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Abstract
A process optimization method has been developed for the design of reverse osmosis (RO) processes. RO
process configurations are systematically generated using a flexible superstructure and evaluated by economical
(investment and operating costs), technical (energy requirement, water recovery rate) and environmental
performance indicators (Life Cycle Assessment). The simultaneous optimization of the RO process layout and
operating conditions constitutes a mixed-integer nonlinear programming (MINLP) problem, which is solved
using a multi-objective optimization (MOO) approach. The MOO identifies the best technological alternatives for
the set of selected objectives. In a given context, it allows to define a set of optimal solutions representing the
trade-off between conflicting objectives such as economical costs and environmental impacts. As a case study, the
methodology is applied on a brackish water reverse osmosis (BWRO) desalination project, for which the optimal
design is characterized depending on the economical conditions.
Keywords: Reverse osmosis (RO) desalination; Process design; Multi-objective optimization; Economical costs;
Environmental impacts

1. Introduction
1.1. Context
Considering the availability of seawater (98%
of the water on earth), desalination may represent
a major solution when facing the future water scarcity problem [1]. To date, two major technologies
*Corresponding author.

are used for desalination: distillation (multi-stage
flash MSF or multi-effect evaporation MEE) or
membrane filtration (reverse osmosis RO) [2]. For
a given potable water supply project, the choice
between these desalination processes and other
treatment alternatives is yet made on technical,
economical and/or political criteria. However
recent calls for tender have proven that stakeholders now also seek to integrate sustainability
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factors into their decision process by comparing
the environmental impacts of the different alternatives. In response to this environmental concern, the desalination industry is willing to
reduce the environmental impacts of these technologies while still proposing competitive water
treatment plants. Due to their important energy
consumption and to the brine discharge into the
local water bodies, desalination plants generate
indeed higher potential environmental impacts
than potable water production plants using
freshwater treatment processes [3,4].
The environmental impacts of desalination
plants may be mitigated by extensive downstream
(or end-of-pipe) treatments such as concentrate
dilution, treatment and disposal [4]. However
environmental impacts are usually more effectively reduced by minimizing directly the upstream
impact sources through process optimization [5].
The actual performances of the desalination
process result from design choices which traditionally aimed at minimizing the total water
price (TWP) while respecting technical constraints and project requirements but without
explicitly accounting for environmental impact.
The environmental performances of the desalination process could be improved by reviewing
these previously defined design choices. It is
thus proposed to introduce environmental criteria directly in the early design phases, in order
to identify new environmental friendly process
configurations.
The reverse osmosis (RO) process is constituted of an arrangement of pressure vessels (PV),
each of them containing several RO membrane
modules connected in series. From a process
engineering perspective, the RO process performances can be improved by:
• enhancing the efficiency of the unitary equipments used in the RO process (pretreatment,
pumps, energy recovery devices, high permeability membranes, etc.),
• improving the RO process layout and adapting the operating conditions to this layout.
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While the improvement of the equipments
efficiency is the decisive task of equipment providers and plant operators, process engineers are
mainly in charge of designing the process layout
and defining operating conditions which meet
given project specifications. This requires to
make choices over a vast number of options that
rely on both continuous (e.g. flow rates) or discontinuous (choice of equipments, interconnections, etc.) variables. At the moment, RO process
configurations are still developed using standardized designs based on engineer experience
and commercial preferences, with no guarantee
that the best performances have been achieved
for the technologies available. With the aim of
helping the process engineer during the RO
process design, an advanced method has therefore been developed for the systematic investigation of the large number of RO process
alternatives.
1.2. Literature review
RO process design requires at first to model
the unitary equipments composing the process,
the most important of which being the RO membrane. Analytical models have been developed
to describe the transport phenomenon across the
RO membrane [6–8]. These membrane models
are then combined to model the complete RO
process. RO process design softwares were
developed by membrane constructors such as
ROSA© from FILMTECTM [9] or IMSDesign©
from HydranauticsTM [10]. Besides defining constructor good practices for membrane operation
and shortcuts methods for pressure vessel modeling, these softwares allowed to test flexible RO
configurations for different commercial membranes. Unfortunately these calculations were
performed within a black box, without characterizing the membrane-specific parameters. There
was furthermore no optimization procedure
proposed. A first step toward process optimization was the sensitivity analysis is performed by
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Evangelista and Al-Bastaki [11,12] on a detailed
model of a multi-staged hollow fiber membrane
configuration. Similarly, McCutchan and Goel
[13] modeled two-stages and three-stages configurations of tubular membranes, in order to
minimize the operating pressure and the total
membrane area [13]. Van der Meer et al. [14]
modeled multi-stages spiral-wound membrane
PV configurations for permeate production
increase. Malek et al. [15] analyzed the costs of
one-stage and two-stages hollow fiber RO processes. These studies were however limited to a
parametric analysis on predefined RO process
configurations without using a systematic design
method. El-Halwagi [16] first formulated the
reverse osmosis network (RON) optimization
problem as a mixed integer nonlinear programming
(MINLP) problem and proposed a resolution
method for the cost minimization of the hollow
fiber membranes RON in waste reduction applications. Voros and Fazilet [17,18] simplified
El-Halwagi’s representation by using a variable
split ratio to formulate the problem as a nonlinear
programming (NLP) problem. Marcovecchio et al.
[19] proposed an iterative resolution method
for the optimization of the total annual cost of
either one-stage or two-stage hollow fiber PV
configurations. However in these papers, the
commonly used spiral-wound membranes pressure vessel was not considered, thus leading to
membrane-specific results difficult to compare
with actual desalination practices. More over
the optimization procedure was performed on
a restricted number of process configurations,
which did not allow one to identify innovative
process options. More recently, Lu et al. [21]
used the El-Halwagi problem formulation for
the optimization of spiral-wound PV process configurations. Although the spiral-wound PV was
modeled globally as a spiral-wound membrane,
this study provided some useful results on
cost-optimal RO process configurations as a
function of project specifications. The optimization was however performed on economical

costs only. In a broader perspective, none of the
optimization methods reviewed took into
account the environmental impact of the RO
desalination plant.
1.3. Problem statement concerning the
RO process design
When developing new processes, the conceptual process design consists in identifying the
best process configurations in a given context,
so that they may later be detailed by process
engineers. A process configuration corresponds to
a list of equipments interconnected in a given
process layout, for which specific sizes and
operating conditions are defined. Referring to
Fig. 1, the process design is realized in several
steps. The process synthesis consists in systematically generating process configurations.
The process characterization represents the performances evaluation of the generated process
configurations while the process optimization
aims at selecting the best configurations according to a given objective function [5]. RO process
design therefore requires three key components:
• The technical modeling of RO equipments
and a systematic method for RO process
synthesis.
• Accurate performances indicators for RO
process characterization.
• An optimization procedure for RO process
optimization problem.
As stated in the literature review, RO process
optimization has already been developed for
given membrane types and process configurations. Nevertheless the results of these studies
were difficult to interpret within the framework
of actual industrial practices. Indeed most of
these studies did not analyze the most commonly
used technology, e.g. spiral-wound membrane.
This work will therefore focus on the technical
modeling and the performances evaluation of
spiral-wound membrane PVs. Moreover, these
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Fig. 1. RO process design method.

optimizations were restrained to a limited number
of process configurations in a given local context,
thus narrowing the optimization pertinence.
A special attention has therefore been paid to
the flexibility of the RO process synthesis and to
the assessment of local context influence (temperature, water resource quality, etc.). Regarding RO process characterization, it has been
confirmed that the environmental impacts of
desalination were not considered during RO
process design. Besides defining environmental
performance indicators for RO desalination
plants, the proposed design method ought
therefore to integrate simultaneously economical and environmental objectives. A computeraided optimization methodology has thus been
developed, which:
(i) includes a database of up-to-date RO membrane models,
(ii) performs the systematic generation of all
feasible RO process configurations (process
layout and operating conditions) with
respect to project specifications and local
context,

(iii) evaluates the technical, economical and
environmental performances of these
configurations,
(iv) optimizes the RO process configuration
within a multi-objective framework.
A case study presents the information which
may be generated by applying such methodology.
2. RO process synthesis
2.1. RO membrane
Lonsdale et al. [6] first presented a membrane
transport model assuming the homogeneous diffusion of solvent and solute across a nonporous
membrane. Finely porous models were developed by Kimura and Sourirajan [7] to take into
account convective effects inside the membrane.
Spiegler, Kedem and Katchalsky [8,22] used a
thermodynamic approach to describe the whole
transport phenomena inside the membrane.
These models can be resumed to a two parameters solution-diffusion model which assumes
that both the solute and solvent dissolve in the
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surface layer of the membrane and diffuse through
the membrane depending on two parameters: the
membrane pure water permeability A and the
membrane solute permeability B. The interface
between solution and membrane layer has also
been studied. At the RO membrane interface,
the most relevant phenomenon is the concentration polarization due to solute retention on the
membrane layer. Several studies were conducted
by Kimura and Sourirajan [23] and Taylor et al.
[24], which correlated concentration polarization with membrane characteristics, feedwater
solute concentration and permeate flux. These
models describe the water and salts fluxes per
unit area of RO membrane. They therefore have
to be integrated over the whole membrane surface in order to model the performances of a RO
membrane module. Sirkar et al. [25], Gupta [26]
provided shortcut methods in order to take
into account the feedwater salts concentration
increase and the pressure drop along the membrane feed and permeate channels (Fig. 2).
This work aims at generating RO process configurations which easily integrate new membranes. The Kimura–Sourirajan two parameters
membrane model [23] has thus been used and
adapted according to membrane constructor
practices. In a first approach, a focus is made
on spiral-wound membranes in accordance
with actual market trends [2]. The boron presence
is not taken into account. The membrane is considered to be isothermal. The mass of salts in
seawater is considered to be negligible in comparison with the mass of water and the seawater
density r is considered to be constant at
1000 kg ⋅ m−3.

FEEDWATER

.
Mf , Cf , πf , Pf , Tf

RO membrane
module

. PERMEATE
Mp, Cp, πp, Pp, Tp

.CONCENTRATE
Mc , Cc , πc , Pc , Tc

Fig. 2. Schematic diagram of single RO membrane.

The membrane permeate mass flow rate M p
is equal to

M p = ( J w + J s ) ⋅ SM

(1)

with M p the permeate mass flow rate in kg ⋅ s−1,
Jw the permeate mass flux through the membrane
in kg ⋅ m−2 ⋅ s−1, Js the salts mass flux through
the membrane in kg ⋅ m−2 ⋅ s−1, SM the membrane
active area in m2.
The mass balance of water and salts across
the membrane gives

M f = M p + M c

(2)

M f ⋅ Cf = M p ⋅ Cp + M c ⋅ Cc

(3)

with i ∈{ f , p, c} respectively the feed, permeate, concentrate water streams, M i the ith water
stream mass flow rate in kg ⋅ s−1, Ci the ith water
stream salts mass concentration in kg of salts
per kg of water.
The water recovery rate r is defined by
M p
r=
M f
The membrane salts rejection rate R is defined
C
by R = 1 − p
Cf
The permeate mass flux Jw through the membrane is modeled by the Fick’s law:

J w = A ⋅ ( ΔP − Δπ )

(4)

with Jw the permeate mass flux through the
membrane in kg ⋅ m−2 ⋅ s−1, A the membrane
pure water permeability in kg ⋅ m−2 ⋅ s−1 ⋅ Pa−1,
ΔP the transmembrane pressure in Pa, Δp the
transmembrane osmotic pressure in Pa.
The salts mass flux Js through the membrane
is modeled by

J s = B ⋅ (Cw − Cp )

(5)

with Js the salts mass flux through the membrane in kg ⋅ m−2 ⋅ s−1, B the membrane salts
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permeability in kg ⋅ m−2 ⋅ s−1, Cw the wall mass
salts concentration in kg of salts per kg of water,
Cp the permeate mass salts concentration in kg
of salts per kg of water.
The assumption is made that the mass flux of
solute is equal to the mass flux of permeate multiplied by the permeate mass salts concentration:

J s = J w ⋅ Cp

(6)

with Js the salts mass flux through the membrane in kg ⋅ m−2 ⋅ s−1, Jw the permeate mass flux
through the membrane in kg ⋅ m−2 ⋅ s−1, Cp the
permeate mass salts concentration in kg of salts
per kg of water.
In a first approach, the concentration
polarization factor is evaluated using the correlation developed by Taylor et al. [24] and
approximated for spiral-wound membranes by
FILMTECTM [9]:

⎛ C + Cc
⎞
Cw − C p = ⎜ f
− Cp ⎟ ⋅ e K ⋅ r
⎝
⎠
2

(7)

with Cw the wall mass salts concentration in kg
of salts per kg of water, Cf the feedwater mass
salts concentration in kg of salts per kg of water,
Cc the concentrate mass salts concentration in
kg of salts per kg of water, Cp the concentrate
mass salts concentration in kg of salts per kg of
water, r the water recovery rate of the membrane, K = 0.7.
The transmembrane pressure ΔP is calculated with

Δ P = Pf − Pp −

Δ pdrop
2

(8)

with ΔP the transmembrane pressure in Pa,
Pf the applied feed pressure in Pa, Pp the resulting
permeate pressure in Pa, Δpdrop the pressure
drop along the membrane channel in Pa.
The pressure drop Δpdrop is approximated by
the correlation defined by Schock and Miquel
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[27] and adapted for spiral-wound membranes
by FILMTECTM [9]:

Δ pdrop

α
⎛ M f + M c ⎞
=λ⎜
⎝ 2 ⋅ ρ ⎟⎠

(9)

with Δpdrop the pressure drop in Pa, M f the
membrane feed flow rate in kg ⋅ s−1, M c the
membrane concentrate flow rate in kg ⋅ s−1,
a = 1.7, l = 9.5 × 108.
Considering that seawater contains only
NaCl salts, the transmembrane osmotic pressure
is approximated by the Van’t Hoff relation [28]:

Δπ =

2⋅ R⋅T ⋅ ρ
⋅ (Cw − Cp )
M NaCl

(10)

with Δp the transmembrane osmotic pressure in
Pa, R the universal gases constant, equal to
8.314 J ⋅ mol−1 ⋅ K−1, T the water temperature in
K, MNaCl the molar mass of NaCl equal to
0.0585 kg ⋅ mol−1, Cw the wall salts mass concentration in kg of salts per kg of water, Cp the
permeate salts mass concentration in kg of salts
per kg of water.
The membrane water permeability A is
approximated as a function of feedwater temperature T, transmembrane osmotic pressure Δp
and fouling factor FF by the following relation:

A = Aref ( Δπ ) ⋅ FF ⋅ TCF

(11)

with A the membrane pure water permeability
in kg ⋅ m−2 ⋅ s−1 ⋅ Pa−1, Aref (Δp) the reference permeability in kg ⋅ m−2 ⋅ s−1 ⋅ Pa−1 at T0 = 298 K
without fouling, TCF the temperature correction
factor at T, FF the fouling factor.
The influence of membrane fouling on membrane permeability is expressed by the fouling
factor FF which varies between 100% for new
membranes and 80% for 4 years old membranes [9].
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The influence of temperature on membrane
permeability is expressed by the temperature
correction factor TCF using a Arrhenius type
correlation [29]:

TCF = e

e⎛ 1
1⎞
−
R ⎜⎝ T0 T ⎟⎠

(12)

with T the water temperature in K, T0 the reference water temperature equal to 298 K, e the
membrane activation energy in J mol−1, R the universal gases constant equal to 8.314 J mol−1 K−1.
Based on DOW technical documentation, e is
estimated for all reverse osmosis membranes at
25,000 J mol−1 when T ≤ 298 K and at 22,000
J mol−1 when T > 298 K [9].
For each membrane, the influence of the
osmotic pressure Δp on the reference pure water
permeability Aref (Δp) has been measured experimentally at T0 = 298 K and FF = 1 by membrane producers. An example was published in
the FILMTECTM technical documentation for
the 8-inch BW30 membrane [9]. However in
most cases, this relation is not provided. In a
first approach, Aref (Δp) is therefore considered to
be constant and labeled Aref.
In accordance with the papers reviewed, the
membrane salts permeability B is considered to
be constant [6,23].

2.2. Membrane characterization
Using the developed RO membrane model,
three membrane-specific parameters are sufficient to characterize the filtration across a given
type of spiral-wound membrane:
• the membrane active surface SM,
• the membrane reference pure water permeability Aref ,
• the membrane salts permeability constant B.
For each membrane in the membrane database, these 3 parameters are identified using
constructor data and experts validation [9,21].
Besides hydraulic limits are defined by constructor specifications [9] for membrane filtration
good practices (maximum pressure, maximum
and minimum flux). A unitary base cost pMbne is
also fixed for each membrane module using
market estimation and cost evaluation from
Lu et al. [21]. At the moment, two commercial
membranes (SW30-HR380 and BW30LE-440
from FILMTECTM) are characterized and tested
in the generated RO process configurations
(Table 1).
For a characterized membrane type, the
membrane model requires therefore 6 values to
fully define the membrane operation:

Table 1
Membrane database used for RO process synthesis
Membrane specific parameter

Active surface SM
Reference pure water permeability Aref
Salts permeability constant B
Maximum applied TMP ΔPmax
Maximum permeate flux J w max
Maximum feed flux M f max
Minimum concentrate flux M b
min
Maximum recovery rate rmax
Unitary module cost pMbne

Unit

m2
10−9 kg ⋅ m−2 ⋅ s−1 Pa−1
10−5 kg m−2 s−1
bar
LMH or L ⋅ m−2 ⋅ s−1
m3/h
m3/h
%
$

Membrane type Mbne
SW30-HR380

BW30LE-440

35.3
2.5
2.5
68.9
47
16.2
2.27
30
1000

40.9
12
15
41.3
47
17
2.27
30
900
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• Mbne the type of membrane in the database,
• Cf the membrane feedwater salinity (in kg of
salts per kg of water),
• Tf the membrane feedwater temperature (in K),
• FF the fouling factor of the membrane (in %),
• r the membrane water recovery rate (in %),
• Jw the permeate mass flux (in kg ⋅ m−2 ⋅ s−1).
2.3. Pressure vessels
A pressure vessel containing ne membrane
elements is equivalent to ne staged membranes
in series (Fig. 3). The PV permeate is considered to be the mix of the ne membrane module
permeates. The PV recovery rate r is therefore
defined by
ne
⎡ k −1
⎤
r = r1 + ∑ ⎢ rk ⋅ Π (1 − rl ) ⎥
l
=
1
k = 2⎣
⎦

(13)

with rk — the water recovery rate of the membrane k for k = 1 ... ne.
The pressure vessel is modeled as ne successive membranes defined by Eqs. (1–12). This
corresponds to an equations system with 6.ne
degrees of freedom. Assuming that the PV is
isothermal and that it contains the same type of
membrane modules with the same fouling factor
eliminates 3.ne – 3 degrees of freedom.
For k = 2 … ne, the concentrate flow rate,
salinity and pressure of membrane k – 1 are
respectively the feedwater flow rate, salinity and
pressure of membrane k:

J wk =

J wk −1 ⋅ (1 − rk −1 )
rk −1

for k = 2… ne

. FEEDWATER
Mf, Cf, πf, Pf, Tf

(14)

Cfk = Cbk −1

for k = 2 … ne

(15)

Pfk = Pbk −1

for k = 2 … ne

(16)

with Jwk the permeate mass flux through the
membrane k in kg m−2 s−1, Cfk , Cbk the feedwater
and concentrate mass salts concentration of the
membrane k, the feedwater and concentrate
pressure of the membrane k in Pa.
Eqs. (14–16) allow to eliminate 3ne − 3
degrees of freedom. Considering the number of
membranes in the PV as a variable ne, the PV
model requires 7 values to fully characterize the
PV performances (transmembrane pressure
applied, permeate salinity…):
• ne the number of membrane modules in the
pressure vessel,
• Mbne the type of membrane module in the
database,
• Cf1 the feedwater salinity of the first membrane (in kg of salts per kg of water),
• r the total recovery rate of the pressure
vessel (in %),
• Tf1 the temperature of the water stream feeding the PV (in %),
• FF the fouling factor of the pressure vessel
(in %),
• Jw1 the permeate mass flux of the first PV
membrane (in kg ⋅ m−2 ⋅ s−1).
The model is solved using a Newton–Raphson
based algorithm. Within the pressure vessel,
each membrane is characterized by its individual recovery rate, permeate flux and rejection
rate, which allows to verify the PV feasibility
based on constructor good practices.
. PERMEATE
Mp, Cp, πp, Pp, Tp

Membrane 1

Membrane 2
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Membrane ne

Water stream demand

. CONCENTRATE
Mc, Cc, πc, Pc, Tc
Water stream source

Fig. 3. Schematic representation of a pressure vessel containing ne spiral-wound membranes.
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2.4. RO network and superstructure
The RO process design is decomposed into
two related sub-problems. The master optimization
problem concerns the characterization of pressure vessels while the lower level optimization
problem computes the process layout and the
operating conditions for the specified pressure
vessels. Two subsets of decisions variables are
defined in order to solve the global optimization
problem.
A first subset of decision variables is used
to establish explicitly the characteristics of n
different pressure vessels with 7 decision variables per pressure vessel corresponding to the
7 degrees of freedom of the PV model. Each
pressure vessel is represented as two water
stream sources (permeate and concentrate) and
one water stream demand (pressure vessel
feedwater) whose salinity and flow rates are
defined by the decision variables (Fig. 3). The
n pressure vessels are implemented as individual process units within a superstructure which
is defined by systematically generating all the
possible connections between the sources and
demands, thus allowing for permeate and brine

recirculation or blending, staging. An example
of superstructure for 2 pressure vessels is presented in Fig. 4. A feasible connection network
is a selection of pressure vessels, connecting
pipes, mixers, splitters characterized by water
stream flows and capacity factors, which forms
a RO process configuration that satisfies the
project specifications, i.e. the produced potable
water salinity and flow requirements. For the
given set of pressure vessels, the optimization
of the connection network is formulated as a
mixed integer linear programming (MILP)
problem, which is solved using a conventional
branch and bound algorithm. The second subset of decision variables is used to introduce
relaxation factors in the objective function of
this lower level optimization problem, in order
to ensure the global optimality of the generated
configurations within the master optimization
problem. The detailed decomposition procedure
of the MINLP optimization problem is given
in [30].
This flexible definition of RO process configurations allows to identify innovative RO
configurations adapted to the project constraints

PERMEATE

RO pressure
vessel

FEEDWATER

RO pressure
vessel
CONCENTRATE

Mixer

Splitter

Pump

Energy
recovery
device

Fig. 4. Superstructure for 2 pressure vessels.

Pressure
vessel
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(e.g. feedwater salinity) without having to specify a predefined arrangement.
3. RO desalination plant characterization
In order to characterize their performances,
the generated RO process configurations are
integrated into the complete desalination process chain (Fig. 5). The performances of the corresponding RO desalination plant are assessed
by technical, economical and environmental
indicators which are used as objective functions
of the master optimization problem.
Being part of project specifications, the potable water distribution is identical for all generated plants and may therefore be ignored during
the performance evaluation.
3.1. Technical performances
The technical characteristics of the RO process
configurations (total water recovery rate, electricity consumption, number of pressure vessels,
installed power of pumps and pressure exchangers,
lengths and diameters of the connecting pipes)
are calculated as a function of the project specifications (e.g. permeate production capacity).
In the model, the pumping system efficiency
hpump accounting for the pump and the electric
motor is assumed to be equal to 80% and hPX the
efficiency of the pressure exchangers used for
energy recovery is set at 95%.
The intake pumping depends on the feedwater flow rate and on the type of water intake

Electricity

Seawater

Intake
pumping

Electricity Chemicals

Decantation sludge,
filter backwash

Fig. 5. Process chain of the RO desalination plant.

(beach well, open water intake…). In the present
analysis, the electricity consumption for intake
pumping is considered to be null.
The pretreatment is considered to be composed of standard coagulation, filtration and
prefiltration steps whose average characteristics
(injected doses of chemicals, prefilters backwash flow rate…) are calculated as a function of
feedwater flow rate. According to site measurements, the pretreatment water recovery rate is
considered to be equal to 99% (due to discharges of filter backwash). The electricity consumed for the pretreatment is estimated at 0.025
kW h/m3 of feedwater.
The post-treatment depends on the permeate
salinity and on the permeate flow rate which is
defined initially by project specifications. The
electricity consumption for the post-treatment is
considered to be null and its water recovery rate
is equal to 100%.
The plant electricity consumption by m3 of
potable water produced and the plant water
recovery rate in m3 of potable water by m3 of
feedwater are deduced from the calculations of
these successive treatment steps. They are used
as technical performance indicators of the
desalination plant for the MOO.
3.2. Cost evaluation
Cost analyses on RO desalination plants were
published by Wade [31], Ebrahim and AbdelJawad [32], Darwish et al. [33] and more recently
by Dreyzin [34] on the Ashkelon RO desalination

Electricity Chemicals Electricity

Electricity

Pretreatment
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plant. These case studies were however highly
site-specific and could not be extrapolated to
other RO configurations. In a broader perspective,
Sommariva [35] carried out a large cost review,
providing average values for the different cost
components (investment, labor, maintenance,
membrane renewal, etc.). The IAEA developed
the DEEP software for the cost evaluation of
thermal and RO desalination plants combined
with power plants [36]. Nevertheless the purpose
of these studies was not to model the RO process,
which remained undefined. The detailed cost
evaluation of a RO process configuration was
made possible in the WTCost© software developed by the Bureau of Reclamation of US
Department of Interior [37]. The software used a
bottom-up approach which consisted in evaluating
at first the cost of each unitary plant equipment
(membrane, pressure vessel, pumps) before
calculating the plant capital and operating costs
as the sum of the equipment costs. This method
provided the most accurate cost estimation but
unfortunately the cost models of each equipment
were not detailed. For optimization purpose, Malek
and Hawlader developed a cost evaluation method
for multi-staged hollow fiber membrane configurations, which combined a top–down statistical
approach for pretreatment, maintenance, labor
costs and a bottom-up evaluation for RO process
investment costs and power cost [15]. Several
papers used this method for the cost optimization of hollow fiber membrane configurations
[15,19,21]. However this evaluation was specific of the hollow fiber permeator and was furthermore based on statistics from 1996. The
cost analysis method presented in this paper
enlarges this evaluation to spiral-wound PVs
and actualize the cost models with data from
recent plants.
3.2.1. Capital cost
The capital cost for intake pumping and pretreatment (CCSWIP), for the high pressure pumps

(CCHP) and for the pressure exchangers (CCPX)
are estimated using the cost models from Malek
[15]. The piping investment cost (CCpipes) is estimated using the pipe cost model from Chauvel
[38]. The capital cost for post-treatment is considered to be negligible in comparison with RO
process capital costs [35].
The investment cost for RO membranes
(CCMbne) and for the pressure vessels (CCPV) is
calculated using the formula from Chauvel [38]:

CCE = f E ⋅ pE ⋅ nb E
with E equipment (membranes or PVs), CCE —
the investment cost for the equipments E in the
RO process, pE — the unitary equipment base
price, fE — the equipment corrective factor
between base price and installed cost, nbE — the
total number of equipments E in the process
configuration.
The unitary membrane base price pMbne is
defined in the membrane database. The unitary
PV base price pPV is approximated at 1000$ using
market estimations [21].
The corrective factors fE for membranes and
pressure-vessels are unfortunately not defined
by Chauvel [38]. In a first approach, they will be
set at 1 in accordance with Malek et al. [15] and
Lu et al. [21].
The investment cost for plant equipments
(CCequip) in $ is equal to

CCequip = CCSWIP + CCHP + CCPX + CC pipe
+ CCinst ( Mbne) + CCinst ( PV )
The total capital cost (TCC) is composed of
the direct capital cost (DCC) and the indirect
capital cost (ICC). The direct capital cost is the
sum of the cost for plant equipments (CCequip)
and the cost for site development (CCsite), which
is set at 10% of (CCequip) [15]. The indirect capital cost (ICC) is set at 27% of the direct capital
cost (DCC) [15].
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The annualized capital cost (ACC) in $/year
is calculated using Chauvel [21]:

ACC = (TCC) ⋅

i ⋅ (1 + i )
(1 + i )

nLT , plant

nLT , plant

−1

with i the interest rate set at 5%, nLT,plant the plant
lifetime set at 25 years.
This corresponds to a capital charge rate
of 7.1%.
3.2.2. Operating cost and total water price
The annual potable water production is based
on the daily potable water production of the
plant M· plant in m3/day with a load factor Lplant=
85%. The annual power cost (OCpower) is calculated
for a price of electricity pkW h = 0.06$/kW h [15].
The annual O&M cost (OCO&M) is considered
to be the sum of
• the annual labor cost (OCLabor) set at 0.01$/m3
using data from Dreyzin [34],
• the annual maintenance cost (OCMtnce) set at
0.01$/m3 of potable water [34],
• the annual chemical cost (OCchmcal) set at
0.04$/m3 of potable water [34],
• the annual insurance cost (OCinsrce) set at
0.5% of the total capital cost [38].
The annual membrane renewal cost (OCMbne)
is calculated using the membranes based price
for a membrane lifetime nLT,Mbne= 5 years:

OCMbne =

pMbne ⋅ nb Mbne
nLT,Mbne

The operating cost (OC) is calculated in
$/year with
OC = OCpower + OCO&M + OCMbne
The total water price (TMP) in $/m3 of potable
water is calculated with

TWP =
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ACC + OC

M plant ⋅ 365 ⋅ Lplant

3.3. Environmental impacts
If the desalination costs have been extensively studied, less work has been conducted on
the environmental impacts of desalination. Life
cycle assessment (LCA) is an ISO 14040 normalized method [39,40] which evaluates the
environmental impacts of a process based on the
life-cycle inventory (LCI) of the inputs (electricity,
raw materials, chemicals) and outputs induced
by the process construction, operation and
decommissioning. The environmental impacts
of a process are calculated as the sum of the
impacts resulting from its LCI inputs and outputs.
As such, the LCA method is particularly appropriate for the assessment of process specificities.
Indeed each process configuration is characterized
by a specific inventory and therefore by specific
impacts. Raluy et al. [3] performed the LCA of a
given RO desalination plant. This study showed
that the electricity consumed by the desalination
process was responsible for more than 90% of
the total plant life cycle impacts. Further LCA
studies on RO desalination plants were carried
out by Friedrich and Stokes, which lead to the
same conclusions [41,42]. In these papers, the
purpose was however to compare different potable water supply alternatives on case studies using
standard RO process configurations. In order to
use the LCA as performance indicator for optimization, the LCI ought to account for the characteristics of the RO process configuration.
For a given local context (feedwater salinity,
type of electricity supply, local water resources),
the modeling of the LCI as a function of the
RO process configuration was performed. Process data inventory for chemicals and electricity
production were taken from the Ecoinvent
database [44] and the IMPACT 2002+ method
[45] was used for impact assessment. Within
the LCA scope, the electricity consumption of
the RO process was shown to be responsible for
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more than 90% of the impacts of the RO desalination plant. The impacts of the plant construction and decommissioning phases as well as
the impacts of membrane renewal were found to
be negligible in comparison with the electricity
consumption impacts. The impacts associated to
RO process electricity consumption were generated off-site by electricity production. The production of electricity may indeed use fossil
fuels which combustion emits CO2, thus leading to high potential impacts on climate change.
Between electricity supply from renewable
sources, nuclear energy or coal power plants,
electricity production impacts may be multiplied
by as much as 10. The local electricity production mix and the value of electric consumption
at plant had therefore a tremendous influence on
the impacts of desalination processes [46,47]. In
accordance with the present work, the reduction
of energy consumption through RO process
optimization appeared to be the first action to
be carried out for impact reduction. A “green”
electricity supply (e.g. from renewable sources)
was also identified as a major solution for desalination impact reduction.
To date, the LCA methods are however not
sufficiently developed to assess the impacts
resulting from liquid discharges into water bodies [48,49]. Lattemann and Höpner described
qualitatively the potential impacts resulting from
concentrate discharges [4] but even on realcase studies, these impacts (e.g. ecotoxicity and
eutrophication) are not well quantified. If the
amplitude of the impacts cannot be assessed,
they will nevertheless depend on the discharged
flow rates and therefore on the total water recovery rate of the desalination plant.
Resulting from this impact assessment, the
total recovery rate and the electricity consumption
appear as representative values in order to measure
the environmental performances of RO desalination plants. Although they do not represent a
designated impact, they will therefore be used
as environmental performances indicators.

4. Multi-objective optimization procedure
The optimization of the RO process defines
a mixed integer nonlinear programming (MINLP)
problem [16,50], which decision variables
concern:
• The RO process layout (membrane type,
number of modules per pressure vessel, number of stages, number of passes and piping
network).
• The operating conditions (pressure vessel
recovery rate, membrane average permeate
flux …).
Within the technical limits of good practice of
each decision variable, the optimization problem
consists in identifying the sets of decision variables corresponding to RO process configurations with the best performances for the selected
objectives. The optimal values of these decision
variables are obtained by solving a multi-objective
optimization (MOO) problem following the procedure presented in Fig. 1. Each set of decision
variables defines a specific RO process configuration which performances are evaluated for
technical, environmental (total recovery rate,
energy consumption) and economical criteria
(investment and operating costs). These performance indicators are the objective functions of
the MOO problem, which is solved using an
evolutionary algorithm developed by Leyland
[51]. This MOO procedure allows to optimize
the RO process simultaneously for diverse
objectives without having to rank these objectives or to define an allocation between them
[52,53]. For two conflicting objectives such as
the minimization of environmental impacts and
the minimization of economical costs, the MOO
results are not restrained to one unique solution
but instead constitute a set of optimal solutions
illustrating the trade-off between these objectives.
These solutions define the so-called Pareto frontier
(represented for example in Fig. 6), which should
be interpreted as a materialization of technical,
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Electricity consumption (in kW h/m3)

0.80
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Area A

Pareto optimal RO process configurations

0.70
Feasible domain
Standard configuration P

P′

0.60
e

P*

0.50
e*
0.40

Infeasible domain
c′

0.30
0.21

0.22

c
0.23

0.24
0.25
TWP (in $/m3)

0.26

0.27

0.28

Fig. 6. Optimized RO process configurations for CWR = 3 g/L and Cmax = 0.3 g/L.

economical or environmental constraints applied
to the RO process design.
5. Application to a case study
The studied project has the following specifications:
• Potable water
– Daily production capacity M plant : 35,000
m3/d
– Maximum permeate salinity Cmax: 0.3 g/L
• Water resource
– Salinity CWR: 3 g/L
– Membrane fouling factor FF: 85%
– Temperature T: 20°C
– No flow limits on water intake and water
discharge
• Objectives
– Minimize the total water price TWP in
$/m3 of potable water
– Minimize the electrical consumption in
kW h/m3 of potable water
The number of membranes per PV varies
between 3 and 8. The flux and recovery rate of
the generated PVs may vary within the feasibility
limits. The connection network is defined by
the superstructure optimization with no other

constraints than the project specifications and
the PV tolerances. In this project, pressure
exchangers are not considered for brackish water
reverse osmosis (BWRO) processes.
5.1. Pareto curve of optimal solutions
The Pareto curve of the optimized RO process
configurations is displayed in Fig. 6.
For the sake of comparison, a standard 2:1
two-staged RO process configuration has been
located in Fig. 6 (configuration P). The first stage
and the second stage of configuration P use 6
BW30LE-440 membrane modules PVs with a
water recovery rate of 50% and an average membrane permeate flux of 20 L m−2 h−1 (or LMH). A
booster pump is installed for the second stage.
The configuration P with performances (c, e) is
shown to be suboptimal because the configuration
P′ requires a lower cost c′ for the same electricity
consumption e while the configuration P* has an
electricity consumption e* lower than e for the
same cost c (Table 2). Regarding the project
specifications, the RO process configuration P′
and P* are Pareto optimal because
• for any cost c, it is technically infeasible to
achieve lower electricity consumption than e*;
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Table 2
Characteristics of RO process configurations P, P′ and P*
RO process configurations

P

P*

P′

Total water recovery rate, %
Total electricity consumption, kW h/m3
Investment cost, million $/(m3/day)
Annualized investment cost, $ cents/m3
Operating cost, $ cents/m3
Power cost, $ cents/m3
O&M costs, $ cents/m3
Membrane renewal, $ cents/m3
Total annual cost, $ cents/m3

74
0.59
455
10
14
3.6
7.3
3.0
24.0

81
0.48
438
10
14
2.9
6.5
4.3
24.0

82
0.59
402
9
13
3.7
6.5
2.7
22.3

Stages
Number of pressure vessels, –
Number of membranes per PV, –
Module recovery rate, %
Average permeate flow by PV, LMH
First membrane permeate flow, LMH
Average TMP, Bar
Module feedwater salinity, g/L
Module permeate salinity, g/L
Module concentrate salinity, g/L

1st stage
191
6
50
20
25
10.4
3
0.1
6

2nd stage
96
6
50
20
28
13.7
6
0.2
12.1

• for any electricity consumption e, it is technically infeasible to achieve lower cost than c′.
5.2. Process layout and recovery rate
For the given project specifications, the optimal process configurations achieve to produce
potable water with a TWP between 0.22 and

1st stage
278
7
64
14
20.7
9.5
3
0.2
8.6

Mixer

RO pressure
vessel
2nd stage

HP pump

RO pressure
vessel
Booster pump
CONCENTRATE

Fig. 7. Optimal RO process flowsheet.

1st stage
186
7
64
21
28
11.3
3
0.1
8.6

2nd stage
60
7
50
19
31
17.2
8.6
0.3
17.6

0.27$/m3 and an electricity consumption between
0.4 and 0.7 kW h/m3. They all used a two-staged
process layout with BW30LE-440 membrane
PVs and an inter-stage booster pump (Fig. 7).
This two-staged layout is therefore proved to
minimize simultaneously the electricity consumption and the TWP. Indeed, it is particularly suitable for BWRO because the 2nd stage operation

1st stage
FEEDWATER

2nd stage
89
7
49
12
22.5
12.6
8.6
0.5
17.2

PERMEATE
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is favored by the remaining pressure of the 1st
concentrate, thus allowing to increase the recovery
rate and to reduce the pumping needs. The installation of inter-stage booster pumps also appears to
be a “win-win” option from an economic and
environmental point of view. With a booster
pump, the 2nd stage can be operated in nominal
hydraulic conditions, thus leading to a smaller
installed membrane area and to a higher total
recovery rate, therefore reducing the electricity
consumption and the investment costs.
When analyzing the solutions, it appears that
there are two groups of solutions. Solutions
identified by area A in the following figures use
pressure vessels with 4 membrane modules for
the 1st stage and 7 membrane modules for the
2nd stage while the other configurations use 7
membranes PVs for both first and second stage.
These latter configurations are operated with an
optimal recovery rate of 82%, with a recovery
rate of 64% for the first stage and a recovery
rate of 50% for the second stage (Fig. 8). As an
example of these configurations, the operating
conditions of P′ are detailed in Table 3.
The optimal recovery rate slightly decreases
from 84 to 75% when searching for lower electricity consumption. However this leads to
higher costs due to the total membrane area
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increase. The optimal recovery rate depends on
economical criteria such as electricity and membrane prices as well as technical criteria such as
feedwater salinity, membrane permeability or
high pressure pumps efficiency. If not adapted
to the local context, fixed water recovery rate
will lead to inefficient configurations such as the
configuration P.
The configurations in area A represent a different technological alternative adapted to low
energy processes. The choice is made to lower
the role of the first stage with shorter 4 membranes PVs and a smaller water recovery rate of
45%. These configurations rely on a more
important second stage, which benefits from the
residual concentrate pressure to achieve a high
recovery rate of 55% with low electricity consumption. However the number of PVs in the
2nd stage more than doubles in comparison with
the other configurations and thus leads to high
investment and membrane renewal costs.
The optimal ratio between the installed membrane area in the 1st stage and in the 2nd stage is
highly correlated to the opposite of the 1st stage
water recovery rate (Fig. 9). In this project, it
stays below 50% due to the high 1st stage recovery rate (over 50%), except for the configurations in area A whose 2nd stage requires more

90

Area A

Recovery rate (%)

80
70
60
50
40
30
0.21

Total recovery rate
First stage
Second stage
0.22

0.23

0.24
0.25
TWP (in $/m3)

Fig. 8. Recovery rate of the optimized RO process configurations.
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Table 3
Operating conditions for the 1st and 2nd stages of configuration P′

M fk (m3/h)

Membrane number k

rk (%)

J wk (LMH)

First stage
1
2
3
4
5
6
7

12.2
13.0
13.8
14.4
14.6
14.3
13.0

27.9
26.1
24.1
21.6
18.8
15.7
12.3

9.3
8.2
7.1
6.1
5.3
4.5
3.9

0.06
0.07
0.09
0.11
0.15
0.21
0.31

3.0
3.4
3.9
4.6
5.4
6.3
7.4

11.4
11.2
11.0
10.8
10.7
10.5
10.3

2.7
3.1
3.6
4.2
4.9
5.8
6.8

Second stage
1
2
3
4
5
6
7

12.0
11.9
11.3
10.3
8.8
7.1
5.4

30.9
27.0
22.7
18.3
14.0
10.3
7.3

10.6
9.3
8.2
7.3
6.5
5.9
5.5

0.15
0.19
0.26
0.36
0.52
0.77
1.15

8.6
9.7
11.0
12.5
13.9
15.3
16.6

17.2
17.0
16.8
16.6
16.4
16.2
16.0

7.6
8.8
9.9
11.2
12.4
13.5
14.4

membranes than the 1st stage. The traditional
2:1 configuration appears to be adequate for a
1st stage recovery rate equal to 50% but may be
inappropriate for other recovery rates. For economical and energy efficiency, the number of
PVs per stage ought therefore to be adapted to
the local context.
Considering the water recovery rate as an environmental indicator for water resource protection

Cpk (g/L)

Cfk (g/L)

ΔPk (bar)

and liquid discharges reduction, this analysis
shows that the economically and energetically
optimal recovery rate is already higher than the
recovery rate used in standard designs. However
if high recovery rate can be achieved for a minimal cost, there is obviously a trade-off between
electricity consumption and total recovery rate,
i.e. between the discharged flow rates and the
green house gases emissions. Indeed high recovery

1.5
Area A

Ratio 2d stage PVs per 1st stage PV
1-r with r being the 1st stage recovery rate

Ratio

1.0

0.5

0.0
0.21

0.22

0.23

Δpk (bar)

0.24
0.25
TWP (in $/m3)

Fig. 9. Optimal ratio between 1st and 2nd stage membrane area.
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rates generate concentrate with high osmotic
pressure which ought to be counterbalanced by
applying higher transmembrane pressure. This
trade-off ought to be kept in mind while minimizing desalination environmental impacts.
The multi-objective optimization was carried
out with the same project specifications for 3
objectives (total recovery rate, electricity consumption and TWP). Configurations with recovery
rates beyond 85% were identified but their
economical and energetic performances were
degraded (higher average electrical consumption at 0.7 kW h/m3 and higher average costs at
0.25$/m3). It seems therefore reasonable to stay
at the optimal recovery rate of 81% rather than
to increase the recovery rate beyond this limit and
generating high economical and energetic losses.
5.3. Membrane permeate flux
The two-staged RO process layout and the
water recovery rate are found to be optimal for
both economical and environmental objectives.
On the contrary, the analysis of the Pareto frontier shows that the choice of the membrane permeate flux constitutes a trade-off between these
objectives. Indeed the costs and the electricity
consumption vary differently with the permeate
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flux. In order to illustrate this dependency, the
average membrane permeate flux and the TMP
applied on both stages of the optimal configurations are represented as a function of the
TWP (Fig. 10).
With respect to Eq. (4), the low feedwater
salinity of the first stage allows to operate the 1st
stage with high flux and low pressure whereas
the increased salinity of the 2nd stage feedwater
requires to operate the 2nd stage with a lower
flux and a higher pressure. Both stages vary similarly with high (respectively low) permeate flux
applied pressure for low (respectively high) TWP.
In order to analyze the influence of the operating conditions on the cost breakdown, the cost
components constituting the TWP are represented
as a function of the permeate flux in Fig. 11.
These points out that the fixed charge and the
O&M cost remain approximately constant at 10
and 6.5 cents/m3 for the optimal configurations.
The cost variation between the generated configurations results from the membrane renewal
and power costs which represent the trade-off
between energy consumption and costs. When
permeate flux increases, the electricity consumption and the power cost increase. But flux
increase allows simultaneously to decrease the
installed membrane area and therefore to reduce

TMP (in bars)
Average permeate flux (in LMH)

30

Area A

20

25
15
20
10

15
10
5
0
0.21

5

Average permeate flux per membrane in the 1st stage
Average permeate flux per membrane in the 2nd stage
TMP of the 1st stage
TMP of the 2nd stage

0.22

0.23

0.24
0.25
TWP (in $/m3)

Fig. 10. Permeate flux and TMP of the optimal configurations.

0.26

0.27

0
0.28
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Fig. 11. TWP of optimal solutions as a function of average membrane permeate flux.

the membrane renewal cost. In this case study, it
is cost efficient to operate the RO process with
high permeate fluxes between 25 and 27 LMH.
This means that the reduction of the membrane
renewal cost due to high flux operation is always
higher than the cost increase of electricity consumption. Achieving the minimum electricity
consumption is therefore economically inefficient
because it leads a membrane renewal cost higher
than the power cost reduction.
No optimal configuration has been generated
with fluxes higher than 27 LMH. Considering
that the TWP decreases with the flux, this flux
therefore allows to reach the lowest feasible
TWP for the project specifications. This optimal
value may also be calculated by comparing the
marginal rates of membrane renewal cost and
power cost per flux unit. The electricity consumption increase proportionally with the flux,
so that the marginal power cost is shown to be
constant as a function of the flux. The membrane renewal cost is calculated using the total
membrane area, which is proportional to the
flux inverse. Therefore the marginal gain on
membrane renewal decreases with the flux, as
stated in Fig. 11. Beyond J1 = 27 LMH, the

marginal difference (marginal power cost –
marginal gain on membrane renewal) is positive and results in TWP increase. Below J1, the
marginal difference is negative and results in
TWP decrease. For J1 = 27 LMH, the TWP
minimal value is reached because the marginal
gain on membrane renewal is equal to the marginal power cost.
For the generated configurations, a flux
increase from 10 to 20 LMH leads to a TWP
reduction of approximately 4 cents/m3 while
increasing the electricity consumption of approximately 0.15 kW h/m3. From 20 to 27 LMH, the
cost reduction is limited to 0.5 cents/m3 for an
electricity consumption increase of 0.1 kW h/m3.
Considering that the flux increase from 20 to
27 LMH results in a small cost benefit for a still
relevant increase of electricity consumption, it
appears effective from an environmental point
of view to keep an average permeate flux of
20 LMH.
The analysis shows that design choices such
as the applied permeate flux result in completely
different performances. For the project specifications, economically optimal configurations
used a two-staged design with a membrane
permeate flux of 27 LMH while energetically
optimal configurations used a two-staged design
with low flux and a lower water recovery rate.
These choices were however performed in given
economical and technical conditions. These
conditions may vary after the plant building and
require to adapt the operating choices.
6. Optimal designs as a function of local
context
The developed method allows to optimize the
RO process for different constraints and local
parameters. In order to illustrate the flexibility of
the design procedure, 2 other projects are analyzed.
They have the same characteristics than the
studied project (production capacity, permeate
maximal salinity) except for the feedwater salinity

Electricity consumption (in kW h/m3)
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1.5
1.3

Optimal configurations for feedwater salinity at 3 g/L
Optimal configurations for feedwater salinity at 5 g/L
Optimal configurations for feedwater salinity at 8 g/L

1.1
0.9
0.7
0.5
0.3
0.21

0.23

0.25

0.27
0.29
TWP (in $/m3)

0.31

0.33

0.35

Fig. 12. Optimal RO process configurations for a feedwater salinity of 3, 5 and 8 g/L.

equal to 5 g/L for the second project and to 8 g/L
for the third project. The generated optimal configurations are represented in Fig. 12 with the
optimal configurations for 3 g/L. The production
of potable water from feedwater at a salinity of
5 g/L is achieved with a minimal cost of 0.25$/m3
and an electricity consumption of 0.8 kW h/m3.
For a salinity of 8 g/L, a minimal cost of 0.28$/m3
is reached with an electricity consumption of
1.2 kW h/m3. Potable water production is performed at the same price from sources with
different salinity (for example with a TWP of
0.26 cents/m3) by optimal solutions being either
cost-optimal solutions at 5 g/L or environmental
friendly solutions at 3 g/L. These configurations
are based on a two-staged layout with an optimal recovery rate of 75% for 5 g/L and of 70%
for 8 g/L. The optimal number of membranes
per PV in the first stage is equal to 6 for 5 g/L and
varies between 5 and 7 for 8 g/L. Rather than
detailing these new configurations, this analysis
proves that specific design choices cannot be fixed
as a rule of thumb for RO design but ought to be
reviewed, when starting a new project in a different economical and technological context.
7. Conclusions
An advanced RO process design method has
been developed, which allows to identify the
best process RO process configurations for

115

given project specifications. The RO process
configurations are synthesized using a flexible
superstructure and realistic spiral-wound membrane PV models for the representation of the
reverse osmosis network. Their performances
are evaluated by updated cost models and their
environmental impacts are assessed with the
electricity consumption and the total recovery
rate being identified as representative values of
RO process environmental performances. These
performances indicators are used to optimize the
RO process within a economical and environmental approach.
A case study is presented for which the optimal
layout and operating conditions are assessed.
The optimal recovery rate is characterized as a
function of the local context (e.g. feedwater
salinity). The trade-off between environmental
and economical objectives is identified by the
definition of the permeate flux. For high permeate
flux, low total costs are reached but electricity
consumption and desalination environmental
impacts are high. Low permeate flux allows to
achieve lower electricity consumption but ought
to be compensated by larger membrane area and
higher costs. A second trade-off is identified
between the two main impacts of desalination
(electricity consumption and brine discharges).
Indeed brine discharge can be reduced only with
higher electricity consumption.
The cost breakdown of these optimal configurations shows that the investment cost and the
O&M cost remain approximately constant for
the optimal configurations while cost variations result rather from the influence of operating conditions on power cost and membrane
renewal cost.
At last, the multi-objective optimization procedure is applied to other RO projects, in order
to illustrate the flexibility of the design method.
The solutions generated by the developed RO
design method form a panel of various process
alternatives adapted to the local context, from
cost-optimal configurations to environmental
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friendly configurations, among which technology
developers can choose according to their own
weighting criteria and constraints.

nLT,Mbne
Jw,max
Jw,nom
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Nomenclature
T
P
FF
M
Jw

water temperature (K)
pressure (Pa)
membrane fouling factor (%)
mass flow rate (kg ⋅ s−1)
water mass flux through the membrane (kg ⋅ m−2 ⋅ s−1)
salts mass flux through the membrane
Js
(kg ⋅ m−2 ⋅ s−1)
C
salts mass concentration (kg of salts
per kg of water)
R
universal gases constant (J ⋅ mol−1 ⋅ K−1)
R
rejection rate (%)
r
membrane water recovery rate (%)
r
water recovery rate of the pressure
vessel (%)
membrane active area (m2)
SM
ΔP
applied transmembrane pressure (Pa)
Δp
transmembrane osmotic pressure (Pa)
Δpdrop
transmembrane pressure drop (Pa)
A
membrane pure water permeability at
T and FF (kg ⋅ m−2 ⋅ s−1 ⋅ Pa−1)
Aref ( Δπ ) reference permeability at T0 = 298 K
without fouling (kg ⋅ m−2 ⋅ s−1 ⋅ Pa−1)
TCF
temperature correction factor at T (%)
B
membrane salts permeability (kg ⋅m−2 ⋅ s−1)
number of membrane modules in a
ne
PV (–)
Mbne
type of membrane module (−)
nLT,plant potable water production plant lifetime (years)

CC
p
M plant
Lplant
ACC
OC
TWP

nominal membrane lifetime (years)
maximum membrane permeate mass
flux (kg ⋅ m−2 ⋅ s−1)
nominal membrane permeate mass
flux (kg ⋅ m−2 ⋅ s−1)
capital cost ($)
unitary base price ($)
plant daily potable water production
(m3/day)
plant average load factor (%)
annualized capital cost ($/year)
annual operating cost ($/year)
total water price ($/m3)

Subscript
f
p
c
w

feedwater
permeate
concentrate
wall

Indices
k

membrane k in the pressure vessel
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