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1. Introduction

Distillation and reverse osmosis are the two most common processes to obtain fresh water
from seawater or brackish water.

A leading distillation method is the Multi Stage Flash process (MSF). For this method, fresh
water is obtained by applying thermal energy to seawater feed in multiple stages creating a
distillate stream for fresh water uses, and a concentrated (brine) stream that is returned to
the sea.

In Reverse Osmosis processes (RO), the seawater feed is pumped at high pressure to special
membranes, forcing fresh water to flow through the membranes. The concentrate (brine)
remains on the upstream side of the membranes, and generally, this stream is passed
through a mechanical energy recovery device before being discharged back to the sea.
Desalination plants require significant amounts of energy as heat or electricity form and
significant amounts of equipments. Reverse osmosis plants typically require less energy
than thermal distillation plants. However, the membrane replacement and the high-pressure
pumps increase the RO production cost significantly. Furthermore, even the salt
concentration of permeated stream is low; this stream is not free of salt, as the distillate
stream produced by a MSF system.

Therefore, hybrid system combining thermal and membrane processes are being studied as
promising options. Hybrid plants have potential advantages of a low power demand and
improved water quality; meanwhile the recovery factor can be improved resulting in a
lower operative cost as compared to stand alone RO or MSF plants.

Several models have already been described in the literature to find an efficient relationship
between both desalination processes (Helal et al., 2003; Agashichev, 2004; Cardona &
Piacentino, 2004; Marcovecchio et al., 2005). However, these works analyse only specific
fixed configurations for the RO-MSF hybridization.
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In this chapter, all the possible configurations for hybrid RO-MSF plants are analyzed in an
integrated way. A super-structure model for the synthesis and optimization of these
structures is presented. The objective is to determine the optimal plant designs and
operating conditions in order to minimize the cost per m3 of fresh water satisfying a given
demand. Specifically, the work (Marcovecchio et al., 2009) is properly extended, in order to
study the effect of different seawater concentrations on the process configuration. This will
allow finding optimal relationships between both processes at different conditions, for a
given fresh water demand.

2. Super-structure description

The modelled superstructure addresses the problem of the synthesis and optimization of
hybrid desalination plants, including the Multi Stage Flash process: MSF and the Reverse
Osmosis process: RO. The total layout includes one MSF and two RO systems, in order to
allow the possibility of choosing a process of reverse osmosis with two stages. Many of the
existing RO plants adopt the two stages RO configurations, since in some cases it is the
cheapest and most efficient option.

Figure 1 illustrates the modelled superstructure. All the possible alternative configurations and
interconnections between the three systems are embedded. The seawater feed passes through
a Sea Water Intake and Pre-treatment system (SWIP) where is chemically treated, according to
MSF and RO requirements. As Figure 1 shows, the feed stream of each process is not restricted
to seawater; instead, different streams can be blended to feed each system. Then, part of the
rejected stream leaving a system may enter into another one, even itself, resulting in a recycle.
The permeated streams of both RO systems and the distillate stream from MSF are blended to
produce the product stream, whose salinity is restricted to not exceed a maximum allowed salt
concentration. Furthermore, a maximum salt concentration is imposed for the blended stream
which is discharged back to the sea, in order to prevent negative ecological effects.
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Fig. 1. Layout of the modelled superstructure
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Seawater characteristics: salt concentration and temperature are given data, as well as the
demand to be satisfied: total production and its maximum allowed salt concentration. On the
contrary, the flow rate of the seawater streams fed to each system are optimization variables,
as well as the flow rate and salt concentration of the product, blow down and inner streams.
The operating pressures for each RO system are also optimization variables. If the pressure
of the stream entering to a RO system is high enough, the corresponding high pressure
pumps are eliminated. Moreover, the number of modules operating in parallel at each RO
system is also determined by the optimization procedure. The remainder rejected flow rate
of both RO systems, if they do exist, will pass through an energy recovery system, before
being discharged back to the sea or fed into the MSF system.

For the MSF system, the geometrical design of the evaporator, the number of tubes in the
pre-heater, the number of flash stages, and others are considered as optimization variables.
The complete mathematical model is composed by four major parts: The Multi Stage Flash
model, The Reverse Osmosis model, network equations and cost equations. The following
section focuses on each of these four parts of the model.

3. Mathematical model

3.1 Multi Stage Flash model

The model representing the MSF system is based on the work (Mussati et al., 2004). A brief
description of the model is presented here.

The evaporator is divided into stages. Each stage has a seawater pheheater, a brine flashing
chamber, a demister and a distillate collector. Figure 2 shows a flashing stage.

()
SSEE0\
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[e]
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Distillate tray f—— / / Demister

Brine Bring flow
™y _ring

Fig. 2. Scheme of flashing stage

In a MSF system, feed stream passes through heating stages and is heated further in the heat
recovery sections of each subsequent stage. Then, feed is heated even more using externally
suplied steam. After that, the feedwater passes through various stages where flashing takes
place. The vapor pressure at each stage is controlled in such way that the heated brine enters
each chamber at the proper temperature and pressure to cause flahs operation. The flash
vapor is drawn to the cooler tube bundle surfaces where it is condensed and collected as
distillate and paseses on from stage to stage parallelly to the brine. The distillate stream is
also flash-boiled, so it can be cooled and the surplus heat recovered for preheating the feed.
Figure 3 shows an scheme of a MSF system with NS stages.

Often, part of the brine leaving the last stage is mixed with the incoming feedwater because
it reduces the chemical pre-treatment cost. According to the interconections and
recirculations considered in the modeled superstructure, two typical MSF operating modes
are included: MSF-OT (without recycle) and MSF-BR (with recycle). However, more
complex configurations are also included, since different streams can be blended (at
different proportions) to feed the MSF system.
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Fig. 3. MFS system

The MSF model considers all the most important aspects of the process.
The heat consumption is calculated by:

QDES = erlsf Cpmsf At 10_6 pb (1)
At = At; +At, +BPE 2)

Total heat transfer area and number of flash stages are calculated as:

A=

Toax —AM=TE )/ At
Wi 10° Cppe | (At=BPE " 8y
u At

NS =(Typay — At~ Th() /At ; 4)

The total production of distillate is evaluated by:

®)

NS
CPomsf AL
WE . =WE 1—(1——19me fJ

A

The following equation establishes a relation between heat transfer area, number of tubes
and chamber width:

A;=uTD B4 N, NS (6)
The stage height can be approximated by:
Hs=2Lb+Ds (7)

The number of rows of tubes in the vertical direction is related to the number of tubes in the
following way:

N,, =0.481 TD\/N, 8)

The following equation relates the shell diameter to the number of rows of tubes and Pitch:

Ds=N, P2 9)
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The length of the desaltor is constrained by the following two equations:

P -3
L= W 107 (10)
Bmsf Vvup pvup
L,=Ds NS (11)

The total stage surface area is calculated by:

Ag=2L, B, ;+2HsL, +HsB,_, NS (12)

msf

Finally, the temperature of last flashing stage of the MSF system is calculated as:
Tos = Tonax — NS Aty =Ty + At (13)

Despite the simplifying hypothesis assumed in the model, the MSF process is well
represented and the solutions of this model are accurately enough to establish conclusions
for the hybrid plant.

3.2 Reverse osmosis model

The model representing the RO system is based on the work (Marcovecchio et al., 2005). A
brief description of the equations is presented here.

Each RO system is composed by permeators operating in parallel mode and under identical
conditions. Particularly, data for DuPont B10 hollow fiber modules were adopted here.
However, the model represents the permeation process for general hollow fiber modules
and any other permeator could be considered providen the particular module parameters.
Figure 4 represents the RO system modeled for the hybrid plant.

Fig. 4. RO system

Initially, pressure of inlet stream is raised by the High Pressure Pumps (HPP). Then, the
pressurized stream passes through membrane modules, where permeation takes place. Part
of the rejected stream could pass through the energy recovery system, before being
discharged back to the sea or fed into the MSF system. Therefore, part of the power required
for the whole plant is supplied by the energy recovery system, and the rest will be provided
by an external source.

Equations (14) to (30) describe the permeation process taking place at one module of each
system.
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The transport phenomena of solute and water through the membrane are modeled by the
Kimura-Sourirajan model (Kimura & Sourirajan, 1967):

_, —p iRT,p°(C-C7)

J&¥=3600A| Ps —Ps — 3 s=rol, ro2 (14)
10° Ms 101325
3600 B (CI' -CY )p°
S S S
= s=rol, ro2 15
i it (15)
The velocity of flow is:
w S

+
LA (]s—]s) s=rol, ro2 (16)

S pp

The following equation gives the salt concentration of the permeate stream:

_J210°

P
c v pP

S

s=rol, ro2 (17)

Permeate flow rate is calculated as the product between the permeation velocity and the
membrane area:

QP =VYA, s=rol,ro2 (18)

The total material balance for each permeator is:

Qf =QP+QP  s=ro1, ro2 (19)

The salt balance in each permeator is given by:

Qfcl =QPcR + QP! s=ro1, ro2 (20)

The phenomenon of concentration polarization must be considered. The principal negative
consequence of this phenomenon is a reduction in the fresh water flow. The approach
widely used to model the influence of the concentration polarization is the film theory. The
Sherwood, Reynolds and Schmidt numbers are combined in an empirical relation: equation
(24) to calculate the mass transfer coefficient:

Sh = ks 210 s=rol, ro2 (21)
D
S b
Re, = 27’0# s=rol, ro2 (22)
g
b
Sc, = 5 s=rol, ro2 (23)
p- D
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S

Shy =2.725(Re, )1/3 (Sc )1/3 s=rol, ro2 (24)

The concentration polarization phenomenon is modeled by:

C;n — Cf sz
R o = exp( 2600 % } s=rol, ro2 (25)

In order to estimate the average pressure drop in the fiber bore and the average pressure
drop on the shell side of the fiber bundle, it is necessary to calculate the superficial velocity
in the radial direction. According to (Al-Bastaki & Abbas, 1999), the superficial velocity can
be approximated as the log mean average of the superficial velocity at the inner and outer
radius of the fiber bundle:

f
us = & s=rol, ro2 (26)
36002 R; L

f
use = Qs — szAm

o= s=rol, ro2 (27)
36002 R, L

v log(us /uze)

The approximation for the pressure drop in the fiber bore is based on Hagen-Poiseuille’s
equation:

s=rol, ro2 (28)

116pPr, VY I

ﬁs =1+ 1
23600 r,* 101325

s=rol, ro2 (29)

Similarly, the pressure drop on the shell side of the fiber bundle is estimated by Ergun’s
equation:

1 175(1-¢)p°(Ug )2
2 £d101325

1 _2\2,,b171S
ot _pt _11503(12 e) pUs (R,-R))
2 £, 2101325

(RO - Ri) s=rol, ro2 (30)
Finally, the total flow rates of feed and permeate for each system are given by:
WF=NM.Q!  s=rol, ro2 (31)
WYX =NM,QP  s=rol, ro2 (32)

The chosen model considers all the most important aspects affecting the permeation process.
Even thought, differential equations involved in the modeling are estimated without any
discretization, the whole model is able to predict the flow of fresh water and salt trough the
membrane in an accuracy way.
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3.3 Network equations

The overall superstructure is modelled in such way that all the interconnections between the
three systems are allowed, as it shown in Figure 1.

In effect, part of the rejected stream of each system can enter into another system, even itself.
The fractions of rejected streams of RO systems that will enter into MSF system or that will
be discharged back to the sea, will pass through the ERS. On the contrary, the fractions of
rejected streams of RO systems that will enter into a RO system again, will not pass through
the ERS, because the plant could benefit from these high pressurized streams. In fact, when
all the streams entering to a RO system flow at a high enough pressure, the corresponding
HPPs can be avoided. That RO system would correspond to a second stage of reverse
osmosis. In that case, the pressure of all the inlet streams will be levelled to the lowest one,
by using appropriated valves. However, if at least one of the RO inlet streams is coming
from MSF system or from sea, the pressure of all the inlet streams will be lowered to
atmospheric pressure, and before entering membrane modules, HPPs will be required. The
network and cost equations are formulated is such way that the optimization procedure can
decide the existence or not of HPPs and this decision is correctly reflected in the cost functions.
When the whole model is optimized, the absence of a particular stream is indicated by the
corresponding flow rate being zero. Furthermore, the optimization procedure could decide
the complete elimination of one system for the optimal design. The energy and material
balances guarantee the correct definition of each stream.

The total fresh water demand is 2000 m3/h and is the result of blending the product stream
of each system:

WPsf + I/vrol 02 - pT’OdC (33)

The fresh water stream must not exceed a maximum allowed salt concentration. This
requirement is imposed by the following constraint, taking into account that distillate
stream is free of salt, but permeate RO streams are not.

Cmax < (N MrolQrol o1 T N MroZQrOZCrOZ ) / pTOdC (34)

For ecological reasons, the salinity of the blended stream which is discharged back to the sea
must not be excessively high. An acceptable maximum value for this salinity is 67000 ppm:
Chrst W™ + CRAWIE™ + CRAWSS™ < 67000( Wigt™ + WSS + WiB™) - (35)

msf rol

By considering all the possible streams that can feed MSF system, the following equations
give the flow rate of MSF feed stream:

WFSE - Wf eedmsf + WRsf + Wol + WroZ (36)

Consequently, salt and energy balances for MSF feed are:
CF Cf eed Wf eedmsf + Cmsf WIE + Croll/v ol T Cro2WrRog/[ (37)

Trflsfwrflsf = Tf eed Wf eEdmsf + Tgsf Wﬁg + Trolwrléli/[ + T Wr02 (38)
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The overall mass and salt balances for MSF system are given by:

WIIFle = Wrﬁsf + WRsf + Wg? e W§§ Wxﬁ?fdw 39)
Cfnsf Wr}; Cmsf (WRsf + Wnlggl + WRr + WRde ) (40)

Similarly to equation (36), the following equations give the flow rate of RO feed streams:

Wrol Wf ee{irol + WRr + eréliol WrISEOl (41)
I/VIOZ Wf €€dr02 + WRr + I/vrIc{)lio2 WrI({)EOZ (42)

Equations (43) and (44) establish the division of the total rejected stream leaving each RO
system in the different assignations:

NMr01Qr01 01 +WRr01 I/Vrlélioz er(?;dw (43)

NMron 02 + WRI‘Ol + WRI'02 WI;SCIW (44)

ro2 — I

The salt balances for RO system feeds are:

C,rol = Cf eed Wf eedrol + Crlisf WRr + Crol le + C'r02 le (45)
CF r02 - Cf eed Wf €€d 2t Cmsfl/vnlgfo2 + Cilwrléli(ﬁ + CR V\/l‘lf)202 (46)

Meanwhile, energy balances for RO systems feeds are given by:

T WE | = Tfeed Wreed,, + TS WROL T WRIOL L T wRIe! (47)

rol

T sWE, = Tfeed Weed, , + TR WVR? 4+ T (WRIOZ 4 T W R (48)

T

The overall mass balances for RO systems are:

we

rol —

=W

T

o1+ erf) + I/\/Rm1 + I/VR“’2 + Wléll’dw (49)

T

WE, = WP, + WRM L prReol | jp7Rro | 7 Rbdw (50)

I T T

The following equations establish the overall salt balances for RO systems:

T r

Croll/vr Crolw ol + Crol (W ol + WRrOl leliOZ Wlélljdw ) (51)

CroZWr CroZW 02 + Cr02 (W 02 + Wle + WRr02 + Wlégdw ) (52)

I

Equations (53) to (60) assign to the variables P;o1" and Pro» the minimal pressure over all
the flows entering to the corresponding RO system. This assignation will allow the model to
decide whether the HPPs before each RO system are necessary or not. In fact, if the minimal
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pressure of the inlet streams: Pin is equal or greater than the pressure needed to pass
through the membrane modules: Pf, then the corresponding HPPs are not necessary. On the
other hand, if the value of Pin does not reach the operating pressure Pf, then the
corresponding HPPs cannot be avoided. In the following section, this decision will be
modelled by the cost functions.

If the stream feeding the RO1 system includes part of brine stream leaving the MSF system,
equation (53) imposes that the corresponding variable P.,ii» be lower or equal than
atmospheric pressure. On the contrary, if no stream coming from MSF system is feeding the
RO1 system (i.e. WpsRro1=0), then constraint (53) does not affect variable P,iin at all.
Equation (56) performs the same imposition by evaluating the existence or not of stream
coming from the sea in the RO1 feed.

Equations (54) and (55) evaluate the existence of streams coming from an RO system and
feeding RO1 system. If any of these streams does exist (i.e. WioiR01>0 or WipoRro1>0), the
variable Po1in is imposed to be lower than the pressure of the corresponding stream.

W' (Bl -1)<0 (53)
W (Pis - (2P, ~ Bp)) <0 (54)
WE (Pisy — (2B2; — B) ) <0 (55)
Wreed, (P;gl - 1) <0 (56)

Equations (57) to (60) act in analogous way to the four previous ones for the system RO2.

Wi (Pl ~1) <0 (57)
W (Pl = (2B — Piy) ) <0 (58)
Wis? (Prigz —(2P%, - PrfOZ)) <0 (59)

Wieed,os Pty 1) <0 (60)

When the HPPs before an RO system are avoided, it is not convenient that the
corresponding system operates at pressure lower than the available one. The following
equations guarantee that, and also ensure the correct definition of associated cost functions.

P 2 Py (61)
Py 2 By (62)

Most of the constraints presented in this section are complementary to the cost functions
described in the following section.
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3.4 Cost equations
This section describes the cost equations of the total plant. The objective function to be

minimized is the cost per m3 of produced fresh water. Capital and operating costs are
calculated. The cost equations were formulated in such way that they can correctly reflect
the presence or absence of equipments, streams or systems.

Capital costs are calculated by equations (63) to (67), while equations (69) to (76) estimate
the operating ones.

Cost function reported by (Malek et al., 1996) was adopted in order to estimate capital cost
for the SWIP:

Copip =996 ((Wheed g + Wreed, oy + Wreed, ) 24)0'8 (63)

swip rol

Capital cost of HPP is defined in the same way. As it was explained at section 3.3, the
variables Pin assume the minimal pressure over all the streams feeding a RO system, while
Pf is the operating pressure of the system. Equations (64) and (65) along with the
optimization procedure, will make the variables cchpp to assume the capital cost of the HPP
only when Pf> Pin, otherwise cchpp Will assume value null.

WE in

Lcchppl - 4501 (393000 +10710 195011.01325)} : (Pjo1 - Pml) >0 (64)
er; in

[cchppz e (393000 +10710 Pr{,21.01325)J (P2~ B )20 (65)

Capital cost of the ERS is similar to the HPP one, since it consists of a reverse running
centrifugal pump. Taking into account flow rate and pressure of the streams passing
through the ERS, the capital cost is given by:

Rbdw RM
. (WRbdw | A/RM)) (393000 +10710 (2P%,-Pf |
450

Rbdw RM
(Wieo 45+0Wr°2 )(393000-+ 10710 (2P%,-P,,) 1.01325)

cc ) 1.01325) +

(66)

The capital cost considered for the MSF system is the one due to the heat transfer area.
According to (Mussati et al., 2006) this cost can be estimated as:

CCarea = (At + As 25) 50 (67)

Therefore, the plant equipment cost is: cCeq = CCswip + CChpp1 + CChpp2 + CCarea. Civil work cost is
estimated as a 10% of cceq (Wade, 2001). Indirect cost is estimated in the same way (Helal et
al., 2003). Then, the Total Capital Cost (TCC) is given by:

Capital charge cost is estimated as a 8% of the total capital cost (Malek et al., 1996):

co. = 0.08 TCC (69)
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The cost due to permeators is included as operative cost, by calculating their annualized
installation cost and considering the replacement of 20% of permeators per year. According
to (Wade, 2001) this sum can be estimated as $397.65 per module per year.

C0rp = (NMio1+ NMio2) 397.65 (70)

Energy cost is calculated by using the cost function given in (Malek et al., 1996) and the
power cost reported in (Wade, 2001). The energy required by the SWIP and the HPP; and
the energy provided by the ERS must be taken into account:

P.. . (Wfeed ... + Wteed. , + Wteed 24
co, =0.03 fc swip ( f msf f rol f r02 )
ejf swip
. (P! -Pi")1.01325 WE | 24 . (P!,-P") 1.01325 W, 24 o
—effurs 1.01325 (282, -Piy) 24 (W™ + Wist') = effrs 1.01325 (2P0p-Prp) 24 (Wop™ + mfé%]

Spares costs are calculated by using the estimated values reported by (Wade, 2001):

co, =24 365 (WL, +WE

ro2

)£, 0.033 +24 365 WX, f. 0.082 (72)

Chemical treatment costs is calculated using the cost per m3 of feed reported in (Helal et al.,
2003):

coy, =24 365 (Wfeed,,, + WX+ Wreed, , + WRI®?) £.0.018

+24 365 (Wieed.,.. + WM + WRMY £ 0.024 (73)

o

General operation and maintenance cost is calculated according to the value per m3 of
produced water reported in (Wade, 2001):

oy, =24 365 (WE  +WE +WPF ) f. 0126 (74)

rol

Similarly, power cost for MSF system is evaluated according to (Wade, 2001):

00,y =24 365 Wy f. 0.109 (75)

The cost of the heat consumed by MSF system is calculated by using the function proposed
by (Helal et al., 2003):

Cone = 24 365 f. (QPes 106/ 1) (Tmax-323) 0.00415 /85 (76)
Finally, the Annual Operating Cost (AOC) is given by:

AOC = coctcorptc0etcostCOchtCOom™COpwtCOnt (77)

By considering a plant life of 25 years (1) and a discount rate of 8% (i), capital recovery
factor can be calculated, giving: crf=((i+1)-1)/(i(i+1)"). Finally, fresh water cost per m?3 is
given by:
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cost— TCC/crf + AOC 78)
prodc 24 365

Equations (1) to (78) define the model for the design and operation of a hybrid desalination
plant, including MSF and RO systems.

In the following section, this model will be optimized for different seawater salt
concentrations, and the obtained solutions will be analysed.

4. Results: Optimal plant designs and operating conditions

In this section optimized results are presented and discussed.
The proposed optimization problem P is defined as follows:

P: minimize cost
s. t. Equations (1) to (78)

while all the variables have appropriated bounds.

The optimization procedure will look for the optimal layout and operating conditions in
order to minimize the cost per m3 of produced fresh water.

It is important to note that almost all discrete decisions were modelled exploiting the actual
value of flow rates and pressures. Thus, no binary decision variables were included into the
model. Only four integer variables are involved: the number of flash stages and the number
of tubes in the pre-heater at the MSF system; and the number of permeators operating in
parallel at each RO system.

Tables 1 and 2 list the parameter values used for the RO and MSF systems, respectively.

Parameters for RO systems

i, number of ions for ionized solutes 2
R, ideal gas constant, N m / kgmole K 8315

Ms, solute molecular weight 58.8

T, seawater temperature, °C 25

PP, brine density, kg/m3 1060

PP, pure water density, kg/m3 1000

P, permeated stream viscosity, kg/ms  0.9x10-3
b, brine viscosity, kg/m s 1.09x10-3
D, diffusivity coefficient, m2/s 1x10-9
Pswip, SWIP outled pressure, bar 5

effswip, intake pump efficiency 0.74

effupp, high pressure pumps efficiency 0.74
effers, €nergy recovery system efficiency  0.80
fc, load factor 0.90

Table 1. Parameters for RO systems
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Parameters and operating ranges of the particular hollow fiber permeator were taken from
(Al-Bastaki &Abbas, 1999; Voros et al., 1997). These specifications constitute constants and
bounds for some variables of the model.

Parameters for MSF system

Tmax, K 385
Cpmst, Kcal/ (kg K) 1
TD, m 0.030
Pitch: P; 1.15
BPE, K 1.9
U, Kcal/m2/K/h 2000
4, Kcal/Kg 550

Table 2. Parameters for MSF system

The optimization model was implemented in General Algebraic Modeling System: GAMS
(Brooke et al., 1997) at a Pentium 4 of 3.00 GHz. At first, the MINLP solver DICOPT was
implemented to solve the problem. Unfortunately, the solver failed to find even a feasible
solution for most case studies. Then, other resolution strategy was carried out in order to
tackle the problem and obtain the optimal solutions.

Since it involves only 4 integer variables, the problem was solved in 2 steps. Firstly, the
relaxed NLP problem was solved, i.e., the integer variables were relaxed to continuous ones.
Departing from the optimal solution of the relaxed problem, the MINLP was solved by
fixing the integer variables at the nearest integer values and optimizing the remaining
variables. Since the MINLP problem presents a lot of non-convexities, a global search
strategy was also implemented. In fact, for each study case, the previous 2 steps were
repeated starting the optimization search from different initial points, and then, the best
local optimal solution was selected. The generalized reduced gradient algorithm CONOPT
was used as NLP solver. This resolution procedure was successful, providing optimal
solutions in all case studies. The total CPU time required to solve all the cases was 1.87s,
what proves that the proposed procedure is highly efficient and the model is
mathematically good conditioned.

11 case studies were solved for seawater salt concentration going from 35000 ppm up to
45000 ppm. The total production was fixed at 2000m3/h with a maximum allowed salt
concentration of 570 ppm.

Table 3 shows the values of the main interconnection variables for the optimal solutions:
feed flow rates, product and internal streams, as well as their salt concentrations.

Table 4 reports design variables and operating conditions for each process for the optimal
solutions.

For seawater salt concentrations between 35000 and 38000 ppm, the optimal solutions do not
include the MSF system. In fact, for these salinities, the optimal hybrid plant designs consist
on a typical two stage RO plant. However, if the seawater salinity is greater than 38000 ppm,
both desalination processes are present in the optimal design of the plant; that is: including
MSF system is profitable.

Figure 5 shows a scheme of the optimal design of the plant obtained for seawater salinities
between 35000 and 38000 ppm.
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Optimal solutions for the hybrid plant: MSF-RO. Total Production: 2000m’/h. Maximum allowed salt concentratior

Seawater salinity Cfeed,ppm | 35000 36000 37000 38000 39000 40000 41000 42000 ‘
IProduction flow rates for MSF and RO processes

Wi, m’/h - - - - 132.4 210.6 285.9 358.5
(Wrot'+ Weoo'), m/h 2000 2000 2000 2000 1867.6 1789.4 1714.1 1641.5
Seawater feed: Wreed, m*/h

IMSF - - - - 304.0 543.9 794.6 1057.7
RO1 4241.3 4373.0 4498.0 4790.1 4441.0 4376.8 4315.4 4256.7
RO2 - - - - - - - -
Flow rates of the interconnection streams: W, m>/h

IMSF F - - - - 1146.4 1808.6 2444.1 3044.2
IMSF P - - - - 132.4 210.6 285.9 358.5
IMSF RM - - - - 725.4 1169.2 1599.3 1986.5
IMSF Rrol - - - - - - - -
IMSF Rro2 - - - - - - - -
IMSF Rbdw - - - - 288.6 428.7 558.8 699.2
RO1 F 4241.3 4373.0 4498.0 4790.1 4441.0 4376.8 4315.4 4256.7
RO1 P 1499.6 1495.1 1492.3 1540.7 1385.2 1322.5 1262.4 1204.8
RO1 RM - - - - - - - -
RO1 Rrol - - - - - - - -
RO1 Rro2 2741.7 2877.9 3005.7 2808.8 3055.8 3054.3 3053.0 3051.8
RO1 Rbdw - - - 440.6 - - - -
RO2 F 2741.7 2877.9 3005.7 2808.8 3055.8 3054.3 3053.0 3051.8
RO2 P 500.4 504.9 507.7 459.3 482.4 466.9 451.7 436.8
IRO2 RM - - - - 117.1 95.4 50.2 -
IRO2 Rrol - - - - - - - -
RO2 Rro2 - - - - - - - -
RO2 Rbdw 2241.3 2373.0 2498.0 2349.5 2456.3 2492.0 2551.2 2615.0
Salt concentration of the interconnection streams: C, ppm

IMSF F - - - - 60317.6| 58059.1 | 56833.3| 56050.2
IMSF R - - - - 68194.8| 65712.0 64363.0| 63531.0
RO1 F 35000 36000 37000 38000 39000 40000 41000 42000
RO1 P 383.8 402.4 419.8 437.8 455.4 475.3 496.2 518.2
RO1 R 53934.2| 54493.6| 55160.9| 55810.8| 56472.6| 57113.9| 57747.9| 58375.5
RO2 F 539342 | 54493.6| 55160.9| 55810.8| 56472.6| 57113.9| 57747.9| 58375.5
RO2 P 940.5 951.6 978.9 1013.6 1055.3 1095.3 1137.1 1180.6
RO2 R 65764.6 | 65884.8| 66174.0| 66522.5| 66861.1 | 67221.6| 67577.7| 67928.1
Cost of fresh water, $/m’ 0.6784 0.6952 0.7121 0.7410 0.7717 0.7985 0.8240 0.8486
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Optimal solutions for the hybrid plant: MSF-RO. Design variables and operating conditions.
Seawater

salinity: ~ |35000 |36000 {37000 |38000 | 39000 | 40000 | 41000 | 42000 | 43000 | 44000 | 45000
Cfeed, ppm

MSF

Qe - - - - 8.80| 12.93| 16.78| 20.46| 23.89| 27.10] 30.14
Geal /h . . . . . . .
NS - - - - 19 23 26 28 30 32 33
As, m2 - - - - 828.8| 1103.5| 1332.8| 1515.5| 1679.8| 1836.0| 1957.8
A, m?2 - - - - [11858.9[19552.927100.3[34308.440568.8/46406.2(52594.8
At, K - - - - 724 6.75| 648 634 630 628 6.25
Atr, K - - - - 3.54| 295 2.63] 246 234 223 219
At,, K - - - - 1.80] 1.89] 195 199 207, 215 216
N - - - - 368 501 615 723 798| 855 940
Ls, m - - - - 8.55| 12.09] 15.13| 17.66| 19.88| 21.96| 23.74
Hs, m - - - - 1.45| 1.53] 158 1.63] 1.66| 1.67| 1.72
Ds, m - - - - 0.45| 053] 058 063 066] 0.67] 0.72
TmsfF, K - - - - 310.5| 310.3| 310.3] 309.9| 308.6| 307.4| 306.3
Tms?, K - - - - 317.7) 317.1] 316.7| 316.2| 314.9] 313.7| 312.6
RO1

NM; 4633| 4777\ 4915| 5232| 4843 4773| 4706 4642| 4580 4520 4462
Pf, atm  |67.900(67.900(67.900(67.899|67.900 | 67.900 | 67.899 |67.900 |67.893 | 67.898 | 67.900
HPP1 yes | yes | yes | yes | yes yes | yes | yes | yes yes yes
Tro1, K 298.0] 298.0] 298.0] 298.0] 298.0] 298.0] 298.0] 298.0] 298.0] 298.0] 298.0
RO2

NM, 3129 3189 3286| 3063| 3332 3331 3330| 3328 3327 3325 3323
Ph, atm  |67.868(67.868|67.868 (67.866|67.867 | 67.867 | 67.867 |67.867 |67.860 | 67.865 | 67.866
HPP2 no no no no no no no no no no no
Tro2, K 298.0] 298.0] 298.0] 298.0] 298.0] 298.0] 298.0] 298.0] 298.0] 298.0] 298.0

Table 4. Optimal solutions for the hybrid plant: design variables and operating conditions
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Rro2
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g () e Ror
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HPP1
Fig. 5. Scheme of the optimal design for seawater salinities between 35000 and 38000 ppm

The stream with flow rate IW;,1Rbdw is only present for 38000 ppm of seawater salinity. For
salinities lower than 38000 ppm, the totality of the stream rejected from the first RO stage:
system RO1, enters into the second RO stage: system RO2. Then, the stream entering into
the system RO2 is sufficiently pressurized. Therefore, the high pressure pumps before
system RO2 are avoided in the optimal solutions. This decision is properly made by the
optimization procedure, and it is correctly reflected in the cost function.
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Figure 6 shows a scheme of the optimal solutions obtained for seawater salt concentrations
between 39000 and 45000 ppm.

For these case studies, both desalination processes are present at the optimal hybrid plant
design. The RO systems work as a two-stage RO plant, i.e.: system RO1 is fed directly from
sea, while its rejected stream is the fed stream for system RO2. No other streams are blended
to feed RO systems.

Regarding MSF system, it operates with an important recycle. This re-circulated stream
reduces the chemical pre-treatment and raises the feed stream temperature with the
consequent reduction of external heat consumption. Both factors straightly impact on the
final cost.

Wt
it T
=y () MSF wl__y
W'

SWIP wr
=0 I > Ro2 <
Rro2
? I/Vrol WRbdw
ﬁ ro2 ’

14, dro P
fee l. .-}Q} RO1 VVrol

HPP1
Fig. 6. Scheme of the optimal design for seawater salinities between 39000 and 45000 ppm

As it is also shown in Table 3, the three first cases presented in Figure 6 include the stream
with flow rate W;2RM. However, for seawater salt concentrations higher than 41000 ppm this
flow rate is null and the stream does not exist. Then, for the last four case studies, even
though the two desalination processes are selected for the optimal plant design, they operate
in independent way. In fact: there is no stream connecting the MSF and RO processes.
However, both processes share the intake and pre-treatment system. Furthermore, the
salinity of the product stream satisfies the maximum allowed salt concentration requirement
because the three product streams are blended. As it can be seen at Table 3, if only the
permeate streams coming from RO systems are blended, then the salt concentration of the
resulting stream will be far above the maximum allowed salt concentration.

Again, the stream feeding system RO?2 is composed only by the stream rejected from system
RO1 and it is high pressurized. Thus, the high pressure pumps before system RO2 are
unnecessary and consequently, they are avoided at the optimal design.

Figure 7 shows the fresh water produced by each desalination process for all the case
studies.

As it was mentioned, for seawater salt concentrations below 38000 ppm, MSF system is not
present, thus the demand is totally satisfied by RO systems. On the other hand, for seawater
salinities higher than 38000 ppm, both processes contribute to satisfy the demand. Although
the RO systems produce more fresh water than MSF system, the MSF production increases
according to the seawater salinity rise.
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Fig. 7. Fresh water production

If the MSF system would not be considered, for the optimal design of a two stage RO plant
the capacity of the second stage will decrease when the seawater salinity increases
(Marcovecchio et al., 2005). In fact, even though the stream rejected from the first RO stage is
high pressurized and it could enter into a second stage with no need of high pressure
pumps; in the optimal design, part of this stream is discharged back to the sea. The second
stage capacity will continue decreasing until only one RO stage is the optimal design for
high feed salt concentration. The reason why it is no longer profitable to use the stream
rejected from the first RO stage is that its salinity is too high. Thus, the salt concentration of
the potential permeate will be lower but also high and then, it is not possible to satisfy the
maximum allowed salt concentration even by blending with the first stage permeate.
Therefore, the fresh water produced by the first stage must be higher in order to satisfy the
demand. Consequently, the flow rate of seawater is increased. As a consequence, the cost
per m3 of fresh water increases, since many costs are directly affected.

Contrary, in a hybrid plant where the MSF process is available, in that break point where the
optimal design of a RO plant changes, it begins to be profitable to complement the RO
production with distillated from MSF system.

Then, for feed salinities higher than 38000 ppm, the growth of MSF system production is
approximately linear. With this plant design, there is no stream rejected from the first RO
stage being discharged back to the sea, i.e. the totality of that stream enters into the second
RO stage. And the total production of the plant reaches the requirement of maximum
allowed salt concentration by blending the slightly concentrated permeate from RO systems
with the free of salt distillate of MSF process.

Finally, Figure 8 compares the cost per m3? of fresh water produced with the optimal
configurations obtained for the hybrid plant with those obtained for the RO stand alone
plant.

As it is shown in Figure 8, the cost reduction reached with the hybrid RO-MSF plant is
considerable. For feed salinities between 39000 and 44000 ppm, the cost function has an

www.intechopen.com



Optimization of Hybrid Desalination Processes

Including Multi Stage Flash and Reverse Osmosis Systems 329
1 .
0.95
e RO
€ o9t
y
v
e
%085
S RO-MSF
@
& o0af
ES
G
0075
[V
07k
0.B5

36 3B 37 38 39 4 41 42 43 44 45
Seawater salinity (ppm) w10t

Fig. 8. Fresh water cost for hybrid RO-MSF plants and RO stand alone plants

almost linear growth with respect to the seawater salinity, for both: RO and hybrid plant.
However, the growth rate associated to the hybrid plant cost is far lower.

For comparative purposes, optimal designs for the MSF stand alone plant were calculated.
That is, it was calculated the cost per m? of fresh water produced by the MSF-once through
process satisfying the same demand: 2000 m3/h. In the implemented model, this cost is not
affected by the feed salinity. The cost obtained for the case studies was $1.1683. Also, the
designs obtained are the same for all the case studies, since the only constraint that could
affect the solution is the one requiring that the concentration of the stream discharged back
to sea be lower than 67000 ppm, but this limit is not reached in any case.

5. Conclusion

In this work, a MINLP mathematical model for the optimal synthesis and design of hybrid
desalination plants, including the two conversion processes: reverse osmosis and multiple
stage flash evaporation, was presented.

The MSF model is based on a previous work presented by (Mussati et al., 2004). It involves
real-physical constraints for the evaporation process and is derived on energy, mass and
momentum balances. In addition, geometric dimensions of stages including chambers and
pre-heaters are considered as optimization variables. Heat exchange areas of condensers are
also design variables to be determined.

The RO model with hollow fiber permeators is based on the work (Marcovecchio et al.,
2005). For this model, the transport phenomena of solute and water through the membrane
are modelled by Kimura-Sourirajan model. The concentration polarization phenomenon is
taken into account. The Hagen-Poiseuille and Ergun equations are employed to calculate the
pressure drops. In the RO model, the number of permeators operating in parallel, the
operating pressure and flow rates are the main optimization variables.

The modelled hybrid plant includes two RO and one MSF systems. The proposed
superstructure allows optimizing not only operating conditions but also process
configurations simultaneously. Thus, the model includes network constraints which are
related to all potential interconnections between the three systems.
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Network constraints ensure the correct definition of flow rates, salt concentrations and
temperatures for each stream.

Cost equations take into account all the factors affecting the cost of each process. Certainly,
capital investment and operating cost of all process equipments were considered.

Optimal solutions for eleven case studies were obtained, for different seawater salinities.
Then optimal designs and operating conditions were determined by minimizing the cost per
m?3 of produced fresh water. Cost equations are able to reflect accurately the presence or
absence of certain equipment, stream or even a whole system.

From the optimal solutions, it can be concluded that the RO stand alone plant is the best
option for feed salinities between 35000 and 38000 ppm. In fact, the optimal design obtained
for these cases consist on a two-stage RO plant while the MSF process was completely
eliminated.

However, when the seawater salinity rises, it is profitable to integrate the MSF system in a
hybrid plant. Actually, for feed salinities higher than 38000 ppm both desalination processes
are present at the optimal plant design. In these cases, the integration of MSF process allows
a better use of the rejected streams leaving the first and second RO stages. As a consequence,
the final fresh water cost is reduced. It is important to note that although the RO production
is higher than the MSF one, the MSF capacity increases according to the seawater salinity
rise.

Then, important conclusions about the relationship between membrane and thermal
desalination processes can be established from the optimal solutions presented in this work.
In fact, the optimal hybrid plants were described for different seawater conditions, in order
to minimize the cost of producing fresh water.

In future works, more detailed models for each process will be included in the
superstructure problem, in order to improve the model presented here. In addition, other
interconnections between the two studied processes will be considered, as the incorporation
of streams coming from RO system in different stages of the MSF evaporator. Then, the
interaction between both desalination processes will be more flexible and may lead to
reduce the total cost of the process.
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7. Nomenclature

Subscripts

msf Multi Stage Flash System
rol Reverse Osmosis System 1
ro2 Reverse Osmosis System 2
Superscripts

F Feed

P Permeate - Product
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Rrol
Rro2
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BPE

Ccarea
CCow
CCeq
CCers
CChpp1
CChpp2

Rejected - Concentrated brine

Rejected to be blown down

Rejected brine entering into MSF system
Rejected brine entering into RO1 system
Rejected brine entering into RO1 system

brine density - RO, kg / m3

pure water density - RO, kg / m3

brine viscosity - RO, kg / (m s)

permeated stream viscosity - RO, kg / (m s)

latent heat evaporation - MSF, Kcal / kg

feed flow rate per membrane module - RO, m3/h

permeate flow rate per membrane module - RO, m3/h

brine flow rate inside the shell per membrane module - RO, m3/h
salt concentration at the membrane wall - RO, ppm

vapor density - MSF, kg / m3

temperature drop - MSF, K

water flux - RO, kg/m2.h

solute flux - RO, kg/m?2.h

void fraction - RO

effective driving force for the heat transfer operation - MSF, K
temperature drop for the flashing operation - MSF, K

feed stream pressure - RO, atm

Average pressure in the fiber bore - RO, atm

Average pressure on the shell side of the fiber bundle - RO, atm
velocity of permeation flow - RO, m/h

Superficial velocity at the outer radius of the fiber bundle - RO, m/s
Superficial velocity at the inner radius of the fiber bundle - RO, m/s
superficial velocity in the radial direction of the bulk stream - RO, m/s

pure water permeability constant - RO, kg/m?2.s.atm
module membrane area - RO, m?

Annual operating cost, $/y

Total stage surface area - MSF, m?2

total heat transfer area - MSF, m2

solute permeability constant - RO, m/s

chamber width - MSF, m

boiling point elevation, K

salt concentration, ppm

capital cost of heat transfer area of MSF system, $
capital cost of civil work, $

total equipment cost, $

capital cost for the Energy Recovery System, $

capital cost of High Pressure Pumps for system RO1, $
capital cost of High Pressure Pumps for system RO2, $
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CCj indirect capital cost, $
Ccswip  capital cost for the Seawater Intake and Pre-treatment system, $
Cfeed  feed salt concentration, ppm

Cmax maximum salt concentration allowed for the product stream, ppm
COc capital charge cost, $/year

COch chemical treatment cost, $/year

COe energy cost, $/year

COnt cost of the heat consumed by system MSF, $/year
COom general operation and maintenance cost, $/year
COpw power cost for system MSF, $/year

COrp cost of permeator replacement, $/year

Cos spares cost, $/year

cost cost per m3 of produced fresh water, $/m3

Cpmst  heat capacity - MSF, Kcal / (kg K)

crf capital recovery factor

D diffusivity coefficient - RO, m2 / s

dp specific surface diameter - RO, m

Ds shell diameter - MSF, m

effers energy recovery system efficiency

effapp  high pressure pumps efficiency
effswip  intake pump efficiency

fc load factor

Hs chamber height - MSF, m

i number of ions for ionized solutes - RO

k mass transfer coefficient - RO, m/s

L length of fiber bundle - RO, m

Lb level of brine in the flashing chamber - MSF, m

Ly length of desaltor - MSF, m

Ms solute molecular weight - RO

NM number of membrane module operating in parallel mode in each RO system
Nyt number of rows in the vertical direction - MSF

NS number of flashing stages - MSF

N number of tubes - MSF

Pin pressure of the stream entering into each RO system - RO, atm

prodc  total plant production, m3/h
Pswip  seawater intake system outlet pressure, bar

Py Pitch - MSF

(QDes external heat consumption - MSF, Gcal/h
R ideal gas constant - RO, N m / (kgmol K)
Re Reynolds number (2.r0.UsS. p° / 1P) - RO
R; inner radius of the fiber bundle - RO, m

Ti inner fiber radius - RO, m

R, outer radius of the fiber bundle - RO, m
To outer fiber radius - RO, m
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Sc Schmidt number (u /p0.D) - RO

Sh Sherwood number (2.k.r,/D) - RO

T temperature, K

TCC total capital cost, $
D tube diameter - MSF, m
Tfeed seawater temperature, K

Tinax maximum brine temperature - MSF, K

u overall heat transfer coefficient - MSF, Kcal / (K m2 h)
Voap vapor velocity - MSF, m / s

w flow rate, m3/h

Wfeed  seawater feed flow, m3 / h
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