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ABSTRACT

This work deals with the optimization, in reverse osmosis desalination plants, of the
scheduling of membrane cleanings and rotation of the membrane modules inside each
pressure vessel. Each pressure vessel consists of several membrane modules (typically
around seven) in series. The modules closer to the feed inlet are prone to be damaged by
biofouling and solids, while the modules closer to the reject outlet are prone to be damaged
by scaling due to increased salt concentration. Besides, the permeate flux varies for different
modules along the pressure vessel. In order to increase the life of the membrane modules,
it is a good practice to rotate the modules, thus spreading the difference effects in each
module. The topic of this work is to suggest a way to calculate the number and time
instants for the rotations, and the optimal operation scheduling. This depends on several
factors, such as the time instant for cleanings, the percentage of replacements, the quality
of the feed water, etc. Due to the structure of the problem, the calculation is proposed to
be done using genetic algorithms or Monte Carlo optimization.

Keywords: Reverse osmosis; Membrane module rotation; Operation scheduling; Membrane
replacement

1. Introduction

Reverse osmosis (RO) technology has become the
most important technique to produce drinkable water
from brackish and sea water in regions where the
water demand is higher than the available fresh
water. There is likely to be a huge increase in the
world desalination capacity in the near future. Estima-
tions for the next five years predict the duplication of
the current desalinated water capacity. So, an increas-
ing effort for the improvement of the technology
is now being carried out. Notice the work on the

optimization of the operation [1–3], improvement of
the energy recovery systems [4,5], advanced control of
desalination plants [6,7], dynamic simulation [8], etc.
The current document is focused on the optimization
of the scheduling for membrane cleaning, partial
replacement of the RO modules, and rotation of the
modules inside each pressure vessel. See Lu et al. [9],
Hu and Lu [10], for other approaches of the schedul-
ing problem.

This document is organized as follows. Section 2
shows a general mathematical modeling of the RO
membranes. Section 3 describes the modeling of the
aging of the RO membranes, and the chemical
cleaning, replacement and rotation of the modules.*Corresponding author.
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Next, Section 4 describes the optimization problem
that is used for its resolution.

2. Modelling of the RO membranes

This section describes the mathematical model
used in this document. Eqs. (1) and (2) show the
water mass balance for feed and permeate streams
respectively, where the z direction corresponds to the
direction of the stream, from the inlet of the pressure
vessel (z= 0) to the outlet of the pressure vessel (z = L).

@Qf

@z
¼ �h � Jw ð1Þ

with Qf(0) =Qfo/npv m3/h

@Qp

@z
¼ þh � Jw ð2Þ

with Qp(0) = 0m3/h.

where Qf means the volumetric flow ratio at the feed
side of the membrane, h means the cross-section
width, Qfo means the total feed flow of the RO train,
npv means the number of pressure vessels of the RO
train, Qp means the volumetric flow ratio in the per-

meate side, Jw means the water flux that crosses the
membrane, and L means the length of the pressure
vessel. The L can be calculated as follows:

L ¼ Lm � nm ð3Þ

where Lm means the length of one RO module and nm
means the number of RO modules in each pressure
vessel.

The total permeate volumetric flow ratio produced
in the RO train is calculated as follows:

Qptotal ¼ Qpjz¼L � npv ð4Þ

Eqs. (5) and (6) show the salt mass balance for the
feed and permeate side respectively.

@Cf

@t
¼ 1

Sf

� @ðQf � CfÞ
@z

� 1

h
� Js ð5Þ

with Cf(z = 0) =Cfokg/m
3.

@Cr

@t
¼ 1

Sr

� @ðQr � CrÞ
@z

þ 1

h
� Js ð6Þ

with Cr(z = 0) = 0 kg/m3.

where Cf and Cp mean the salt concentration of the
feed flow and of the permeate flow, Sf and Sr mean

the cross section for the feed and reject side, Cf0

means the salt concentration of the feed stream, and
Jw means the salt flux that crosses the membrane.

The water flux that crosses the membrane can be
calculated as follows:

Jw ¼ A � ðDPðzÞ � DpðzÞÞ ð7Þ

where A means the hydraulic permeability of the
membrane, DP means the pressure difference between
both sides of the membrane, and Dp means the osmo-
tic pressure difference between both sides of the mem-
brane.

Assuming atmospheric pressure in the permeate
side, DP can be calculated as follows:

DPðzÞ ¼ PfðzÞ � 1 ð8Þ

where Pf means the pressure in the feed side. It can
be calculated as a function of the pressure drop,
which is proportional to the feed flow, as follows:

@Pf

@z
¼ �kp � ðQfÞap ð9Þ

with Pf(z = 0) =Pf0 bar.
where kp and ap are empirical parameters and Pf0

means the pressure supplied by the high-pressure
pump.

The osmotic pressure difference can be calculated
by using the Morse equation:

DpðzÞ ¼ i � r � R � T
PM

� DCsðzÞ ð10Þ

where i means the van’t Hoff factor, r means the
reflection coefficient, R means the gas constant, PM
means the molecular weight of the salt, T means the
temperature of the water, and DCs means the differ-
ence between the salt concentration on the membrane
surface on each side of the membrane as can be seen
in Fig. 1, which corresponds to the salt gradient on
both sides of the RO membrane.

DCs ¼ Cfm � Cp ð11Þ

The Cfm cannot be measured, but it can be easily esti-
mated by applying a mass balance in the direction of
the water flux (Jw). The ratio between the salt concen-
tration difference on the surfaces of the membranes
and the bulks of the streams is called the polarization
module and corresponds to the following equation:

/ ¼ DCs

DC
¼ Cfm � Cp

Cf � Cp

ð12Þ
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Taking Eq. (12) into account, the osmotic pressure
can be calculated as follows:

DpðzÞ ¼ / � i � r � R � T
PM

� DCðzÞ ð13Þ

Finally, the salt flux that crosses the membrane can
be calculated as follows:

Js ¼ B � DCðzÞ ð14Þ

where B means the salt permeability of the membrane
and DC means the salt concentration difference
between both sides of the membrane.

A more exact mathematical model can be seen in
Senthilmurugan et al. [11].

3. Modelling of the cleaning, replacement and
rotation of the RO modules

Owing to the aging of the membrane, the hydrau-
lic and salt permeability vary over time. On the one
hand, the hydraulic permeability (A) decreases over
time and a higher operation pressure is needed to
keep the initial permeate flow. Fig. 2 shows a typical
evolution of the operation pressure over five years.
Notice that after 1,550 days, the required operation
pressure has exceeded the maximum allowable pres-
sure for the plant, which in the example case is 55 bar.

On the other hand, the salt permeability (B)
increases over time and more salt particles are able to
cross the membrane. Fig. 3 shows a typical evolution
of the salt concentration in the permeate flow. Notice
that after 1,350days, the salt concentration has

exceeded the maximum allowable salt concentration,
which in the example case is 300 ppm.

Hydraulic permeability is modeled as follows (see
Lu et al. [9]). It is divided into several factors, as can
be seen in Eq. (15).

A ¼ A0 � Ai � Ar ð15Þ

where A0 means the initial hydraulic permeability at
the beginning of the operation, Ai embraces the irre-
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versible aging of the membrane, which can be reset
only by the replacement of the RO module, and Ar

embraces the reversible fouling, which can be elimi-
nated by chemical cleanings. Both factors can be cal-
culated as follows:

Ai ¼ 1�WA � ðt� tRPÞ ð16Þ

Ar ¼ exp � t� tCL
CA

� �
ð17Þ

where WA and CA are empirical factors that depend
on the characteristic of each desalination plant (see
Lu et al. [9], to obtain some typical values), t� tRP
means the time delay from the last replacement, and
t� tCL means the time delay from the last chemical
cleaning. A0 has the units of A, while Ai and Ar are
dimensionless. Initially, the value of Ai and Ar is 1
and decreases with time. Ai is reset after one replace-
ment and Ar is reset after one replacement or one
chemical cleaning.

Similar equations can be formulated for the salt
permeability:

B ¼ B0 � Bi � Br ð18Þ

Bi ¼ 1þWB � ðt� tRPÞ ð19Þ

Br ¼ exp þ t� tCL
CB

� �
ð20Þ

where B0 has the units of B and means the initial salt
permeability at the beginning of the operation. The Bi

and Br are dimensionless. Initially, the value of Bi and
Br is 1 and increases with time. Bi is reset after one
replacement and Br is reset after one replacement or
one chemical cleaning.

Figs. 4 and 5 show the evolution of Ai, Bi (Fig. 4),
Ar and Br (Fig. 5), during an operation time of
five years. A chemical cleaning is done at 500 days, a
replacement of 50% of the membrane modules is done
at 1,000 days, and a replacement of 100% of the mem-
brane modules is done at 1,500 days.

Total hydraulic and salt permeabilities are plotted,
respectively, in Figs. 6 and 7.

On the first approximation, we can work with an
average value of the fouling parameters (WA, CA, WB,
and CB) for each pressure vessel. In this case, in order
to model the partial replacement of the RO modules
of each pressure vessel, Eqs. (16), (17), (19) and (20)
can be written as follows:

Ai ¼ 1�WA � tþ xA ð21Þ

Bi ¼ 1þWB � t� xB ð22Þ

Ar ¼ yA � exp � t� tCL
CA

� �
ð23Þ

Br ¼ yB � exp þ t� tCL
CB

� �
ð24Þ
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Fig. 4. Irreversible factor for the hydraulic and salt
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where xA, xB, yA and yB are internal parameters of the
modeling, which are calculated as follows:

xA ¼ t ¼ 0 ! 0
t ¼ tRP ! xA þ r � ð1� AiÞ

�
ð25Þ

xB ¼ t ¼ 0 ! 0
t ¼ tRP ! xB þ r � ðBi � 1Þ

�
ð26Þ

yA ¼
t ¼ 0 ! 1
t ¼ tRP ! ð1� rÞ � yA þ r � exp t�tCL

CA

� �
t ¼ tCL ! 1

8<
: ð27Þ

yB ¼
t ¼ 0 ! 1
t ¼ tRP ! ð1� rÞ � yB þ r � exp � t�tCL

CA

� �
t ¼ tCL ! 1

8<
: ð28Þ

where r means the percentage of RO modules that are
replaced.

However, the fouling parameters depend on sev-
eral factors, such as the salt concentration, operation
pressure, flux, etc. Owing to this fact, these factors
depend on the length of the pressure vessel; a better
approximation requires working with different param-
eters for each RO module. Initially, we can assume a
linear dependence with distance from the inlet (z), as
follows:

WAðzÞ ¼ aWA
þ bWA

� z ð29Þ

WBðzÞ ¼ aWB
þ bWB

� z ð30Þ

CAðzÞ ¼ aCA
þ bCA

� z ð31Þ

CBðzÞ ¼ aCB
þ bCB

� z ð32Þ

where the parameters aWA
; bWA

; . . . ; etc: should be cal-
culated for each desalination plant.

4. Optimization problem

The objective of the optimization problem is to cal-
culate the optimal scheduling for replacement, chemi-
cal cleaning and module rotation over a period of
several years. The manipulated variables are shown as
follows:

• Number of chemical cleanings, nCL.
• Time instant of the chemical cleanings, tCL[1, 2, 3…

nCL].
• Number of replacement, nRP.
• Time instant of the replacement, tRP[1, 2, 3…nRP].
• Percentage of each replacement, r[1, 2, 3…nRP].
• Number of module rotation, nROT.
• Time instant of the module rotation, tROT[1, 2, 3…

nROT].

Mathematically, the problem can be formulated as
a minimization of an objective function, which
depends on the operation cost, as follows:
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Fig. 6. Total hydraulic permeability over five years, with a
chemical cleaning at 500 days, partial replacement at
1,000 days, and full replacement of the modules at
1,500 days.

0 500 1000 1500
0.6

0.7

0.8

0.9

1.0

1.1
Hydraulic permeability (B = B0 · Bi · Br )   

time (days)

(1
/(m

·h
))

Fig. 7. Total salt permeability over five years, with a
chemical cleaning at 500 days, partial replacement at
1,000 days, and full replacement of the modules at
1,500 days.
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C ¼ $CL � npv � nm � nCL þ
XnRP
i¼1

$RP � npv � nm � r½i�

þ
Z s¼5 years

0

$P
Qf0ðsÞ � PfðsÞ

g
ds ð33Þ

where C means the operation cost, $CL means the cost
of one chemical cleaning, $RP means the cost of the
replacement of all RO modules, $P means the cost of
the operation, g means the high pressure pump effi-
ciency, Qf0 means the feed volumetric flow, and Pf

means the operation pressure, which is supplied by
the high-pressure pump. Notice that Qf0 and Pf

depend on the aging of the membrane.

Qf0 ¼ f1ðAðtÞ;BðtÞÞ ð34Þ

Pf ¼ f2ðAðtÞ;BðtÞÞ ð35Þ

Besides, several constraints should be taken into
account. The operation pressure should not exceed a
maximum value (Pfmax) for security reasons, as can be
seen in Fig. 2, and the concentration of the permeate
flow should not exceed a maximum value, (Cpmax), for
water consumption, as can be seen in Fig. 3.

Pf0\Pfmax ð36Þ

Cpðz ¼ LÞ\Cpmax ð37Þ

This optimization problem consists of a mixed-
integer nonlinear programming (MINLP) problem.
The complexity of the problem requires that its solu-
tion should be found using advanced algorithms for
optimization. For example, the problem can be solved
using genetic algorithms or Monte Carlo optimization.

Assuming that we know the value of the empirical
parameters of Eq. (29), the optimization problem can
be solved. Fig. 8 shows an example of the resolution
of the optimization problem, where the value of the
parameters of Eq. (29) has been fixed. The optimiza-
tion was solved numerically using Matlab.

5. Future work

The future work embraces the estimation of the
parameters of Eq. (29), using a pilot desalination
plant, and then the optimization of the operation
scheduling. In order to simplify the optimization
problem, it is a good idea to make the partial replace-
ment coincide with the module rotation. Finally, to
reduce labor costs, module rotation can be replaced
with the automatic change of the direction of the feed
flow.

6. Conclusions

This paper has presented a methodology to esti-
mate the optimal scheduling of RO plants, that con-
siders chemical cleaning, membrane replacement, and
rotation. First, it has been described how the effect of
chemical cleaning and replacement can be mathemati-
cally included into a standard model of RO mem-
branes. Next, based on this model, a MINLP
optimization problem has been presented for the cal-
culation of the optimal scheduling of the operation of
a desalination plant over several years. Owing to the
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Fig. 8. Example of the scheduling operation, with the time
instant for module rotation, chemical cleaning, and
replacement, during 5-year-long operation.
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complexity of the problem, it can be solved using
genetic algorithms. Future work embraces the estima-
tion of the required empirical parameters, using a
pilot desalination plant.

List of symbols

A — hydraulic permeability of the membrane, m/
hbar

A0 — initial value of A, m/hbar

Ai — irreversible part of (A,) (-)

Ar — reversible part of A, (-)

ap — empirical parameter for the pressure drop
calculation, (-)

aCA
— empirical parameter for the CA calculation,

days

aCB
— empirical parameter for the CB calculation,

days

aWA
— empirical parameter for the WA calculation,

days

aWB
— empirical parameter for the WB calculation,

days

B — salt permeability of the membrane, 1/mh

B0 — initial value of B, 1/mh

Bi — irreversible part of B, (-)

Br — reversible part of B, (-)

bCA
— empirical parameter for the CA calculation,

days

bCB
— empirical parameter for the CB calculation,

days

bWA
— empirical parameter for the WA calculation,

days

bWB
— empirical parameter for the WB calculation,

days

C — operation cost, $

Cf — salt concentration of the feed flow, kg/m3

Cf0 — salt concentration of the feed stream at the
inlet of the RO train, kg/m3

Cp — salt concentration of the permeate flow, kg/m3

Cpmax — maximum salt concentration for drinkable
water, kg/m3

h — cross section width, m

i — van’t Hoff factor, (-)

Jw — water flux that crosses the membrane, m/h

Js — salt flux that crosses the membrane, kg/(m2 h)

kp — empirical parameter for the pressure drop
calculation, bar/(m3 h)ap

Lm — length of each RO module, m

L — length of each pressure vessel, m

nm — number of RO modules in each pressure
vessel, (-)

npv — number of pressure vessels in the RO train, (-)

Pf — pressure of the feed flow, bar

Pfmax — maximum operation pressure, bar

PM — salt molecular weight, kg/kmol

Qf — volumetric flow ratio in the feed side of the
membrane, m3/h

Qf0 — feed volumetric flow ratio of the RO train,
m3/h

Qp — volumetric flow ratio in the permeate side of
the membrane, m3/h

r — percentage of modules that are replaced, (-)

R — gas constant, (barm3)/(kmolK)

Sf — cross section of the feed side, m2

Sp — cross section of the permeate side, m2

T — temperature, K

r — reflection coefficient, (-)

/ — polarization module, (-)

DP — pressure difference between both sides of the
membrane, bar

Dp — osmotic pressure difference between both
sides of the membrane, bar

CA — fouling parameter for hydraulic permeability,
days

CB — fouling parameter for salt permeability, days

WA — fouling parameter for hydraulic permeability,
days

WB — fouling parameter for salt permeability, days

$CL — cost of one chemical cleaning, $

$RP — cost of the replacement of all RO modules, $

$P — pumping cost, $/kW
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