica effect comes from the solar
energy and price of photovoltaic where dout (18%) of diesel or (18%) of generators time operation was

saved.

4.8GENERAL CONCLUSIONS -PROSPECTIVES

This work presents first the simulation results of the main Reverse Osmosis Desdli nation Systems in

use
* One stage (RO1).
» One stage with recvery turbine (RO1RT).
* Two stages (RO2).
» Two stages with recovery turbine (RO2RT).
It also deals with two new designs proposed .These two designs are ssimulated according to the
following models.
» One stage with modue mnrected to the rgjectwater (RO11).
« Two stages with modue conrected to the reectwater (RO21).
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where improvement in spedfic energy and productivity were achieved in addition to the rejectwater
reduction compared to the system RO1, RO2, RO1RT, RO2RT.
The main conclusions obtained are
1.Significant quantity of energy can be saved by the use of recovery turbine in PO1RT, RO2PT
compared to RO1, RO2.
2.The use of semnd stage increases the consumption of energy in the system asin RO2 compared to RO1
and RO21 compared to RO11.
3.The system RO11 proved to be the one with lessenergy consumption, Hgher water productivity and
rejedwater reduction.
As concern as the RO21 it presents similarly high productivity and reduction of rejectwater ,although the
energy consumption increases comparing to the systems RO11 and RO1RT when the system operates at
high pressure for sea ad brackish water

The design RO11 proved the best compared to RO1RT, RO2RT, RO21 when feedwater is regycled
,where rgjectwater was reduced to just (20%) in RO11.

Semndthis work presents the simulation results for reverse osmosis desalination systems powered by
combined solar and wind paver plants for the following cases
» One stage reverse 0smosis gystem with recovery turbine.

« One stage reverse osmosis g/stem with nmodu es under constant and variable pressure.

The conclusion oliained from this work are:

The system powered by solar energy is more stable than the one powered by wind energy

The combined use of solar and wind energy enhances the productivity reducing the diesd
consumption.

The pdlicy of operation and the size of the battery eff ects onthe diesel consumption which is possible
to beremoved for special design where the power factor is (0.9) and the product water up to 108(m?/day).

The operation d the system with variable presaure is more econamic than constant presaure as less
modues are used and minimum energy is gored or required to start amodue andit is possible to remove
the battery from the system.

More attention must be paid to the mntrol system to enhance the orientation forward wide
applications of Reverse Osmosis System powered by combined with solar and wind energy.

The problem of determining the optimal size of the three @mporents (Solar cells, Wind generator
,Battery ) has been formulated for an autonamous g/stem and for an integrated system with an auxiliary
electricity generator such desel units .In spite of the implicit nature of the criterion as a function of the
sizes ,the computational technique is efficient and easy to use .It can be gplied to any set of local data &
help in conceiving a combined plant

The numerical values obtained in this work are relative to the kythnas for which the meteorol ogical
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data were available .They should only be considered as an illustrative example since the evaluated cost
values could not be acurately determined ,The difficulty of a priori cost/benefit analysis arises from the
fact that the phaovoltaic equipment has not yet been mass produced and that the two renewable energy
production systems are ill at an experimental level ABut the econamic analysis is nevertheless a
cornvenient way to the design of a wherent combined system.

The simulation program has proved that the minimum cost is attained when optimal values of active
size of (Aw ,Av ,.Bmax) and paver from diesel or other source are used.

The stegoest descent agorithm succeaded to give solution while the variations of the different
parameters proved the sensibility of the method.

In case that the reverse osmosis gystem is powered orly by wind energy ,the use of recovery turbinein
reverse osmosis ystem reduced each of the optimal size of rotor swept battery and as result the cost about
(26%).

The variation d optimum cost for variation d the sizes of subsystems around the optimum sizes was
about (1%).

The efficiency of the subsystems as well as the parameters of reverse osmosis g/stem affect on the
optimum cost of the power plant.

The design RO11, RO21is passible to be operated as two lines of productwater ,the productwater for
drink from first stage in RO11 and semnd stage in RO21 while the productwater from the modue
conrected to re ectwater to be used in ather activities (cleaning ,irrigation) with acceptable salinity ,where
drinking and cooking per person represents (10%) in development countries and (1%) in certain western
courtries from the water consumption.

Intelli gent control isrequired to improve the operation of ROl RO21 powered by combined
solar and wind energy , when the rejectwater is recycled ,and qperates with variable pressure.

These two designs need more study to find the best choice for two lines of productwater and the
optimal choice in arid regions when the regedwater is less than a fix tenths of (m?/day), where it is
obvious we enter into direct rivary with the conventiona solar stills ,not as lution of brine disposal

only ,but as desalination system will add more productwater with low sali nity lessthan (50 ppm).
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