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ABSTRACT 

 

Membrane desalination technology has become a valuable advanced water 

treatment process to purify difficult water sources for potable use. Reverse Osmosis 

(RO) and Nanofiltration (NF) processes are commonly used desalination technologies. 

Studies of hybrid RO-NF membrane desalination systems have shown promising 

benefits of lower power usage, higher overall obtainability, and better water quality. 

Under the proposed title, a systematic network synthesis approach is to be developed to 

evaluate the performance of a hybrid membrane desalination plant consisting of NF and 

RO processes in order to achieve an optimal design network for a given water capacity 

with ideal operating conditions. This work is done using a superstructure optimization, 

while taking into account desired process conditions and constraints that are associated 

with the hybrid RO-NF system. The superstructure captures all the structural and 

operational options that enable the extraction of a global optimal design, giving a better 

visualization of the hybrid design network. The optimization problem is formulated 

while accounting for all the design decisions that are supported by superstructure 

representation, based on numbers and types of units, flow rates, and pressures.An 

economic objective function is utilized so as to provide an efficient and desirable 

configuration capturing all the significant capital and operating costs, such as intake, pre 

and post treatment, along with the revenue from the value extraction. Optimized designs 

for hybrid RO-NF desalination plant were illustrated using a case study of sea water 
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desalination with around 35 parts per thousand (ppt) of salinity. The solutions show 

increased the overall recovery with the addition of an NF membrane into the design. 
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NOMENCLATURE 

 

i  : Indices denoting chemical component, or ion in the network 

n : Indices denoting splitter within the network 

m : Indices denoting membrane unit, mixer, or decision splitter within the 

network 

[n,m]  : Indices denoting the direction of the stream from splitter to mixer  

s : Indices denoting extracted salt from the value extraction technology 

NES  : Total number of extractable salts 

NS  : Total number of splitters within the network 

Nm  : Total number of mixers within the network 

NC : Total number of components, or ions within the network 

Cation  : Indices denoting chemical cation network 

Anion  : Indices denoting chemical anion network 

NCation : Total number of cations within the network 

NAnion : Total number of anions within the network 

Inlet : Indices denoting property related to inlet stream to a membrane unit 

Feed  : Indices denoting property related to saline feed stream 

Brine : Indices denoting property related to brine stream connected to a 

membrane unit 

Permeate : Indices denoting property related to permeate stream connected to a 

membrane unit or the final permeate stream 
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Brine I  : Indices denoting property related to final first brine stream 

Brine II : Indices denoting property related to final second brine stream 

NF  : Indices denoting property related to Nano-filtration unit 

RO  : Indices denoting property related to Reverse Osmosis unit 

V  : Value extraction technology 

N  : Membrane network system 

x(i)  : Integer valued for i index of subset (1, 2, …, n) 

JNL(x)  : Nonlinear cost function of n variables 

c(x)  : Vector of nonlinear constraint functions 

A  : Dense or sparse matrix with nonlinear constraint coefficients 

b  : Lower and upper limits of the dense or sparse matrix 

c & a  : Stoichiometric coefficients upon dissociation of salt 

E CaCO3 : Equivalent concentration of chemical component, or ion in the network 

to CaCO3 

Ci  : Concentration of chemical component, or ion in the network 

MWi  : Molecular Weight of chemical component, or ion 

∏i  : Partial Pressure of chemical component, or ion in the network 

T
Feed

  : Temperature of the saline feed stream 

F  : Flow rate of the saline stream 

DS : Integer denoting the alternating option of the decision splitter between 

NF and RO 

SF  : Variable denoting the splitting fraction of a stream in the network 
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X  : Fraction of chemical component, or ion in the network 

R  : Recovery of membrane unit in the network 

α  : Fraction of salt rejected in a membrane unit within the network 

P  : Pressure of a stream within the network 

NM  : Number of modules needed in a membrane unit within the network 

∆P : Pressure drop  

PW : Power consumption, or recovery of a stream 

π  : Net profit of the membrane desalination system 

R  : Revenue from the salts value extraction technology 

TAC  : Total annualized cost of the membrane desalination system 

W  : Weight of the salt extracted 

SP  : Extracted salt price 

TC  : Total cost 

PC  : Power cost 

D  : Deprecation period 

TCI  : Total capital investment 

TOC  : Total operating & maintenance cost 

DCC  : Direct capital cost 

SCC  : Soft capital cost 

CCC  : Contingency capital cost 

VOC  : Variable operating & maintenance cost 

FOC  : Fixed operating & maintenance cost 
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Area : Membrane area per module for a membrane unit within the network 

TNS  : Total number of skids within the network 
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CHAPTER I  

INTRODUCTION 

 

Nowadays, membrane technology has become a valuable treatment process to 

purify difficult water sources and defeat the shortage of fresh water supply through 

seawater desalination. About three billion people share the problem of drinking water 

and according to the World Water Council, the world will suffer from 17% shortage of 

fresh water needed to withstand the world population by 2020 [1]. The source of water 

can vary from highly saline seawater to low salinity ground or well waters where 

treatment purpose often involve the selective removal of certain contaminants such as 

hardness, color, iron and disinfection byproduct precursors to improve water quality and 

achieve drinking water standards. Nano-filtration membranes, in this case, are the state 

of art to meet the water quality with the need of deep understanding of the membrane 

type and water source [2]. So far, the most commonly used membrane technology for 

seawater desalination is reverse osmosis, however, other membrane types like NF were 

suggested as an alternative to RO for desalting seawater where the main benefit of NF is 

lowering the energy consumption because of the higher permeability of NF comparing to 

RO [2, 3]. It has a moderate rejection rate laying in-between RO and ultrafiltration (UF) 

with higher rejection rates for the divalent ions exceeding 98% depending on the 

membrane structure [3]. 

The design of desalination plants usually focus on a particular technique and 

optimize it by synthesis and simulations. Structural optimization offers an alternative to 
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this unique design process and gives a great potential to introduce a combination of 

multiple desalination processes. It allows achieving an optimization on the operating 

conditions and equipment parameters along with the process structure consisting of units 

and interconnections. A number of papers have been published, over the last decade, 

focusing on the optimization of reverse osmosis as a standalone network and most of 

which used simplified version of the general superstructure [1]. Another number of 

papers studied the optimization of hybrid RO-multi stage flash desalination (MSF) plants 

and only a little converge on the hybrid RO-multi effect desalination (MED) plants [1]. 

In addition, although the literature is poor from the optimization of hybrid RO-NF 

network plants, some researchers claimed that the addition of NF process can be able to 

reduce the cost of energy consumption on RO and still produce the potable water from 

seawater [3]. 

From another point of view, discharging brine back to the sea is by far the most 

common and least expensive disposal method for costal desalination plants. However, 

this approach can lead to serious ecological damage and harm marine life. As a new 

principal idea, zero liquid discharge (ZLD) along with value extraction offers the 

elimination of liquid waste stream to be used in post treatment plant in order to extract 

valuable salts along with the recovery of high purity water [4]. 

Hierarchical decomposition, superstructures and targeting techniques are the 

common approaches for optimization of process synthesis problems [5]. Each one of 

them has its advantages and disadvantages; however, the ability of providing a 

systematic framework and automated capabilities has made the superstructure method 
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the most beneficial approach for process synthesis problems [6]. Using conventional 

superstructure representation with a detailed process model can result in highly non-

convex mixed integer nonlinear programming (MINLP) with a weak ability to achieve a 

global optimum [1, 7, 8]. As an initiative to introduce hybrid RO-NF network 

representations this research under the proposed title primarily focuses on: 

 Developing a hybrid RO-NF superstructure network representation that captures all 

the required membrane units along with their connections in reference to one feed, 

one permeate and two brine streams. 

 Assembling a well-structured methodology for evaluating design alternatives based 

on single typed membrane technology to hybrid ones. 

 Formulating a mathematical optimization problem in which an economic criterion is 

optimized whilst achieving the minimum required product water flow of purity at or 

below specification.  
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CHAPTER II  

LITERATURE REVIEW 

 

The need for an advanced process optimization technique that could achieve the 

optimal design for the multiple membrane desalination networks is crucial, to determine 

viable and well-performing RO-NF designs. In addition, superstructure optimization 

allows for identifying the optimal configuration from a comprehensive network 

representation. As a general guide for any network design problem, it is crucial to 

initially develop a comprehensive RO-NF hybrid superstructure and then come up with a 

mathematical formulation that predict design variables of process parameters and 

optimize an objective function that relate the desired operational elements to process 

performance. These all must be done through optimization procedure that tool into 

account for all internal and external constraints [5]. These constraints cover the range 

from environmental regulations up to common practice operating conditions. 

Hybrid membrane systems have shown that it has the ability to reduce the cost of 

energy consumption and enhance separation capabilities [3, 9]. Even though many 

publications have previously focused on the optimization of reverse osmosis networks 

(RONs) through design strategies, not as much work has been made for Hybrid 

membrane systems have been. El-Halwagi initiated the RON synthesis by introducing 

the new “state space” approach [10]. This approach was then used in pervaporation 

networks (PVN), and RO-integrated mass exchange networks for the waste treatment 

and reduction. The approach methodology was formulated based on (MINLP) problem 
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and was optimized through superstructure principle to achieve the global solution [11, 

12]. Later on, Voros et al. continued the work based on “state space” approach for 

designing of RON and implement it on seawater desalination systems with mathematical 

models that predicts the performance of the various process units structured [13, 14]. 

Saif et al. have presented an improved superstructure representation that takes use of a 

piecewise mixed integer linear program (MILP) as an approximation from original 

(MINLP) formulation and illustrated its application to seawater desalinations [15, 16]. In 

the years between Voros and Saif, many papers have been published taking about the 

RONs optimization, however, for the majority of the papers the mathematical models of 

Al-Bastaki et al. were implemented with extra simplifications in some cases [17, 18]. 

Lately, Zhu et al. incorporated thermodynamics and economics restrictions as a technical 

and feasibility constraints in MINLP for the RO desalination process. This allowed for a 

simpler membrane model for the minimization of the total annualized cost [19]. Before 

that, Vince et al. proposed a simultaneous optimization algorithm for RONs that take 

into account environmental impact and total annualized using a multi-objective setting 

[20]. Lu et al. previously developed a simpler superstructure representation that achieves 

an optimum selection of membrane type and number of elements based on 

characteristics, economical performance and design requirements [21]. In 2000, Maskan 

et al. proposed an individual membrane modules optimization algorithm with a variable 

reduction technique to speed up the computational time through a focused graph and 

connectivity matrix of RONs [22]. After this by two years, Marriott et al. developed a 

heuristic approach for optimization of membrane separation systems using a detailed 



 

6 

 

model to avoid in-optimal solutions [23]. Marcovecchio et al. came up after two years 

with a utilized nonlinear programming (NLP) that has the ability to optimize nonconvex 

problems and achieve a global design for the RONs, however, it has a restricted 

application over number of configurations [24]. In 2013, Sabla et al discussed the 

synthesis of SWRO desalination networks by accounting for multiple water quality 

parameters in a modified network representation [7, 8]. These recent publications were 

the inspiration of this paper and many of the parameters and equations were based on the 

work introduced. On the other hand, hybrid systems haven’t received much attention 

until the last decade. In 2007 and 2008, Cardona et al. and Messineo et al. published two 

separate papers evaluating the performance of RO-MED hybrid seawater desalination 

plant [25, 26]. Before that in 2005, Marcovecchio et al. and Mussati et al. studied the 

optimization of hybrid RO-MFS desalination system using superstructure principle [27]. 

Other studies that apply difficult mathematical models are available in literature; 

however it was only done in a simulation matter not for design optimization [9]. In 

addition, a number of papers were published on hybrid NF-RO plant for experimental 

validation. These papers showed that introducing NF unit as a pretreatment step can lead 

to signification reduction of scale formation that causes hardness ions and improvement 

on the purity of permeate [28, 29, 30]. Experimental validation was done also on hybrid 

NF plant to study the effect of fouling on the membrane performance and operation 

optimization [2, 31]. 

Although, NF was introduced mainly as a pretreatment unit in literature [32], 

many studies such as the work of Saudi Arabia’s Saline Water Conversion Corporation 
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(SWCC), showed promising operational feasibility when combining NF-RO in a hybrid 

system. It was claimed that several benefits can be achieved including prevention of 

scale formation, reduction on RO pressure requirements and improvement of water 

recovery with significant cost savings [33]. Based on these studies and what was stated 

before about waste disposal, the synthesis and optimization of hybrid RO-NF membrane 

desalination networks with value extraction is a new topic with new opportunity that can 

be investigated and an efficient approach for the optimal desalination network can be 

developed given the ability to achieve an optimal design structure with logical 

computational time. Thus, this study concentrates on the possibility of integrating hybrid 

RO/NF desalination units a based on economic and technical feasibility, as well as 

environmental performance. 
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CHAPTER III  

BACKGROUND 

 

The development of membrane desalination processes has increased rapidly in 

the last several decades to aid the supply of fresh water especially in the barren regions 

of the world. Membrane desalination is the technology that separates saline water into 

two streams; a permeate stream with low concentration of dissolved salts and a brine 

stream with high concentrated salts. The design of membrane desalination system 

requires the specification of feed and product water quality, operating conditions and 

membrane characteristics. To avoid any membrane fouling and scaling or mechanical 

rapture and damage, the operating conditions must obey the recommended standards and 

be limited with environmental regulations. These element operating conditions are 

limited by the maximum recovery, the maximum permeate flow rate, the minimum 

concentrate flow rate and the maximum feed flow rate per element [34]. Feed water 

pressure plays an important role in the design of any membrane technology that operates 

under osmotic pressure difference [34]. These days, the ability of NF membrane units to 

selectively separate certain salts under low operating conditions and the strength of high 

rejection of dissolved salts for RO membrane units has made strong inspiration in 

combining both RO and NF membrane units which can offer great benefits in reference 

to lowering the overall energy consumption and improving the overall yield. This can 

optimize the use of pressure pumps and energy recovery devices (ERDs) accounting in 

the same time for the 0.3-2 bar pressure drop of membrane units from feed water stream 
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to permeate and reject streams [15, 16, 34]. In this research paper, process superstructure 

and global optimization extract hybrid designs that can overcome process constraints and 

achieve desired conditions. 

‘Superstructures’ of membrane networks that are characterized by multiple 

membrane units and full stream connectivity are employed by membrane network 

synthesis. The synthesis problem is typically formulated as a mixed-integer nonlinear 

program (MINLP) and solved to extract the best performing design embedded in the 

superstructure according to a performance measure, such as the total annualized cost. 

The superstructures embed all feasible unit arrangements and connectivity options to 

capture the various possible design alternatives. Figure 1 illustrates the superstructure 

developed for a hybrid RO-NF network, consisting of three membrane units, six mixers, 

7 splitters, using full stream connectivity. The type of the membrane unit has to be 

chosen on the basis of water quality and conditions, alternating between NF and RO 

options. Each membrane unit is associated with a single mixing node preceding its feed 

stream, and two splitting nodes on either side of the membrane output streams [7, 8]. 

Moreover, two mixing points are incorporated into the superstructure from which the 

three product streams of the network are obtained (two reject and one permeate). The 

second reject stream is the responsible for any possible value extraction options.. In 

addition, a single splitting node is associated with the network’s seawater feed stream to 

enable feed water distribution amongst the mixers within the superstructure. The 

complete network arrangement allows for all possible stream distribution options 

between splitters and mixers.  Unsurprisingly, the structural optimization of the 
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superstructure network to extract a single optimal solution requires substantial 

computational time. However, the mathematical problem is formulated in a way that 

captures all the possible design configurations and achieves a global solution with 

logical computation time. This way took into account eliminating many of the unneeded 

integers that check the existence of streams, which was handled using splitting factors 

values. 
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Figure 1. Superstructure representation of the RO-NF hybrid membrane desalination system
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CHAPTER IV  

METHODOLOGY 

 

The overall synthesis and optimization approach begins by developing a 

superstructure representation that captures all the design alternatives and formulating it 

as mathematical problem with an objective function in order to determine the membrane 

network performance, through global optimization. The developed superstructure must 

ensure that all the alternative design of the hybrid RO/NF membrane system are captured 

with full connectivity between all membrane units, mixtures and splitters. This will 

result in a huge number of design options which will guarantee that the optimal design 

configuration is included in the optimization process; however it may increase the 

required computational time to acquire the global optimum solution unless a powerful 

tool was used to achieve that. In addition, the superstructure must account for the idea of 

alternating the membrane unit between RO and NF options based on performance 

measure along with the technology of value extraction. 

The development process continue with understanding the basics arrangement of 

membrane units, membrane modeling, factors that affect membrane performance, 

pressure manipulation devices and ends with network optimization and economic 

assessment followed by illustrative example. 
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4.1 Superstructure Representation 

The idea behind developing a superstructure representation is to ease the 

visualization of the whole network size and connectivity and formulation of the 

optimization problem. In order to achieve that, this superstructure must contain all the 

possible connections and alternatives. In addition, it must acquire the existence of a 

value extraction technology that will need an additional brine stream for the post 

processing system. 

The entire RO/NF water treatment system consists of pretreatment section, 

membrane section and post-treatment section. Both pretreatment and post-treatment 

sections are required to achieve feed and product quality, respectively. The membrane 

element section is composed of small units that are arranged in a certain configuration 

and order to give the required specification. The following points summarize the main 

terms used in membrane networks  

 A membrane “network” system which includes a set of membrane “units” 

either RO or NF. 

 A membrane “unit” in which a number of “modules” are arranged in a 

parallel matter.  

 A membrane “module” is a pressure vessel in which a number of membrane 

“elements”, that can go up to 8 elements per module, are housed in series 

[34]. 
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 A membrane “element” in which the main function of splitting the saline 

water into purified product and concentrated brine is occurred with a certain 

“recovery” based on membrane characteristics and operating conditions. 

 Membrane “recovery” is the percentage of membrane network feed water 

that leaves the system as product stream. 

 Membrane “rejection” is the percentage of solute concentration that is 

removed from feed water. 

 Membrane “passage” is the percentage of dissolved contaminants allowed to 

pass from feed water through membrane element and it contributes as the 

opposite of “rejection”. 

 A saline “feed” stream that needs to be desalinated, a desalinated “permeate” 

product and two concentrated “brine” streams.  

 A “splitter” associated with the saline “feed” stream and the “permeate” and 

“brine” streams of each membrane units, splitting the stream into multiple 

streams. 

  A “mixer” preceding each membrane unit, the “permeate” stream and each 

of the two “brine” streams, mixing the splits into one stream. 

 A “decision splitter” associated with each membrane unit, alternating the 

choice of unit between “RO’ or “NF” membrane based on performance 

criteria. 

 Stream “connections” linking the network units, splitters and mixers with 

saline “feed”, “permeate” and the two “brine” streams.  
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The arrangement of these terms gives the complete representation of the network 

superstructure that allows for all the possible stream distribution options.  These possible 

designs lead to a very large number of alternatives that requires huge computational time 

to optimize unless a powerful tool is used. This then requires the basic understating of 

these arrangement and the type of modeling required.  

Desired permeate quality and recovery, saline feed water specifications and the 

type of application and process are the factors that affects the chosen of the suitable 

number of stages/passes. As the constraints of permeate quality and recovery increase, 

the need for more additional membrane units increase.  

In the design of hybrid membrane networks, the structural network connectivity 

of different combinations of mixers and splitters acting as sources and sinks must 

include a default saline feed splitter in addition to three outlet mixers for the permeate 

product and the brine streams. Moreover, a decision splitter preceding each membrane 

unit that would be responsible for the alternating option between the hybrid membranes 

as well as a preceding mixer and two splitters that are associated with each side of the 

membrane unit must be presented. Combining the basic unit arrangement along with 

splitters, mixers and decision splitters produce the superstructure representation of the 

membrane desalination system with full connectivity as shown previously in Figure 1. 

The existence of these connections is defined in association with a splitting fraction that 

is determined via optimization. By doing that, the presence of any connection can be 

found easily and the superstructure can be searched in a more efficient matter for the 
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achievement of optimal design network. The summation of connections going from the 

same source must equal 1. 

The adjustment of connection’s pressure in order to meet the constraints of the 

sink is done by installing the appropriate pressure manipulation device. As the type of 

membrane unit is alternating between NF and RO units, the decision splitter must play 

the role of choosing the type of pressure device and power needed. The typical pressure 

manipulation devices are; a pump that increases the pressure of the source to match the 

sink and an energy recovery device (ERD) that reduces the pressure of the source to 

match the sink. In case of no or negligible change of pressure, none of these devices will 

be installed. The existence of one of these options plays a big role on the optimization 

problem as it is incorporated -in the economic assessment. The representation of these 

pressure adjustment devices is similar to what was done recently by Alnouri [7, 8]. 

4.2 Membrane Modeling  

Nanofiltration (NF) and reverse osmosis (RO) are membrane separation 

technologies, that reverse the natural osmotic process by acting as a semi-permeable 

barrier to feed flow under pressure which forces water through a membrane against the 

natural osmotic gradient, are typically used for desalinating saline surface water, 

brackish groundwater, seawater, tertiary treated wastewater, or industrial process water. 

This increases the dissolved contaminant concentrations on one side of the membrane 

and allows the passage of some salts with water to the other side. The primary difference 

between NF and RO is the size of dissolved contaminants that can be removed. Where 

NF membranes are typically used for hardness and organics removal, RO membranes are 
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used for TDS and monovalent ion removal [35]. In addition, the rejection capabilities of 

different commercially available products can vary significantly, and in many cases 

particular membranes are selected specifically for a target TDS range. Recommendations 

and standards from membrane manufacturers about the system performance of each 

membrane type always play the role of selecting the best type that serve the application 

needs and meets the given operating conditions and constraints [35]. 

Although water recovery and salt rejection are categorized as intrinsic properties 

that have the importance of measuring the membrane performance, variable operating 

conditions that will be discussed in the following section affects their behavior.  Then, it 

is essential to standardize the assessment criteria that asses these variable conditions 

throughout membrane systems. Many previous attempts were made to establish this 

common criterion such as Kedem-Katchalsky in 1958, Spiegler-Kedem in 1966 and 

Evangelista in 1985 [14, 35, 36]. 

In this study, a nonlinear model is introduced with enhanced membrane 

performance assessment in terms of capturing the trend of salt rejection for individual 

ions in the multi component nature. 

4.3 Factors Affecting Membrane Performance  

The main two elements that measure the performance of the membrane unit; 

permeate product and salt rejection, can be affected by different operating conditions 

such as, membrane feed pressure, saline feed water quality, temperature, recovery and 

pH [16, 34]. Since many of the operating conditions are interrelated due to the complex 

of the membrane unit, it is too difficult to measure the performance based on correlations 
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capturing all the conditions.  However, the performance can be measured by the 

parameter that makes the significant impact in the membrane system properties while 

taking the rest at conservative situation. The following subsections discuss the various 

operating conditions that affect the membrane performance and which one has the main 

impact to be chosen. 

4.3.1 Feed Pressure 

Pressure of the feed plays a major role on the water recovery and salts passage 

through the membrane unit forcing the water against the osmotic gradient. In addition, it 

has a big effect on the economics of the desalination system in making the decision of 

the addition of pressure manipulation devices. This point in particular makes the 

difference between NF and RO membrane units in terms of the required feed pressure to 

overcome the osmotic gradient in reference to the pore size and membrane properties. 

RO membrane units are designed to withstand high feed pressure conditions without 

damaging the membrane elements while achieving high rejection of dissolved salts and 

moderate recovery percentages. Whereas, NF units has the ability to selectively separate 

certain salts with less rejection percentages and higher recovery under low operating 

conditions [34]. These numbers are specified usually according to the standards of the 

manufacturer which in this case is ROSA Filmtech and vary with each type of 

membrane unit [16, 34].  

For a given saline feed water composition and temperature, feed pressure is directly 

proportional to water recovery rates. Salt passage becomes less significant as the feed 
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water pressure increased as a result of the faster movement of water molecules through 

the membrane compared to salt molecules [16, 34]. 

4.3.2 Temperature 

The relation between temperature change and both water recovery and salt 

rejection is very sensitive. While keeping other parameters constant, the increase in feed 

water temperature leads to higher water recovery and lower salt rejection as the diffusion 

rate of water molecules along with salt passage through the membrane increases [16, 

34]. 

4.3.3 Saline Feed Water Concentration 

As the concentration of salts increase while desalinating feed water, the tendency 

of these salts to precipitate on the membrane surface also increases, causing serious 

problems form scale formation. Both RO and NF systems requires adequate design and 

operation of the feed water pretreatment system for the prevention of membrane fouling 

[34]. However, NF membrane units in general has lower tendency for fouling compared 

to RO because of its ability to selectively separate certain salts and lower operating 

conditions [34]. The proper selection of pretreatment type can enhance the performance 

of membrane unit along with increasing its service life by minimizing fouling, scaling 

and membrane degradation. The pretreatment step usually covers mainly screening, 

settling, coagulation, filtration and chemical conditioning of saline water feed in addition 

to cartridge filtration. The existence of one or more of these treatments depends on the 
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quality and salinity of the feed water and ensures preventive membrane fouling 

operation that leads to economic and efficient production. 

4.3.4 pH 

Stable performance in reference to water recovery and salt rejection were 

observed in NF and RO membrane units with the change of pH values especially with 

thin-film membranes and hence it can be neglected [16, 34].  

Table 1 summarizes the main factors discussed above, all affecting membrane 

performance. 

 

Table 1. Summary of the main factors affecting membrane performance 

 

With the increasing of Permeate Flow Salt Passage 

Feed pressure Increase decrease 

Temperature Increase Increase 

Saline water concentration decrease Increase 

pH stable stable 

 

4.4 Membrane Model Correlations and Validation 

After exploring the various operating parameters that effects of  the performance 

of a typical membrane system, correlations of the key parameters must be developed for 

the purpose of predicting the performance of a membrane system as a permeate flow 

capacity and quality based on salt passage specifications. Theses correlations were 

developed from numerical simulation data using the specialized membrane design 
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software, ROSA. All individual ions/components in standard seawater (Table 2) were 

correlated. This approach is very similar to the one followed by Alnouri [7, 8] and 

Alahmad [37]. 

 

Table 2. Saline feed water quality analysis for standard seawater feed source 
 

Component Name Feed (mg/l as Ion) Equivalent CaCO3 

K 380.06 490.23 

Na 10,916.37 23,947.88 

Mg 1,262.19 5,237.18 

Ca 400.06 1,006.83 

Sr 13.00 14.97 

CO3 7.34 12.34 

HCO3 139.98 115.70 

Cl 18,977.14 27,782.37 

F 1.00 2.65 

SO4 2,648.60 2,781.20 

SiO2 1.00 0.84 

CO2 1.74 1.99 

Total Dissolved Solids (TDS) 34,748.48 
 

 

By varying the temperature of saline feed water from 20 – 40 
o
C while keeping 

the pressure at maximum conditions and flow rate constant to ensure maximum water 

recovery, linear fitted correlations of temperature and salt rejection percentages for 

different ions were achieved. Moreover, in order to avoid any scaling formation, 

effective dosing of antiscalants was implemented. These simple correlations, 

summarized in Table 3, were represented by varying one operating condition. 
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Table 3. Correlation coefficient values for common seawater ions based on ROSA simulation data 
 

Ions 

Typical Seawater with TDS of about 35 ppt 

RO 
Rejection % 

at 25 
o
C 

NF 
Rejection % 

at 25 
o
C 

K 
y = -0.1268x + 101.22 

R² = 0.9872 
98.07 

y = -0.2029x + 18.203 

R² = 0.9999 
13.13 

Na 
y = -0.1154x + 101.1 

R² = 0.9872 
98.24 

y = -0.2076x + 17.674 

R² = 0.9999 
12.49 

Mg 
y = -0.0287x + 100.28 

R² = 0.9867 
99.57 

y = -0.4721x + 39.44 

R² = 0.9996 
27.67 

Ca 
y = -0.0278x + 100.27 

R² = 0.9866 
99.58 

y = -0.4227x + 36.413 

R² = 0.9997 
25.87 

Sr 
y = -0.0274x + 100.26 

R² = 0.9769 
99.62 

y = -0.4344x + 37.357 

R² = 0.9995 
26.54 

CO3 
y = -0.001x + 100.03 

R² = 0.1364 
100.00 

y = -1.1461x + 57.2 

R² = 0.9924 
28.19 

HCO3 
y = -0.1532x + 101.43 

R² = 0.9868 
97.64 

y = -0.5597x + 38.365 

R² = 0.9983 
24.46 

Cl 
y = -0.1061x + 101.01 

R² = 0.9872 
98.38 

y = -0.2586x + 14.102 

R² = 1 
7.64 

F 
y = -0.1558x + 101.53 

R² = 0.9091 
98.00 

y = 8 

R² = NA 
8.00 

SO4 
y = -0.0118x + 100.11 

R² = 0.9864 
99.82 

y = -0.2714x + 99.18 

R² = 0.9787 
92.45 

SiO2 
y = -0.1896x + 101.93 

R² = 0.9287 
97.00 

y = -0.0675x + 4.645 

R² = 0.7091 
3.00 

CO2 
y = 0.3335x - 4.2826 

R² = 0.9436 
3.95 

y = -0.7431x + 50.086 

R² = 0.8544 
30.51 

 

In addition, it can be concluded from Figures 2 and 3 that the relation between 

salt rejection percentages and temperature variation can be positively represented as 

linear models predicted using ROSA Filmtech. 
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Figure 2. Rejection vs. temperature plot at maximum feed pressure conditions and constant feed flow 

for NF270-400 membrane elements 
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Figure 3. Rejection vs. temperature plot at maximum feed pressure conditions and constant feed flow 

for SW30HRLE-400i membrane elements 
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As observed from the two plots that the slat rejection percentages of RO 

membrane models shows very good ranges of above 94% percent for all the different 

ions, with higher rejection values obtained for RO compared to NF. In case the saline 

feed water exhibits any change in its quality, the fitted correlations can be influenced by 

minor changes which can be neglected or refitted using the desired parameters and 

conditions for a better optimization. 

4.5 Network Synthesis and Optimization  

Synthesis and optimization of the proposed hybrid RO/NF membrane network 

with value extraction technology for specified saline feed water stream in terms of 

quality and conditions aims to achieve an optimum network configuration that meets 

required product constrains while maximizing the performance in terms of economic 

criterion. In this section, the mathematical formulation of the network superstructure is 

introduced in order to facilitate the solution of the optimization problem and its 

implementation. 

As the aim of this optimization problem is to investigate the profitability and 

possibility of implementing a value extraction technology into a membrane desalination 

system, the objective function, described in equation 1, must represents both, the 

revenue (R) from this technology along with the total annualized cost (TAC) of the 

network, in terms of minimizing the profit (π) equation. Usually the profit equation 

begins with the revenue term, however in this case it’s better to begin with the costs to 

avoid undesired negative signs. 

               ( )     ( )        (1) 
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These revenue and costs equations will be explored in the following section and 

it will be implemented in the case study. The terms expressed in equation (2) are very 

similar to the approach followed by Alnouri [7, 8]. 

For any feasible solution to be determined, a number of equality constraints must 

be applied for splitters, mixers, decision splitters and membrane units within the system 

so as to satisfy material conservation requirements. Splitters were associated with the 

following constraint: 

∑        
  
             (8) 

 

 Similarly, the total and ion / component balances associated with each mixing 

node were described as follows: 

  
          ∑               

  
     (     )  ∑               
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It can be observed that the mixers for the product, Brine II and Brine I will 

always be numbered as 3, 5 and 6, respectively. In addition, the mixers for the three 

membrane units; 1, 2 and 4 may or not be exist based on the optimal solution. 

The total and ion / component mass balances for each membrane unit are 

expressed as follows:  
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The total and component mass balances for the entire network are expressed as 

follows: 

                             (26) 
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The mass balances of all components between the membrane units are conserved 

through number of equality constraints as follows: 
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In addition, a number of inequality constraints, that limits the maximum 

permissible salts contamination of final permeate product, the required maximum 

contamination of salts in brine I stream for the value extraction technology, the 

minimum permeate product flowrate, the upper inlet feed pressure and keep the 

membrane modules within a specified range, is required to achieve the viable solution 

and maintain the desirable operating conditions, as follows: 

 

                              (36) 

                             (37) 

                              (38) 

  
      (  

                   
             (     ))   (39) 

   
           

          (40) 

 

The equation calculating the number of modules for each membrane unit within 

the network (NMj) is presented in the following section and it will be implemented in the 

case study. The following equations express the representation of pressure in splitters, 

mixers, and membrane units. 
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                     (45) 

 

The energy requirements of pumps associated with all the streams that has a 

positive pressure difference and ERDs associated with all the streams that has a 

significant negative pressure difference are expressed as: 

      
         

            (46) 

                             (47) 

 

The binary variables associated with decision splitters are handled as: 

                  (48) 

 

Moreover, implementation methodology of this type of process performance 

assessment is done through relating the various operational and economical elements to 

the design variables which is subject to described process equality and inequality 

constraints. The general form of this implementation is summarized as follows [38]: 

Minimize JNL(x) 

Where J is a nonlinear function of economical parameters (x) 

 

Subject to (s/t) 

Process Equality & Inequality Constraints 

 

             , 
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         , 

    ( )                 

 Where, 

            ,  ( )   ,        ,          and  ( )           

 

The superstructure optimization problem has been implemented on a tablet PC 

with Intel® Core ™ i7-2620M, 2.7 GHz, 8.00 GB RAM and 64-bit Operating System 

using Microsoft Excel 2010 via ‘What'sBest!’ 9.0.5.0 version that can build linear, 

nonlinear and integer models using standard spreadsheet equations. The rest of the 

mathematical formulation used to solve this problem is outlined in Appendix A.  

4.6 Economic Assessment 

The economic assessment of the proposed hybrid RO/NF membrane network 

system with value extraction composed of two parts; the first one estimates the profit 

capability of the value extraction technology in terms of both the revenue from salts 

crystalizing and the annualized costs associated with its equipment and energy 

requirements, whereas the second one accounts for the capital costs as well as operation 

and maintenance costs associated with the desalination system. By formulating the 

economic assessment this way, it can be easily minimize the costs of both the membrane 

network and the extraction technology and in the same time maximizing the revenue 

coming from value extraction technology. In addition, it will be easy to track how the 

designs are changing towards producing valuable salts when it focuses all the brine to 

the outlet stream “Brine I” or not by discharging them to the other outlet stream “Brine 
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II”. In other words, the trade-offs between network designs and salt production would be 

effectively captured. The following two sections talks about these two parts in details 

and their implantation with the mathematical model.  

4.6.1 Revenue on Value Extraction Technology 

In any inland membrane-based desalination system composed of RO and NF 

elements, concentrate disposal plays a major issue affecting adversely the economics of 

these projects. In an alternative approach to replace the current employed method that is 

harmfully affecting the environment, a zero liquid discharge (ZLD) technology is 

introduced in this study with economical and technical assessment. This technology 

make use of the second brine waste stream from the proposed RO/NF hybrid membrane 

desalination plant and recover high purity water in addition to valuable salts by product 

that can be then sold to offset any costs involve. It is not essential to extract all the salts 

keeping a zero liquid discharge, however studying wither partial extraction of valuable 

salts and discharging the rest of brine as waste, can lower the costs of disposal them. The 

steps of this technology are described as follows [39, 40]: 

1. The applicable salts must be chosen in order to be analyzed according to the 

composition of the second brine stream and cost attractiveness. This requires an 

idea about the current situation about some of the salts that are included in the 

study. Table 4 includes some price values associated with the salts [41]. 
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Table 4. Prices of some extractable salts 
 

Extractable Salt Price ($/ton) 

CaCO3 307.00 

CaCl2 350.00 

CaSO4 265.00 

CaF2 167.50 

MgCl2 138.75 

MgSO4 197.50 

MgCO3  195.00 

MgF2 185.00 

NaCl 90.00 

NaHCO3 228.00 

Na2SO4 325.00 

NaF 600.00 

Na2CO3  348.00 

 

2. Respective concentrations must be obtained for all ions that constitute the salts to 

be analyzed and the salts must be classified according to sparingly soluble in 

water (freely forming). This requires information about the sparingly soluble 

salts and their solubility data. Table 5 includes some solubility values associated 

with the salts [42-44]. 

 

Table 5. Sparingly soluble factor for some extractable salts 

 

Extractable Salt 
Sparingly soluble factor 

[Ksp (at 25 C)] (mol/L) 

CaCO3 3.36E-09 

CaCl2 4.76E-04 
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Table 5. Continued 

 

Extractable Salt 
Sparingly soluble factor 

[Ksp (at 25 C)] (mol/L) 

CaSO4 4.93E-05 

CaF2 3.45E-11 

MgCl2 3.01E-04 

MgSO4 1.98E-04 

MgCO3  6.82E-06 

MgF2 5.16E-11 

NaCl 1.96E-04 

NaHCO3 5.64E-05 

Na2SO4 1.64E-04 

NaF 2.26E-05 

Na2CO3  1.67E-04 

 

3. Next, the order of crystallization (Q) must be calculated using the following 

equation and compared with Ksp as if Q > Ksp, then precipitation occurs and the 

salt is obtainable and step 8 is implemented directly: 

                          (49) 

4. Whereas if Q < Ksp, then salt is non-obtainable form according to the 

concentrations and so move on to the next salt on your list and go to step 5. 
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5. After that, mass of respective precipitated salt must be calculated using the 

limiting concentration of the cations and anions present and whichever is smaller. 

In here volumetric flow rates and molar masses must be used to obtain 

appropriate conversions from concentrations to mass. Moreover, excess ions 

remaining are to be used in analyzing the formation of other possible salts. 

6. Steps 3-5 must be repeated for all other salts that were chosen according to the 

composition of brine water. 

7. For each freely obtainable salt, all the ones that have associated Ksp values, the 

number of needed separators must be determined according to the number of 

sparingly soluble salts that were found to be obtainable. 

8. Order of formation must be determined for all the extractable salts according to 

provided solubility information, where salts with lower values of solubility will 

form first and thus their possibility of extraction is more. 

9. Mass of respective precipitated salt must be obtained according to the remaining 

ion concentrations as well as the limiting concentration of either the cations or 

anions. 

10. For each soluble salt, all the ones that have associated solubility values, the 

number of needed crystallizers and corresponding energy requirements must be 

determined. 

11. A simple economical profit assessment can be performed now according to costs 

associated of all salts in terms equipment and energy requirements, deducted 

from the revenue from all extractable salts. 
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4.6.2 Costs on Membrane Desalination System 

The second part of the profit equation makes the use of correlations that account 

for capital costs, as well as operation and maintenance (O&M) costs within the 

membrane desalination system. Capital costs are composed of direct and soft capital 

costs that are associated with the development, design, construction, and commissioning 

of the membrane system as direct costs which constitute the largest entity of capital costs 

in addition to costs that involve engineering, administrative and financing phases as 

indirect or soft costs [18].  These capital costs are then added to the total installation 

costs which are accounted as a Lang factor from the total capital costs and remunerated 

over a repayment term usually about 5-30 useful plant life. On the other hand, operating 

and maintenance costs are classified fixed and variable O&M costs that are associated 

with plant power requirements, chemical supplies, and labor together with maintenance 

of plant equipment, buildings and utilities. Finally, both capital costs and O&M costs are 

expressed as a total expenditures throughout a one year period ($/yr) or as costs per m
3
 

of desalinated water produced [45]. These all are embedded in one total annualized cost 

function that covers all the costs associated with the hybrid RO/NF hybrid membrane 

system. The correlations used in the optimization problem are very similar to the 

approach followed by Alnouri [7, 8].  

4.7 Problem Statement & Implementation 

The typical desalination problem state that for a given saline feed water stream 

with a known total mass flow rate      , an inlet pressure      , and a set of multiple 
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ions / components   
    with defined compositions under specified feed temperature 

     , and ask to determine the corresponding cost effective membrane desalination 

network system according to feasible membrane unit arrangement options that satisfies 

the minimum permeate product flow rate               in addition to the maximum salts 

contamination limit of the permeate stream               and take into account the 

alternation between hybrid RO / NF option and the value extraction technology. 

The mathematical Formulation used to solve this problem is outlined in 

Appendix A with all the equations used to implement the optimization problem. The 

needed membrane correlations are very similar to the approach followed by Alnouri [7, 

8]. 

The implementation of this problem statement is done through case studies aims 

to illustrate the above described methodology in order to investigate the optimum design 

configurations for a typical seawater quality outlined in table 2 desalinated using hybrid 

RO/NF membrane system. The solution approach uses the principle of superstructure 

representation achieving an optimal design given certain membrane network 

performance criteria. The case studies are configured into four main categories: 

1. Optimization of membrane desalination network with full connectivity 

over one membrane unit 

2. Optimization of membrane desalination network with full connectivity 

over two membrane units 

3. Optimization of membrane desalination network with full connectivity 

over three membrane units 
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4. Optimization of membrane desalination network with full connectivity 

over three membrane units and enforced connection of value extraction 

technology. 

Input data and parameters used in all the four case studies are summarized below 

in Table 6. 

 

Table 6. Input data and parameters used for seawater hybrid RO/NF desalination system case studies 

 

Parameter/Variable Units Case Study 

      (m
3
/day) 40,000 

              (m
3
/day) 10,000 

              (g/L) 0.5 

      (bar) 1 

          (bar) 1 

         (bar) 1 

          (bar) 1 

    (bar) 1.3 

   
     

 (bar) 55.2 

   
     

 (bar) 4.8 

      (m
2
) 37.2

 

   
      

  2500 

   
      

  900 

   
         

  10 
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Table 6. Continued 

 

Parameter/Variable Units Case Study 

   
        

  4 

      (
o
C) 25 

     1 

  (year) 20 

   ($/kWh) 0.05 

 

The cases investigated yield three feasible hybrid network solutions, and one 

enforced solution. The solution for case study 1 consist of one RO membrane unit as the 

main sink for the saline feed water with less than one minute of computational time. In 

addition, the solution showed that none of the salts are extractable and thus the 

implementation of the value extraction technology is not feasible yielding no flow for 

Brine I. Figure 4 illustrate the optimal design solution for the input described in Table 6 

for case study 1. 
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Figure 4. Optimal design configuration for case study 1 

 

The optimal solution for case study 1 has achieved the desired process conditions 

and overcame all the process constraints with overall recovery of 28% and net objective 

function of 0.844 $ per m
3 

of permeate product. From Figure 4 it can be noticed that part 

of the feed is splitting as excess amount that goes directly to the brine outlet stream. This 

part was taken out from the cost analysis as it enables more reasonable comparison of 

membrane network designs. The permeate stream from the membrane unit goes directly 

to the product and the brine stream goes directly to brine outlet, except for the 

connection that split from the permeate stream and recycled back to the same mixer 

point of the membrane. This small split could be explained as a reflux steam that can 

increase the overall efficiency of the membrane and act as a reflux in the distillation 
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column. Also, it can be noticed that there is no existence for the value extraction 

technology represented by Brine I stream. This refers to the huge costs incorporated by 

the different aspects of the technology which can’t be compared with the small revenue 

from salts extraction. In case study 4, more explanations will be given into how the 

extraction technology affected the overall total costs. 

With adding one more membrane unit to the network, the design configuration 

results in no NF units in the design. The solution for this case; case study 2, has shown 

the existence of two RO membrane units arranged as two separate membrane units with 

less than one and a half minute computational time. Similar to case study 1, the solution 

for case study 2 showed that none of the salts are extractable and thus the 

implementation of the value extraction technology in not feasible yielding no flow for 

Brine I. Figure 5 illustrate the optimal design solution for the input described in Table 6 

for case study 2. 
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Figure 5. Optimal design configuration for case study 2 

 

The optimal solution of case study 2 showed the same observations stated earlier 

for case study 1 in terms of the split of excess feed to the brine outlet stream, the 

permeate and brine outlets of each membrane unit and the small recycle from the first 

membrane unit. The main new observation from case study 2 is that the two membranes 

act as two separate units where each one take its feed from the saline feed water and 

gives the permeate and brine outlets to the product and brine II streams. This can 

conclude in an increase on the capital costs however the solution showed a net objective 

function of 0.712 $ per m
3 

of permeate product with overall recovery of 44.5% which is 

better than case study 1 of one membrane unit. 
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Case 3 studies the effect of adding one more membrane unit to the network, a 

total of three membrane units in the network that alternate between NF and RO options. 

The design configuration that results with the addition of an NF membrane unit consists 

of two RO membrane units with less than two and a half minutes computational time. 

Similar to the previous case studies, the solution for case study 3 showed that none of the 

salts are extractable and thus the implementation of the value extraction technology is 

not feasible yielding no flow for Brine I. Figure 6 illustrate the optimal design solution 

for the input described in Table 6 for case study 3. 

 

 
Figure 6. Optimal design configuration for case study 3 
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The solution for case study 3 was the optimum among all solutions with overall 

recovery of 58% and net objective function of 0.539 $ per m
3 

of permeate product. This 

solution showed that the NF membrane unit played a role as a pretreatment unit 

supplying both RO membrane units with enough feed to achieve the desired process 

conditions and to overcome the process constraints. The optimal combination of these 

three units gave the best energy optimization achieving the high overall recovery of 58% 

and the minimum cost per product ratio. The same comments stated previously for the 

case studies 1 and 2 can be observed here in terms of the split of excess feed to the brine 

outlet stream and the permeate and brine outlets of each membrane unit. In addition, the 

multiple pass arrangement for membrane units 2 and 3 gave enough purification to 

achieve the minimum product purity and quantity. Also, it can be observed that big part 

of the saline water splits from the feed and it is being mixed with the feed of the second 

membrane unit to increase the amount of permeate water that could achieve the required 

minimum product.  

In order to check the results of these studies, the type of membranes where 

enforced and changed to get the results for the rest of possible network configuration. 

Table 7 summarizes the main results for theses configurations. 

 

Table 7. Summary of the main results for all network configurations 

 

Option 
Objective Function 

($/m
3 

product) 

Permeate Quality 

(g/L) 

Overall Recovery 

(%) 

RO 0.844 0.5 28.28 
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Table 7. Continued 

 

Option 
Objective Function 

($/m
3 

product) 

Permeate Quality 

(g/L) 

Overall Recovery 

(%) 

NF 
Infeasible at 0.5 purity 

2.391 30.0 30.00 

RO – RO 0.712 0.5 44.50 

RO – NF Gave the same results of one RO unit 

NF – RO Gave the same results of one RO unit 

NF – NF 
Infeasible at 0.5 purity 

Gave the same results of one NF unit 

RO – RO – RO 0.545 0.5 65.58 

NF – RO – RO 0.539 0.5 58.11 

RO – NF – RO Gave the same results of two RO units 

RO – RO – NF Gave the same results of two RO units 

NF – RO – NF Gave the same results of one RO unit 

RO – NF – NF Gave the same results of one RO unit 

NF – NF – RO Gave the same results of one RO unit 

NF – NF – NF 
Infeasible at 0.5 purity 

1.789 30.0 30.00 

 

In the fourth case study, one more constraint was involved to get the influence of 

value extraction technology in the membrane network and to study when this technology 

would be competitive. The additional constraint was added as the minimum salts 

contamination limit of brine I stream             and was manipulated to see the trend of 

increasing of the net profit from the extraction technology. There was no change in the 

other constraints similar to other case studies, thus the results of the network were the 

same with the brine streams going to Brine I mixer instead of Brine II mixer. 

In addition, this additional constraint of minimum salts contamination limit was 

manipulated to see the trend of net profit. Figure 7 shows the values taken for the 
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minimum constraint and the reported overall costs and revenue. Also, it shows the trend 

of increasing revenue (secondary axis) that cannot be compared to the overall needed 

costs (primary axis). The equation for the revenue is the same of what was expressed 

previously in equation (8) and the equation for the overall costs can be expressed as 

follows: 

    
   

 
      

(           )

 
 (       )               

                               (50) 

 

 
 

Figure 7. Trends of revenue and costs for the value extraction technology as a function of brine I fraction 
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This leads us to the conclusion that this value extraction technology with its strict 

application cannot be implemented as one of the solution to the problem of waste brine 

deposit due to its huge cost compared to the small revenue from the salts extracted. 

Although this final conclusion was clear that the value extraction technology has not 

added a big value to the optimization of the membrane network, a last effort was made to 

examine more relaxed assumptions than the ones in section 4.5.1. The assumption was 

made to take all the extractable salts without checking that their sparingly soluble is 

smaller than the order of crystallization. In addition, for all the obtainable salts only one 

separator and one crystallizer will be needed. These assumptions are implemented on the 

optimum solution of NF-RO-RO configuration in order to check its feasibility. Figure 8 

illustrate the solution gathered for the relaxed value extraction technology. 
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Figure 8. Optimal design configuration for case study 4 

 

The optimal solution for case study 4 showed that some of the brine rejected 

from the membrane network is sent to Brine I outlet which represents the value 

extraction technology. This lead to an overall recovery of 47.25% and net objective 

function of 0.619 $ per m
3 

of permeate product. Although this result is not comparable 

with the ones for case study 3, it offers a suitable solution for the treatment of the brine 

disposal with optimizing the production from the membrane network. 

Table 8 provides a summary of profit and revenue along with capital and 

operating costs of the optimal solutions for all the four case studies from the excel sheet 

implementations. Moreover, Figure 9 provides with the exact percentages of the main 
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four cost elements; direct and soft capital costs and variable and fixed O&M costs, for 

all the four case studies. 

 

Table 8. Summary of profit, revenue, capital, operating and total costs for the optimal 

solution 

 

Saline feed water Quality 

Typical Seawater with around 35 ppt of TDS 

Case 

Study 1 

Case 

Study 2 

Case 

Study 3 

Case 

Study 4 

Configuration RO RO – RO NF – RO – RO NF – RO – RO 

Overall Profit function ($/m3) 0.844 0.712 0.539 3.494 

Revenue from value 

extraction technology  ($/m3) 
0 0 0 0.012 

Costs of value extraction 

technology ($/m3) 
0 0 0 3.009 

Costs of membrane 

desalination system ($/m3) 

Capital Capital Capital Capital 

0.526 0.403 0.339 0.29 

Operating Operating Operating Operating 

0.319 0.309 0.200 0.18 

Computational time (CPU) 37 sec 1 min 18 sec 2 min 18 sec 5 min 5 sec 
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a. Costs partitions for case study 1   b. Costs partitions for case study 2 

 

  
 

c. Costs partitions for case study 3   d. Costs partitions for case study 4 

 
Figure 9. Cost distribution of capital and O&M costs for the optimal design solution as a percentages from 

the overall annualized cost 

 

The pie charts in Figure 9 shows small differences in cost distribution between 

the four cases as a result of changing in constraints and network size. As the network 

size gets bigger the overall costs get smaller and the computational time needed 

increases. In addition, the direct and soft capital costs along with fixed O&M costs of the 
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smaller network size with only one membrane unit are more than the ones for two units. 

Whereas, the variable O&M costs of the smaller network size with only one membrane 

unit are less than the ones for two units. This may refers to the power costs that are 

needed more in the two membrane network in addition to the frequent replacement of 

the membrane units. However, with the addition of NF membrane unit in case study 3 

the variable O&M costs drops again with the increase in the other costs. This proof the 

previous statement that says, the addition of the NF membrane unit can lower the power 

consumption and increase the overall recovery of the system. The unique position of the 

NF unit as pretreatment stage has given the network excellent addition to increase the 

overall yield and bring down the needed costs for pressurizing and depressurizing of 

stream connections. While the rest of positions as showed earlier in table 7, has not 

added much to the membrane network, the placement of this NF membrane unit has 

lower the net costs slightly comparing to the RO-RO-RO configuration especially and to 

the rest of three membrane configurations with keeping the high overall recovery. 

Enforcing the connection of value extraction technology in case study 4 resulted 

in very small amount of revenue however in the other hand has increased rapidly the 

overall annual cost of the network by adding huge costs from the extraction technology. 

This leads us to the same conclusion stated previously that this value extraction 

technology is not sufficient to play a role in the solution of waste brine deposit problem 

unless the strict constraints applied on it are relaxed and more energy integration is 

utilized in order to minimize the costs associated with it. 
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Tables 9, 10 and 11 gives a summary about the main results from all the four 

cases including; overall water recoveries, number of modules required, salts 

contamination on the final streams with ions breakdown, along with the optimized 

values of splitting fractions within each network case study.  

 

Table 9. Summary of the main results for the four case studies 

 

Saline feed water Quality 

Typical Seawater with around 35 ppt of TDS 

Case 

Study 1 

Case 

Study 2 

Case 

Study 3 

Case 

Study 4 

Overall recovery 28.28 % 44.50 % 58.11 % 59.00 % 

Flow rates of 

the final streams 

Permeate (m
3
/day) 11,311.35 17,801.21 23,242.10 18,901.08 

Brine I (m
3
/day) - - - 4,699.34 

Brine II (m
3
/day) 28,688.65 22,198.79 16,757.90 16,399.58 

Number of 

modules 

Membrane Unit 1 RO : 2,453 RO : 1,499 NF : 1 NF : 1 

Membrane Unit 2 - RO : 1,501 RO : 2500 RO : 2500 

Membrane Unit 3 - - RO : 106 RO : 87 

 

Table 10. Summary of the salts contamination on the final streams for the four case 

studies 

 

Saline feed water Quality 

Typical Seawater with around 35 ppt of TDS 

Case 

Study 1 

Case 

Study 2 

Case 

Study 3 

Case 

Study 4 

Salts contamination 

on the final streams 

Permeate (g/L) 0.50 0.50 0.50 0.5 

Brine I (g/L) - - - 34.75 

Brine II (g/L) 48.25 62.21 82.25 74.22 
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Table 10. Continued 

 

Saline feed water Quality 

Typical Seawater with around 35 ppt of TDS 

Case 

Study 1 

Case 

Study 2 

Case 

Study 3 

Case 

Study 4 

Salts breakdown on  

permeate stream after  

post treatment (mg/L) 

K 6.99 6.99 6.99 6.99 

Na 183.63 183.63 183.63 183.63 

Mg 10.00 10.00 10.00 10.00 

Ca 30.00 30.00 30.00 30.00 

Sr 0.05 0.05 0.05 0.05 

CO3 54.29 54.29 54.29 54.29 

HCO3 3.14 3.14 3.14 3.14 

Cl 293.15 293.15 293.15 293.15 

F 0.02 0.02 0.02 0.02 

SO4 4.48 4.48 4.48 4.48 

SiO2 0.03 0.03 0.03 0.03 

CO2 1.68 1.68 1.68 1.68 

Total dissolved solids (TDS) 587.46 587.46 587.46 587.46 

 

Table 11. Summary of the splitting fractions for the four case studies 

 

Saline feed water Quality 

Typical Seawater with around 35 ppt of TDS 

Case 

Study 1 

Case 

Study 2 

Case 

Study 3 

Case 

Study 4 

Splitting fraction 

(from splitter S# to mixer M#) 

S1M1 0.7011 0.3925 0 0 

S1M3 0 0 0 0 

S2M2 0 0 0.2718 1 

S2M3 0.8935 0.8342 0 0 

S3M3 0 1 0.9539 0.9536 

S4M5 0 1 1 1 

S4M6 0 0 0 0 

S5M5 1 1 1 0 

S5M6 0 0 0 0 

S6M3 0 0 1 1 

S6M5 0 0 0 0 

S6M6 0 0 0 0 

S7M5 0 0 1 1 

S7M6 0 0 0 0 
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It can be concluded from the above results that adding more membrane units 

would achieve the same minimum total amount of salts contamination on the permeate 

stream, however it will increase the salts contamination on the outlet brine streams while 

in the same time it will increase the overall recovery of the system. The addition of NF 

membrane unit in case study three has increased the overall recovery compared to the 

RO-RO and RO network systems, however it can observed from table 7 that the 

standalone NF membrane unit lacks achieving an optimum salts contamination that 

meets the requirement of potable water while keeping the high production of permeate. 

Salts rejection percentages presented previously have played a big role in the 

optimization problem. While RO membrane units have high percentages of salts 

rejection, it can’t achieve high recovery of potable water. Whereas NF membrane units 

have moderate salts rejection percentages while achieving higher recovery of potable 

water than RO units. 

The post treatment calculations have not changed a lot the total dissolved solids 

of the permeate streams and all the three cases; 1, 2 and 3, can be considered as sources 

of accepted salts contamination in the potable water. In addition, the total number of 

modules for all the four cases is within the range and shows some similarities. 

The splitting fractions of the feed saline water stream to the mixer of the second 

membrane unit in cases 2 and 3 has played a role in adjusting the overall salts 

contamination on the final permeate stream and in the same time has increased the 

overall recovery of the network slightly. 
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In order to check the optimality of the solutions gathered in this research, it must 

be compared with the ones published previously for the same track of formulation. The 

nearest paper in terms of time and methodology is the one published by Alnouri [7, 8]. 

Table 12 compares the two optimal solutions of both papers in terms of feed quality, 

average salt rejection percentages of the membrane unit, objective function, 

computational time, permeate quality and overall recovery. 
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CHAPTER V  

CONCLUSIONS 

 

It is every person right over this earth to get pure drinkable water that could 

overwhelm his needs. This right was the motivation of wide range of the world to 

discover new ways of purifying the difficult and more contaminating source of water 

while the purer sources are in their way to be totally drained. In an effort to come up 

with new technologies, this paper studies the synthesis and optimization of RO-NF 

hybrid membrane desalination network beginning from the development of 

superstructure representation till the implementation of the mathematical formulation 

using MINLP method and evaluating it in economical assessment. Moreover, it studies 

the effect of changing the network size in the resulted optimal solutions and possible 

profitability from adding a value extraction technology.  

The implementation of the optimization problem resulted in more powerful 

achievement of the optimal network configuration compared to previous approaches. 

The results of the optimization problem showed and addition of NF membrane unit 

which increased the overall recovery of the network system. The developed hybrid 

designs showed great observations in terms of achieving lower objective function of 

total annualized costs per m
3
 of permeate product compared to single type membrane 

unit’s designs. The optimal solution for the NF-RO-RO configuration achieved the 

minimal objective function among all the possible configurations of three membrane 

unit. With up to 58% of overall recovery, the optimal solution of the hybrid design 
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achieved 0.539 $ per m
3
 of permeate product. It was observed clearly that the presence 

of the hybrid configuration has lowered the overall power consumption while achieving 

the quality needed for the potable water. Although the NF membrane unit played a role 

in achieving the optimal solution, the RO units are still dominating the optimal 

configuration for their need of lowering the salts contamination in the permeate stream 

with their high salt rejection percentages. In addition, introducing the decision splitters 

within the membrane network has added a remarkable advantage in formulating 

problem. Moreover, the value extraction technology was not part of the optimal solution 

and the enforcing of its existence in one of the case studies showed a huge increase in 

the overall annual cost. The methodology has been illustrated using four case studies 

incorporating the change of network size and enforcing the value extraction technology. 

In conclusion, the Nanofiltration membrane units have shown good opportunities in 

developing hybrid membrane plants that can lower the overall consumption of energy 

while achieving the minimum needs of producing potable water. 

Future work can focus on the value extraction technology implementation within 

the network design problem, in order to lower the costs associated. This can be done be 

applying energy integration tools to lower the consumption of energy. In addition, the 

effluent from the value extraction technology can be controlled to achieve the required 

quality of the potable water and thus increase the overall yield of the membrane system. 
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APPENDIX A: MATHEMATICAL FORMULATION 

 

Pretreatment calculations 

 

        
     (          

    ) (                   )   (51) 

 

             
     ∑         

           
         (52) 

 

            
     ∑         

          
         (53) 

 

                        
                 

    
     (54) 

 

                     
        

     (|          |       
                

       
)

           (55) 

                     
        

     (|          |       
                

       
)

           (56) 

 

  
       

                  (57) 

 

  
          (         )    

                 (         )  (58) 

 

Equality & Inequality constraints 

 

These are represented by equations (8) through (48) from section 4.6 in the text.  

 

Post-treatment calculations 
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Cost function 

 

These are represented by equations (1) through (7) from section 4.6 in the text. 


