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Reverse osmosis (RO) network design problem is presented in this study for seawater desalination. The RO pressure
vessel is multiple spiral wound modules connected in series. We exploit in this study the RO pressure vessel operation
by considering stream property variations within the pressure vessel itself. The design problem allows extraction of
high-quality permeates from different locations along the pressure vessel length. Superstructure optimization is adopted
to model the RO network in order to find: (1) optimal arrangement of the process units, (2) optimal permeate extraction
locations, and (3) production of several permeate streams with different qualities. Several case studies are presented to
show the applications of the proposed mathematical programming model. In general, lower treatment cost and higher
permeate recovery can be achieved by allowing permeate extraction streams from the RO pressure vessels. © 2013
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Introduction

Seawater desalination by reverse osmosis (RO) is the domi-
nant proven technology beside multistage flash distillation.
The primary driving force for the separation is a pressure dif-
ference across semipermeable and selective membrane to sep-
arate seawater feed stream into lean permeate and
concentrated streams. In order to facilitate the separation,
high-pressure pumps (HPPs) are used to pressurize the feed
streams prior to RO stages. Energy extraction from HPPs by
pressure exchangers (PEs) serve to minimize the energy con-
sumption in RO plants. Spiral wound RO module configura-
tion is an attractive option for desalination applications due to
their ease of operation, compact density, and fouling control
on a commercial scale.'

A spiral wound module consists of several flat sheet mem-
branes folded around a central permeate tube. High pressure
seawater stream is normally fed into a pressure vessel with a
number of RO membrane modules (i.e., around eight ele-
ments) connected in a series configuration. In the first mod-
ule, water permeates through the membrane resulting in
permeate and reject streams. This process continues in the
subsequent modules with further treatment of the high pres-
sure reject stream and collection of the permeate stream.
Typically, the first pass of an RO stage is followed by other
RO stages to either further process the high reject stream or
to refine the first pass permeate stream. These stages are
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arranged to process different intermediate streams in order to
reach high quality permeate products.”

The optimization of RO network problem has been
addressed by many research studies to look for optimal sizes
and configuration of process units, and their optimal opera-
tion. This problem was modeled through a graphical tech-
nique to solve for two stage RO network as straight through
and tapered arrangements.” Another hierarchical two stage
procedure was proposed for the RO network design. In the
first level, the membrane characteristics and product con-
straints can be determined, whereas a second level identifies
the RO network typology and its operating conditions for
desalination applications.*

Superstructure optimization of membrane networks has
received immense interest in recent years.”’ The approach
gives rich stream assignments between fresh feed streams,
unit operations, and product streams. Based on the graphical
representation of the design problem, a mixed integer nonlin-
ear programming model can be formulated to model large
design alternatives. The solution of the mathematical pro-
gramming model eventually provides optimal unit operation
arrangement and stream assignments among the unit opera-
tions to reach final products from a set of feed streams. A
first attempt to model the RO network through superstructure
optimization was tackled through the state space approach.8
An improvement of the RO network model was proposed to
give more process network alternatives with a heuristic
search and global search algorithms.”™" Further analysis of
two stage RO network design problem for seawater and
brackish water treatment took into account the RO module
dimensions as decision variables.'?
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RO network design problem is assumed to have two RO
stages to reach final permeate products with total dissolved
salt (TDS) less than 500 ppm. Sensitivity analysis of differ-
ent feed seawater streams and salt concentrations were ana-
lyzed to check how the RO network topology behaves in
order to reach different permeate property constraints (i.e.,
different permeate flow rates and TDS concentrations). These
conditions were studied through a superstructure'>'* by
adopting the state space approach.® A third RO stage may be
required to reach strict permeate qualities (e.g., TDS less
than 100 ppm).

RO membrane performance usually declines over time as
a result of reversible and irreversible fouling. Consequently,
membrane cleaning is a mandatory task to recover the mem-
brane performance due to fouling matter attachment on the
membrane surface in the case of reversible fouling condi-
tions. Irreversible fouling leads to membrane structural mod-
ification over time which imposes membrane replacement
requirements. Several optimization studies were proposed to
provide decisions about optimal membrane cleaning and
replacement as a function of time-dependent permeability
coefficient decline.'>™"”

The previous design optimization problems consider the
RO pressure vessel as an input of only a single-feed stream
and two output product streams (e.g., concentrated and per-
meate streams). Split partial second pass reverse osmosis
(SPSPRO) design concept is a novel design compared with
other RO design problems. In the SPSPRO design, permeate
streams are extracted at different locations along the length
of the pressure vessels. This design concept allows the pro-
duction of different grades of permeate streams from a
single-pressure vessel which provides flexibility in the opera-
tion of RO plants.z’lgf20

In this study, we consider the SPSPRO design concept
through superstructure optimization for desalination applica-
tions. The design problem will be presented as to process
seawater feed stream by RO units in different stages. Utility
units (pumps and PEs) will serve the purpose of delivering
and recovering energy from different streams. These unit
operations will be linked through rich combinations by a
superstructure representation. Mixed integer nonlinear pro-
gramming model will be developed based on the superstruc-
ture representation to evaluate large process network
alternatives simultaneously. In the following sections, design
concept preliminaries will be given to shed light on impor-
tant aspects of the SPSPRO network design problem and to
define the problem statement. Further, we will explain the
superstructure representation, followed by the mathematical
programming formulation. Case studies will be given to

Pump

illustrate the advantages of the proposed SPSPRO design
problem. Finally, we give the conclusions from the research
study.

SPSPRO Design Problem

It is appropriate at this point to define some important
terms before discussing the SPSPRO network. A RO module
or element is composed of several RO flat sheet membranes
folded around a central permeate tube (e.g., spiral wound
module). These modules are connected in a series arrange-
ment within a high-pressure vessel. A RO stage or a pass is
composed of several number of high-pressure vessels operat-
ing under the same conditions of flow rate, pressure, and
chemical composition. The RO network design problem
under consideration will have several RO stages, pumps, and
energy recovery units such as PEs. Figure 1 depicts the unit
operations that may exist in every RO stage.

Process synthesis problems exploit stream properties and
manipulate them by mixing, splitting, and unit operations to
reach the desired final products through a superstructure rep-
resentation. Likewise, it is important to exploit the stream
properties inside the unit operations. The essential driving
force for an RO unit is a pressure difference across the
membrane. This driving force deteriorates along the length
of the pressure vessel due to the increase of TDS concentra-
tion and increase of the osmotic pressure. A good RO mod-
ule design should minimize the pressure drop in order to act
against the increase of osmotic pressure and optimize the
operating conditions.

During the operation of an RO pressure vessel, the first
RO modules normally produce higher flow rate of permeate
with lower TDS compared with the last modules, Figures 2
and 3. One can notice that the detailed knowledge of flow
rate and TDS distribution within pressure vessel is an impor-
tant factor if the production of different permeate grades is
desirable. In the SPSPRO design concept, different permeate
streams are extracted from the pressure vessel and directed
either to another pass for further processing or to the final
product collection points.z’lgf20

This study considers permeate stream side extraction from
every RO module existing within the pressure vessels in the
RO network design problem. The RO design approach
allows meeting strict final permeate streams with high qual-
ities as a result of high quality permeate stream extraction
from the front modules. In the case of meeting higher quality
permeate streams that cannot be met from the first pass, a
second RO stage can further process the first pass permeate
streams to reach the final demand product constraints. An

RO pressure vessel

Permeate

i [ Module 1 }{ Module 2 J_[ Module 3 } _____ [ Module n J >

High pressure reject

A

Pressure exchanger

Figure 1. RO stage with auxiliary equipments.
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Figure 2. Permeate salinity along the pressure vessel
length.2

RO stage can be represented by Figure 4 to illustrate perme-
ate stream withdrawals and the utility units (pumps and
PEs). Clearly, the problem requires a systematic engineering
approach in order to give an optimal solution for the
SPSPRO layout.

The design problem can be addressed as given below:

e seawater stream with known TDS concentration;

e set of RO membranes with different TDS rejection

characteristics (MEMB);

e set of RO stages (SRO);

e set of pump units (HPP);

e set of booster pumps (BP);

e set of pressure exchanger units (PE).

The task is to synthesize an SPSPRO treatment plant to
meet several permeate streams with different qualities. To
give answers for the previous problem, a superstructure rep-
resentation of the design problem is necessary to develop a
mathematical programming model. The next section explains
the superstructure representation in this research study.

RO Network Superstructure

RO superstructure represents different process layouts or
alternatives to give a designer an assortment of alternatives
for simultaneous evaluation. This study gives compact repre-
sentation for the process units in every RO stage. In general,
every stage has sets of mixer and splitter nodes. The mixer
nodes are the points for mixing streams from different stages
to provide RO feed streams, whereas the splitter nodes split
the RO stage product streams to other RO stages and to the
final product mixer nodes.

Figure 5 is another way of representing an RO stage com-
pared with Figure 4. The first mixer (MIX1) is a feed stream

30 -
25 A

20 A

NI

Element position

Figure 3. Flux distribution in eight element RO pres-
sure vessel.?

Permeate flux fraction, %
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which will be processed by the RO stage. This stream results
from mixing different streams coming from other RO stages.
In order to raise the feed pressure, the stream can be directed
to a HPP. Also, this stream can be split partially to the PE
unit and followed by a BP to match the HPP exit stream.
Another mixer (MIX2) receives a high-pressure stream
which is a feed stream to the PE unit. This node serves the
purpose of extracting kinetic energy in the PE unit from
other RO stages.

The splitter nodes act as other venues of interactions
between different RO stages. These splitter nodes (SP;-SP,)
provide locations for permeate extraction. After the splitter
nodes, permeate streams with different qualities can be
directed to the final product permeate streams and other RO
stages. The splitter SP,, ;| is the high pressure reject splitter
coming out of the RO stage. This node acts as a source of
interaction with other RO stages, other PEs, and the final
reject streams going out of the network. The last splitter
SP, + - has an exhausted stream coming out of the PE unit
which flows out of the network. It should be emphasized
that the energy recovered in the PE may not match the HPP
exit stream conditions. In this case, a BP is needed to raise
the pressure to the HPP exit stream conditions.

The superstructure of SPSPRO network can be assembled
through the given input information of seawater TDS con-
centration, set of RO stages, and the final permeate product
stream demand. The set of any RO stage is composed of par-
allel RO pressure vessels which house several number of RO
modules connected in series. Any RO feed stream is split
equally over all the RO pressure vessels in the RO stage.
Besides, HPP, BP, and PE units supplement the RO stage
operation requirements as explained in Figure 4. The
SPSPRO superstructure representation is depicted by Figure
6. It shows the stream distribution for the SPSPRO network
from the inlet seawater feed until the final permeate products
for two RO stages. It is worth pointing out that the represen-
tation can be assembled for any number of RO stages fol-
lowing the same concept of Figure 6.

The inlet feed seawater stream is distributed over the RO
stages (SRO) in the distribution box (DB). These stream
assignments link the inlet seawater feed to the mixer nodes
for every RO stage. The exit streams from every RO stage
(i.e., streams from the splitter SP; to SP, . ,) enter the DB
as feed streams to the RO stages and the final reject and per-
meate streams. This representation gives rich stream assign-
ments between the inlet seawater feed stream, RO stages,
and the final reject and permeate streams. Within this net-
work, a designer looks for an optimal SPSPRO layout to
treat the feed seawater stream and to reach the final perme-
ate product constraints. The given SPSPRO network has
some analogy with distillation network representation taking
into account side stream extractions from different locations
along the length of a distillation column.?'* The next sec-
tion gives the mathematical programming formulation for
the SPSPRO network model.

Mathematical Programming Model

The mathematical programming model formulation for the
SPSPRO network is a mixed integer nonlinear program
(MINLP). The discrete variables model the selection of
membrane types in every RO module, the existence of RO
modules, the existence of auxiliary equipments, and the
stream assignments in the DB. All other variables are

February 2014 Vol. 60, No. 2 AIChE Journal
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Figure 4. SPSPRO stage with auxiliary equipments.
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Figure 5. Splitter and mixer nodes representation for an RO stage with auxiliary equipments.
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Figure 6. Split partial second pass RO superstructure representation for two RO stages.

AIChE Journal February 2014 Vol. 60, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 523



Salt
Fintets Pintets Xinlet

. T xg:ﬁ

Figure 7. A mixer node representing input flow streams
and a single-product stream.

continuous such as flow, pressure, and concentration. In the
DB, there are many mixer and splitter nodes to allow inter-
actions between different stream states in the network. A
mixer node is given by Figure 7 which shows different
streams going through the node to yield an input feed for an
RO stage or the final product streams. The mixer node
requires total and component balances as given by Eqgs. 1
and 2.

inlet

exrt Z leet Vexit . (1)

inlet

Salr 2 : Salt
exrl Xexit — leet inlet

A restriction of mixing the input streams is limited to only
streams with equivalent pressure values as

Vexit. 2)

Fi < F up Vinletexit ViDlet, exit 3)
Pexir - Pinler < PUP (1 _yinler,exit) Vinlet7 exit (4)

Pt = Pinee = P° (1

exit inlet

YVinletexit ) Vinlet, exit Q)

where ;. oxi¢ 1S @ binary variable to allow mixing between
every inlet stream and the mixer product stream. The set of
Eqgs. 3-5 forces the input streams to diminish if there is no
pressure match with the mixer exit stream.

A splitter node has an opposite action compared with the
mixer node, Figure 8. A single-feed stream is split into sev-
eral streams with the same properties as given by Eq. 6.
These exit streams will be mixed with other splitter output
streams to have conditions matching a mixer node exit con-
ditions as explained before by Egs. 3-5.

exit

Finlet = ZFexil (6)

There are restrictions for the final permeate product

streams on the flow rate (Fpgryvpate) and TDS concentration

(gl e arg ) demand through the following equations.

F PERMEATE 2 F ]l;I(E)RMEATEVPERMEATE (7)
i vEarg < xUPS Y PERMEATE 8)

The RO stage set (SRO) will have a set of governing
equations describing the transport of Water mass flow rate,
F‘é{g}nRo, and salt mass flow rate, F Elem RO > across the mem-
brane for every module. This model follows the solution dif-
fusion model.">'>?* It assumes negligible effects of the

Fiutets Pinkl’xls:lletl —_— .

Figure 8. A splitter node representing an input flow
stream and output product streams.

Salt
Fexits Pexits Xexit
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channel curvature as the feed channel thickness is much
lower than the RO module radius. Further, the permeate
channel pressure drop is not significant. The concentration
polarization is modeled by the film theory. In addition, it is
assumed that the RO membrane performs under clean condi-
tions (e.g., no fouling effects). The water mass flow rate and
the salt transfer across the membrane are described by the
following equations

Wat REJin
FElemro =SA ElemRO W4 Elem RO (P Elem.RO ~ APElem RO

PERM )) )

_ pPERM

_ (_REJ
Elem,RO (”Elem,Ro TElem,RO

VElem,RO € SRO

F E‘llgm R0 = SA Eiem g0 Betemro ( FlemRO ~ YElemRO ) (10)
VY Elem,RO € SRO

SA plem ro 18 the effective membrane surface area for every
module. Wa Elemro» and Bgi. o represent the water and salt
permeablhty coefficients, respectively. ngn“;{m APgien RO >
and PEERM  are the inlet reject pressure, pressure drop, and
permeate pressure in the RO module, respectively. The
osmotic pressure in the reject and permeate sides are given by
TR RO » AN TR o, where xRV and X[ VR, are the salt
concentration at the reject and permeate membrane wall,
respectively.

The osmotic pressure at the reject (nkEr Rro) and perme-
ate sides (nElCm 'Ro) are correlated with the salt concentration
at the membrane wall as given by Eqgs. 11 and 12. The sea-
water property correlations found in the literature are nonlin-
ear functions of seawater TDS concentration and
temperature.”° Nonetheless, the proposed seawater prop-
erty correlations (e.g., osmotic pressure, density, and viscos-
ity) were found to behave as linear functions of TDS
concentration under the range covered in this study assuming
RO isothermal condition. These linear correlations were
obtained by simulation of nonlinear models and curve fitting
the generated data with R* higher than 99%. xE{X‘}'{O and
xEle‘Zl“go are the TDS concentration at the membrane wall for
the reject and permeate sides. It can be seen from Eq. 9 that
the osmotic pressure at the reject side will reduce the water
flow across the membrane, whereas the osmotic pressure at
the permeate side has an opposite effect.

Tolemgro = 70 +0.1716 x50/ % VElem,RO € SRO (1)

Moo = 70 +0.1716 xpv s VElem, RO € SRO  (12)

The concentration polarization describes the transport of
salt at the reject side by Eq. 13. The mass transfer
(kgemro )» permeate velocity (Ve ro)> and permeate con-
centration at membrane wall are given by Egs. 14-16,
respectively. These equations assume a fully developed con-
centration polarization layer on the RO membrane surface.

REJf REIbulk

X VElem,RO
R-Wall _ _P-Wall Elem,RO Elem,RO p ~Wall —
YElem RO — YElemRO T 2 YElemRo | € HKO
VElem,RO € SRO
(13)
DS?IL o
— 0.75 0.33 Elem,R!
Kgjemro =0-04 Re gichy ro SC Eiem RO —a (14)

VElem,RO € SRO
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Wat Salt
_ F +IE

Elem,RO em,RO
VElemRro = SA ey ¥ Elem , RO € SRO  (15)

Elem,RO PElem,RO

Biem RO
ERM  _ em,

Elem,RO — FWat o fSalt VElem,RO € SRO (16)

Elem,RO Elem,RO

REJ f REJ bulk

XElem RO ANA Xgj ro are the feed and bulk salt concentra-

tion at the reject side. Re g, ro» SC premro » Do ro > and d
are Reynold’s, Schmidt, salt diffusivity, and feed space
thickness, respectively. The permeate density (P ro) and
reject density (pREl po) are function of the RO module
average TDS concentration as given by the following
equations.

Prioto = T00xp %o +998 VElem, RO € SRO  (17)
PR RO = 100X en& o +998 ¥Elem,RO € SRO  (18)

The reject flow exhibits pressure drop (AP o) for

every element as given by Eq. 19.

APRE! 9.2x10™" Qpiemro Lgiem R0 HElem RO
Elem,RO (19)

wWd3
VElem,RO € SRO

Qklem RO » Lgiem ro > MElem RO » and W are the average volu-
metric flow rate at the reject side, length of membrane ele-
ment, reject viscosity, and membrane element width,
respectively. The reject viscosity is approximated by Eq. 20
as a linear function of the average reject salt concentration

R-avg E .

(*Erem o ) sSimilar to the other seawater properties.

Ko ro = 2X 1073 xg® o +0.0009 ¥ Elem, RO € SRO
(20)

The mass change on the reject side is equivalent to the
permeate mass change for every element as given by Eq. 21.

REJjin _ pREJout __ ~PERM,out PERM.,in
Friemro ~ FElemro =FEemro —FElem RO VElem,RO € SRO
21

Besides, the salt balance on the reject and permeate sides
can be calculated by the following equations.

FREJ Jin
Elem,in,RO xElem,RO

VElem,RO € SRO
pPERM.in | PERM.inSalt | pSalt

Elem,RO VElem,RO
VElem,RO € SRO

REJ,in,Salt __ FRELout REJ,out,Salt __ -Salt

Elem,RO YElem,RO ' Elem,RO 22)

_FPERMA,out PERM,out,Salt
Elem,RO ~ ¥'Elem,RO VElem,RO

(23)

The reject stream flows from one element to the next one
which requires balance equations for the flow, pressure, and
salt concentration, Eqgs. 24-26.

FRiom™ ro = Friowko VElem, RO € SRO (24)
omt 1 Ro = X ro " VElem,RO € SRO  (29)
PR | ro = Priawko VElem, RO € SRO (26)

On the permeate side, withdraw streams exist between any
adjacent element which require total balance as given by Eq.
27. The withdrawal stream and the incoming stream to the

next element keep the same pressure and salt concentration
from the previous element.

AIChE Journal February 2014 Vol. 60, No. 2

Fiiemo' = Fiam+ 180 T FElemo 7 Elem, RO € SRO (27)

The overall SPSPRO stage flow rate is linked to the pres-
sure vessel equation by the total number of pressure vessel
existing in that stage, Eq. 28.

Fito = Fom™  ro NPV o YRO € SRO (28)

Similarly, the permeate withdraw stream from every ele-
ment and the total reject side in every stage is described by
Egs. 29 and 30.

FRE = Fpr®® w0 NPVgo VRO € SRO (29)
Famgo O =Fhito NPV o VRO € SRO (30)

In addition, the exit pressure and concentration from the
last element on the reject side give the exit condition for the
reject side in that stage. It is worth pointing out that the set
of Eqgs. 9-30 describe the nonlinear behavior of the SPSPRO
stage.

The existence of any RO element is related to a binary
variable (Ygiem,ro) to indicate if there is transport of mass
(water and salt) across the membrane as described by Eq.
31.

Wat Salt UP
FElemro TFRlemro < FElemro YElem,r0 ¥V Elem, RO € SRO

3D

The RO stage existence is a relation between the first ele-
ment binary variable in the RO stage with the stage inlet
flow, Eq. 32.

FRo < Fiiamtiko NPV R Yeiem =1r0 VRO € SRO  (32)

Every element has a membrane that can be selected from
a membrane set (MEMB) following the relation given by
Eq. 33.

Memb
Z YMembElem,ko < 1VElem, RO € SRO  (33)

The previous relation forces the search procedure to select
only one optimal membrane type with respect to the states
present inside the RO module in every RO stage. It may not
be appropriate to select different types of membranes for
consecutive elements in a single stage. Equation 34 is a rela-
tion to select only one membrane type in every RO stage.

YMemb,Elem —1,RO = YMemb,Elem,R0 ¥V MEMB,

(34)
Elem >1, RO € SRO

Consequently, water and salt permeability coefficients
(Wagiem ro +Belem ro)» and the surface area (SA g, go)
have the same values in every element present in the pres-
sure vessels, Eqgs. 35-37.

Memb

Wage, ro = Z Wayjemp BlemRO YMemb,Elem, RO 35)
VElem, RO € SRO
Memb
Bgiemro = Z Bytemb,Elem RO YMemb,Elem, RO (36)
VElem, RO € SRO
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Memb

SA Elem,RO = Z SA Memb,Elem,RO YMemb,Elem, RO (37)

VElem, RO € SRO

where: Wy Blem 80> BMemb Elem RO> and SAMembﬁElem,RO
represent water and salt permeability coefficients, and the

surface area for every membrane type. It should be noted
that different membrane type imposes different feed flow
rate and pressure conditions as shown by the following
equations.

REJ i UP UP
Elem. RO < Fhemb YMemb Elem R0 T F " (1= Yhemb Elem, RO )
b

VYMemb, Elem, RO € SRO

(38)
F ligEljé:n rRo = F Nemb YMemb,Elem, R0 'YMemb, Elem,
’ (39)
RO € SRO
lgféfn rRo =° Momb YMemb,Elem, RO + P (1= Yemb,Elem, RO )

VYMemb, Elem, RO € SRO
(40)

The first terms on the right of the inequalities of Eqgs. 38 and
40 force the flow and pressure feed inlet conditions to have
upper values suitable for the selected membrane type,
whereas the second terms relax the constraints for the other
case. Equation 39 maintains a minimum flow in the RO
element.

The existence of the auxiliary equipments (HPP, BP, and
PEs) is a relation between the pressure difference across the
unit operation and its binary variable as given by the follow-
ing equations.

Piipp ~Phipp < P yiee VHPP @y
pout  _ pin < pLP VBP 42
BP ~TBp =1 PP @
PPE —PiE,E < P ypg VPE (43)

In this model, the constraint set 1-43 defines nonconvex
feasible region of the MINLP. The objective function in this
study minimizes the total annual cost (TAC) for the treatment
of seawater stream given in the abovementioned constraints.

The total capital cost is composed of pressure vessels and
membrane type costs, seawater intake pump and feed pre-
treatment, high pressure and BPs, and the PE units as given
by Egs. 4449 with a practical investment factor (PIF)
reflecting the indirect capital cost as a percentage of total
capital cost.”” The operating cost has electricity operational
cost for the RO pressure vessel, seawater intake pump, HPP,
PE units, Egs. 50-53. Other operational cost includes insur-
ance, labor, chemical usage, and maintenance for the RO
plant, Eqgs. 54-57. The estimated TAC is given by Eq. 59
assuming annual interest rate of 5% and plant lifetime set at
25 years.'?
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Memb Elem ROS
CCpy = Z Z § CMemb YMemb,Elem .0 NPV ro

(44)
ROS
+ 3 Cpy NPV
CCswip = Cswip (Fswip)" (45)
CCrpp = Cypp (Fyypp APyypp) (46)
CCpp = Cyp (Fp APpgp) 47
CCpp = Cpp (Fpp)"™ 48)

TCC=PIF ( CCpy + CCgwip +CCypp +CCgp + CC pE)

(49)
oC PV = OPV CC PV (50)
_ Fswip
OC swip = Ogyrp 51)
Nswip TMOTOR
F AP
oC — OHPP HPP HPP (52)
Mupp MOTOR
F, AP
oC PE = OPE PEHI PEHI (53)
Npg MoTor
OC insurance = Oysurance TCC 54
FPERM
OCLaBoR = Opapor Z Frperm (55
OC chemicar = Ocupmicar Fswip (56)
FPERM
OCmaT = Opjaint Z Feperm &7

AOC =0Cy, +0C swip OC yypp + OC p + OC iNSURANCE
+ OCraor + OC cuemicarL + OC maNT
(58)

TAC = AF TCC + AOC (59)

The mathematical programming model (MINLP) defined
by the set of constraints and the objective function TAC
has several local optima due to the presence of nonconvex
terms. In this study, we applied DICOPT solver®® in gen-
eral algebraic modeling system (GAMS)?® (Brooke et al.)
to solve all the case studies. The MINLP decomposition
algorithm coded in DICOPT is based on extensions of the
outer-approximation algorithm.>® This code solves succes-
sive non-linear programming (NLP) and mixed integer lin-
ear programming (MILP) subproblems which converge
normally to a local optimal solution based on a good qual-
ity starting point. Beside, the algorithm has provisions to
manage nonconvex functions that normally arise in design
problems. All the case studies will be solved from an
exhaustive random search procedure, however, the global
solution is not guaranteed. This search procedure generates
random starting points for the binary and continuous varia-
bles and the convergence is attained if these starting points
are close to local optimal solution. There are many local
optimal solutions for these case studies and the best local
optimal solution is reported for every case study. Next sec-
tion will cover several case studies with various input sea-
water feed concentration and different permeate product
demand constraints.
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Table 1. Characteristics of FilmTec Spiral Wound Reverse Osmosis Membrane Elements

Module Type SW30XLE-400 SW30HR-380 SW30HR-320 BW30-400
Active area (m?) 37.2 353 29.7 37
Length of the element (m) 0.88 0.88 0.88 0.88
Feed space (m) 8.126 X 10?7 8.126 X 107° 8.126 X 107° 8.126 X 107
Feed flow rate range (kg/s) 4.5-0.22 4.5-0.22 39-0.22 53-0.22
Max. operating pressure (MPa) 8.3 8.3 8.3 4.5
Water permeability (kg/m” s MPa) 35x107° 27 %1073 3.1 %1073 75 %1073
TDS permeability (kg/m? s) 32 %1077 23 X 107° 22X 107° 6.2 %1077
Membrane element cost ($) 1200 1000 1400 900

Case Studies

The SPSPRO mathematical programming model will be
applied on case studies to investigate potential benefits of
splitting permeate streams from the RO pressure vessels.
These results will be compared with the same input parame-
ters in the case of no permeate splitting conditions. It should
be noted that the optimization problems in every case study
has the same constraints and variable dimensions. The opti-
mization problems under nonpermeate extraction condition
were solved after setting the flow rate of permeate extracted
streams to zero values in the SPSPRO model. The largest
optimization problem (case study four) in this research arti-
cle has 1505 constraints, 1058 variables, and 130 binary var-
iables. The solution time for this case study takes around 8
CPU second with DICOPT solver.

In addition, the case studies will have different seawater
feed compositions and final permeate flow rate and concen-
tration demand constraints. The aim of these studies will be
the productions of multiple permeate streams. Four types of
FilmTec RO membrane elements (SW30XLE-400,
SW30HR-380, SW30HR-320, and BW30-400) from Dow
will be included as options to operate the RO pressure ves-
sels. The transport characteristics and module geometry for
every type considered are given in Table 1. The parameters
and cost coefficients used in the optimization model are
listed in Table 2.

Table 2. The Parameters and Cost Coefficients for

Calculation

Feed water temperature (°C) 25
Diffusion coefficient (mz/s) 1.493 X 107°
High-pressure pump efficiency 75%
n 0.8
ny 0.58
Practical investment factor 1.114
Annualized factor AF, (1/year) 0.08
Pressure exchanger efficiency 90%
Electric motor efficiency 98%
The cost of electricity [$ (kWh)—1] 0.08
Pressure vessel cost ($) 1000
Seawater intake pump cost (Cgyyp)» $(kg/s™H %% 3.53 X 10*
HPP capital cost (Cpypp ), $(kg/s X MPa) ' 187
BP capital cost (Cpp ), $(kg/sXMPa) ™! 187
PE capital cost (Cpy ), $(kg/s) *® 6590
Operating cost for pressure vessel (Opy ), (yr) ! 0.2
Seawater intake pump operating cost (Ogwp ) 315

$(kg/s X yr.)™!
HPP operation cost (Oypp ), $(kg/s X MPa X yr.)”! 8174
PE operation cost (Op, ), $(kg/s X MPa X yr) ! 9082
Insurance operation cost (Opnsurance )» (Y1) ' 0.063
Labor operation cost (O} xpog )» S(ke/s X yr.) ™' 283.8
Chemical usage operation cost (OcypmicaL )s 638.6

$(kg/s X yr.)7l
Maintenance operation cost (Oyar )» 283.8
$(kg/s X yr.)”'
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Case study one

For the first case study, we explore the production of two
permeate streams with different flow rates and TDS concen-
trations. This is achieved by processing feed seawater stream
with relatively high TDS concentration (e.g., 48,000 ppm).
In both conditions (with and without permeate splitting), the
optimizer selects a single-RO stage to process the seawater
feed stream. Figure 9 shows the RO layout with permeate
extraction from the pressure vessel; whereas Figure 10
depicts the RO layout without permeate extraction condition
for the same case study. Table 3 gives the input and output
results for the current case study.

For the first condition (permeate splitting), the total cost
of the RO layout is $525,900 per year. The feed seawater
is split into the HPP and the PE units, and later combined
after a BP as a high-pressure stream to the RO stage.
Inside the pressure vessel, there are six extracted permeate
streams to the final product permeates. The strict TDS
quality (250 ppm) for the second product permeate is satis-
fied mostly from the front modules, whereas the other
product permeate concentration constraint (i.e., TDS is less
than 500 ppm) is met from the last two elements. Energy
from the high pressure reject stream is recovered in the PE
unit.

The other condition (no permeate extraction) has a simpler
layout with TAC cost around $576,780 per year. However,
the treatment cost is higher than the first condition with 9%
cost saving in the case of permeate extraction. There are
many essential differences in terms of design and operation
of the pressure vessels as a result of permeates extraction
condition, Table 3. Higher seawater feed is required in the
case of nonexistence of permeate extraction streams with
SW30HR-320 as the selected membrane type. Also, the
design satisfies exactly the permeate quality constraints in
the case of permeate extraction (e.g., 500 ppm for Permeate
1, 250 ppm for Permeate 2). For the other case, both product
permeate streams have the permeate quality of 250 ppm of
TDS which exceeds the first product permeate requirements.

The stream properties inside the pressure vessels give
more insight about the RO design differences, Figures 11
and 12. The pressure drop inside the pressure vessels are
almost the same in both conditions, Figure 11. Conversely,
the osmotic pressure in the case of permeate extraction is
higher than the other condition due to the lower seawater
feed stream and higher system recovery (i.e., system recov-
ery around 51.8%). Figure 12 shows the total flux in both
conditions with lower values in the case of permeate extrac-
tion. The overall permeate recovery in the case of permeate
extraction is 51.8 and 42.9% in the other case. To summa-
rize these results, permeate extraction from the RO pressure
vessels provide lower cost, higher system recovery, and meet
exactly the permeate product specifications.
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Figure 10. RO layout without permeate splitting condition (Case study one).

Table 3. Input Parameters and Output Results for Case Study One

Input Data
Feed seawater salinity (ppm) 48,000
Permeate 1 demand (kg/s, kg/kg) 25,5 X 1074
Permeate 2 demand (kg/s ', kg/kg) 10,25 x 107*

Output Results

With Permeate Splitting Without Permeate Splitting
# of elements 8
# of pressure vessels 26 24
Membrane type SW30HR-380 SW30HR-320
TAC ($/year) 525,900 576,780
System recovery (%) 51.8 429
—— Module Inlet feed pressure without splitting
—a— Osmotic pressure without splitting
-o— Module inlet feed pressure with splitting
—a&— Osmotic pressure with splitting
8.5 q
] T T—e——e
—s+— Total flux without splitting —a— Total flux with splitting
7.5 12 -
7 4
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Element position Element position
Figure 11. RO feed pressure and osmotic pressure Figure 12. Total flux distribution along the RO pressure
along the pressure vessel length. vessel length.
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Table 4.

Input Parameters and Output Results for Case Study Two

Input Data

Feed seawater salinity (ppm)
Permeate 1 demand (kg/s, kg/kg)
Permeate 2 demand (kg/s, kg/kg)

30,000
25,5 %X 1074
10,5 X 1077
Output Results

# of elements (Stage 1, Stage 2)

# of pressure vessels (Stage 1, Stage 2)
Membrane type (Stage 1, Stage 2)
TAC ($/year)

With Permeate Splitting

Without Permeate Splitting

8,7 7,8
22,17 26, 8
SW30XLE-400, SW30XLE-400 SW30XLE-400, SW30HR-320
450, 395 461, 479
59.2 57.5

System recovery (%)

Case study two

The second case study investigates the production of two
permeate streams with more strict conditions (e.g., 500 ppm,
50 ppm), Table 4. The seawater feed concentration is lower
than the first case study (30,000 ppm) which requires two
RO stages under permeate splitting and nonsplitting condi-
tions. There is a general similarity of the optimal solutions
for both conditions where the first pass treats the seawater
feed stream and the second pass treats the first pass permeate
stream, Figures 13 and 14.

For the first condition (permeate splitting), the treatment
cost is around $450,395 per year with SW30XLE-400 as the
membrane type for the first and the second stages. The over-
all permeate recovery from the system is around 59.2%. The
first element in the first pass (e.g., high quality permeates)
supplies partially the strict second permeate product stream,
whereas the last element delivers the demand for the loose
permeate stream. The fifth element delivers the feed stream
to the second RO stage. In the second pass, the permeate
products from the second pass elements supply the second
final permeate product (Permeate 2). In this case study, one
can see mixing reject stream from the second pass with the
final permeate product stream (Permeate 1) due to the
acceptable operation range.

The second condition of this case study does not allow
permeate splitting with a treatment cost around $461,479 per
year, Figure 14. The membrane type arrangement for the RO
passes is SW30XLE400 for the first pass and SW30HR-320
for the second pass. The RO layout for the second condition
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Figure 13. RO layout under permeate splitting condi-
tion (Case study two).
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is similar to the first one in this case study where the first
pass treats seawater stream and the second pass treats par-
tially the first pass permeate stream. The reject stream from
the second pass supplies minute mass flow rate for the first
final permeate product stream. The overall permeate recov-
ery for the second condition is around 57.5%. In this case
study, we see that the SPSPRO provides lower cost and
higher permeate recovery compared with the nonpermeate
splitting condition. However, these differences are not large
due to the low TDS seawater feed concentration (30,000
ppm of TDS), Table 4.

Case study three

The current case study presents the problem of two perme-
ate production from seawater stream with 35,000 ppm TDS
concentration, Table 5. In this case study, the design require-
ments show the demand of two permeate streams with differ-
ent specifications. The first permeate stream has a mass flow
rate demand lower than the other one with loose TDS con-
centration. The solutions for both conditions (with and with-
out permeate splitting) chooses two RO stages to reach the
final permeate product specifications, Figures 15 and 16.
However, there are essential differences regarding the stream
assignments in these conditions with an overall cost saving
of 4% if one adopts the permeate splitting condition. The
system recoveries are 53% in the case of permeate splitting
and 50% in the other case.

For the first condition (permeate splitting), the first stage
supplies the final permeate product (Permeate 2 in Figure
15) which has strict requirement around 100 ppm of TDS
concentration. The last element supplies the loose permeate
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Figure 14. RO layout without permeate splitting condi-
tion (Case study two).
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Table 5. Input Parameters and Output Results for Case Study Three

Input Data

Feed seawater salinity (ppm) 35,000
Permeate 1 demand (kg/s, kg/kg) 10, 5 X 107*
Permeate 2 demand (kg/s, kg/kg) 25,1 x 107*

Output Results

With Permeate Splitting Without Permeate Splitting
# of elements (Stage 1, Stage 2) 6,5 5,4
# of pressure vessels (Stage 1, Stage 2) 15,7 19, 21
Membrane type (Stage 1, Stage 2) SW30XLE-400, BW30-400 SW30XLE-400, SW30XLE-400
TAC ($/year) 520, 695 543, 296
System recovery (%) 535 50.3

product stream with 500 ppm TDS specification. The second
stage is solely dedicated to the strict permeate product. This
stage processes mainly a permeate stream from the first
stage. Again, one can notice mixing the reject stream from
the second pass with the loose permeate product (Permeate
1). The membrane type selections are SW30XLE400 and
BW30-400 for the first and second passes, respectively. The
overall treatment cost with this condition is around $520,695
per year.

The optimal solution for the second condition shows simi-
lar layout compared with the first condition. The seawater
stream is processed in the first RO pass to deliver the most
strict permeate product stream (Permeate 2) and the loose
permeate product (Permeate 1), Figure 16. Along the process
path, the second pass treats a permeate stream coming from
the first stage. In this condition, the overall treatment cost is
around $543,296 per year. It should be noted that the mem-
brane type selection is SW30XLE400 for both stages.

Case study four

The current case study presents the production problem of
three permeates as final products with different flow rates
and TDS requirements, Table 6. The seawater feed stream
has 35,000 ppm TDS concentration which must be reduced
to the product constraints. The optimal solutions for both
conditions (with and without permeate splitting) have two
RO stages with permeate processing in the second stage,
Figures 17 and 18. The cost saving with permeate splitting
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Figure 15. RO layout under permeate splitting condi-
tion (Case study three).
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condition is around 10%. Besides, the membrane type selec-
tions are similar in both conditions.

For the first condition (permeate splitting), the overall
treatment cost is $577,471 per year with SW30XLE-400 as
the membrane type for the first RO stage. The first stage
delivers high quality permeate product from the front mod-
ules to the final permeate product which has the most strict
TDS concentration constraints (e.g., 140 ppm for Permeate 2
and 60 ppm for Permeate 3). The last RO module supplies
the loose final permeate product (Permeate 1). Energy is
recovered from the RO reject stream in the first pass. In the
second RO stage, the RO permeate products are fully
devoted to supply high quality permeates to the final strict
permeate product (Permeate 2 and 3). The selected mem-
brane type in this stage is BW30-400. We observe that the
reject from the second pass is mixed with the final permeate
product stream (Permeate 1). The overall permeate recovery
is around 55% in this design condition.

In the second condition (without permeate splitting), the
seawater treatment cost is around $638,887 per year with
similar membrane type as compared with the first condition.
The first RO pass supplies all final permeate products and
the second RO stage processes the permeate stream from the
first pass to the final strict permeate products (Permeate 2
and 3). In this design, the permeate recovery (48.7%) is less
than the first condition which adopts permeate splitting
options. In general, it can be concluded that permeate extrac-
tion option from the RO pressure vessels provides lower
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Figure 16. RO layout without permeate splitting condi-
tion (Case study three).
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Table 6. Input Parameters and Output Results for Case Study Four

Input Data
Feed seawater salinity (ppm) 35,000
Permeate 1 demand (kg/s, kg/kg) 25,5 X 10°*
Permeate 2 demand (kg/s, kg/kg) 10, 1.4 X 107*
Permeate 3 demand (kg/s, kg/kg) 8,6 X 1073

Output Results

With Permeate Splitting Without Permeate Splitting
# of elements (Stage 1, Stage 2) 7,5 3,1
# of pressure vessels (Stage 1, Stage 2) 25,6 55, 60
Membrane type (Stage 1, Stage 2) SW30XLE-400, BW30—400 SW30XLE-400, BW30—400
TAC ($/year) 571, 471 638, 887
System recovery (%) 55.5 48.7

seawater treatment cost, higher permeate recoveries, and
allowance for permeate production with different TDS
concentrations.

There are many large scale SPSPRO desalination plants
which implement the proposed design concept.”’ The main
driver for such design is to achieve very low TDS concentra-
tion and to reduce boron concentration in the final products.
Boron control requires not only the permeate splitting from
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Figure 17. RO layout under permeate splitting condi-
tion (Case study four).
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Figure 18. RO layout without permeate splitting condi-
tion (Case study four).
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the pressure vessels, but also the temperature control inside
the pressure vessels.” In addition the chemistry of the RO
reject stream is an important factor for an effective desalina-
tion process (i.e., controlling the pH of the RO reject streams).
In our future work, we will extend the proposed mathematical
programming model to investigate the optimal SPSPRO net-
work under boron restrictions for the final permeate products.
This goal imposes requirements about designing the optimal
SPSPRO with heat exchanger network and optimal chemical
injection for the streams in the final SPSPRO layout.

Conclusions

In this research study, we presented the SPSPRO design
concept for seawater desalination application. Such design
concept allows the production of a range of permeate prod-
uct streams along the RO pressure vessel length. A super-
structure is given to represent large process layouts which
combine RO pressure vessels in different stages with auxil-
iary equipments. This graphical representation shows perme-
ate splitting streams from the RO pressure vessels which
flow to different RO stages and final permeate products.

A mixed integer nonlinear programming model (MINLP)
was consequently developed based on the proposed graphical
superstructure that gives rich process layouts. Binary variables
allow the selection for RO membrane types, RO membrane
modules and stages, and stream assignments in the network.
The objective function is to minimize the treatment cost for
seawater stream and produce a range of permeate products.
The effectiveness of the design concept was verified with sev-
eral desalination case studies. In general, lower treatment cost
with higher permeate recoveries are achieved by allowing per-
meate splitting streams in the RO design network.

Notation
Abbreviations

DB = distribution box
GAMS = general algebraic modeling system
HPP = high-pressure pump
MINLP = mixed integer nonlinear program
PIF = practical investment factor
RO = reverse osmosis
SPSPRO = split partial second pass reverse osmosis
TAC = total annual cost
TDS = total dissolved salt

Sets

BP = set of booster pumps
Elem = element set in an RO stage
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Exit = exit nodes in the DB
HPP = set of high-pressure pumps
Inlet = inlet nodes in the DB

Memb = set of membrane type in every RO module

PE = set of pressure exchangers
PERMEATE = set of final permeate product streams

SRO = set of reverse osmosis stages

SWIP = set of seawater intake pump

Symbols

AOC = annual operation cost ($/year)
AF = annualized factor (1/year)
B = salt permeability coefficient in an RO element (kg/m? s)
D = TDS diffusivity in every RO element (m?/s)
F = mass flow rate of a network stream (kg/s)
k = TDS mass transfer coefficient (m/s)
L = effective length of the RO element (m)
n = exponent in cost functions
NPV = number of the pressure vessels in every RO stage
= stream pressure (Mpa)
QO = reject volumetric flow m%/s)
= Reynold’s number for every RO element
SA = effective membrane surface area for every RO module (m?)
Sc = Schmidt number for every RO element
TAC = total annual cost ($/year)
TCC = total capital cost ($)
V = permeate velocity in every RO element (m/s)
W = membrane element width (m)
Wa = water permeability coefficient in an RO element (kg/m* Mpa s)
x = TDS concentration (kg/kg)
y = binary variable

Greek letters

AP = pressure drop (Mpa)
1= reject viscosity in every RO element (Kg/m s)
7 = osmotic pressure (Mpa)
p = stream density (kg/m3)

Superscripts

Avg = average value in the reject or permeate sides
Bulk = bulk condition at the reject side
f= feed conditions for an RO element
HI = inlet high-pressure stream in a PE unit
In = inlet condition for an RO element
LO = lower bound
Out = outlet condition for an RO element
PERM = designates a property for a permeate stream
P-Wall = conditions at the permeate side membrane wall
Rej = a reject stream property in RO network
R-Wall = conditions at the reject membrane wall
Salt = designates property for salt
UP = upper bound
Wat = designates a property for pure water
WITHD = represents property for withdraw permeate stream
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