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ABSTRACT: A novel model-based control system for the operation of a spiral-wound RO membrane desalination system was
developed with a focus on maintaining energy-optimal operation. The control scheme utilized an operational model for spiral-
wound RO desalting with a supervisory controller providing real-time updates of membrane permeability and the appropriate
feed pressure set-points for maintaining the target permeate productivity at the lowest feasible specific energy consumption.
System RO feed pressure and flow rates were controlled by a lower-level RO controller through adjustment of the RO high
pressure feed pump, variable frequency drive, and RO concentrate valve. Seawater desalination tests with an RO plant, capable of
permeate productivity up to 18 000 gallons/day, demonstrated effective self-adaptive energy-optimal operation, subject to feed
salinity fluctuations, constraints imposed by the system’s physical limitations (i.e., minimum and maximum feasible operational
pressures and flow rates), and the thermodynamic restriction for cross-flow RO operation.

1. INTRODUCTION

Reverse osmosis (RO) desalination has emerged globally as a
leading method for desalting seawater, inland brackish water,
and water reuse applications.1 Since the birth of RO
desalination, RO energy consumption has been reduced via
the development of membranes of increased permeability,2−4

more efficient high pressure pumps,5 optimization of
membrane module hydrodynamics,6−13 and the introduction
of energy recovery devices (ERDs).14,15 ERDs have enabled
efficient recovery of unutilized pressure energy from the RO
concentrate and have proven particularly effective for large-
scale seawater RO plants.16−18 However, ERDs designed for
small RO systems are of low efficiency, are of a relatively high
capital cost, and may introduce inflexibility in terms of system
control.19 It is important to recognize that RO operation may
be confronted with temporal variability of feedwater quality, as
well as by various water production objectives.20,21 In this
regard, effective process control and optimization are important
for small RO systems in order to lower the overall cost of
permeate water production.21−24

RO plant control via classical control algorithms (i.e.,
proportional−integral (PI) control) has been deployed to
control system pressure in order to meet permeate production
set-points.25 Multiloop control of both permeate flow rate and
permeate quality have also been proposed.26 In addition to
classical control, several nonlinear model-based control
strategies have been developed to improve RO process control
under conditions of varying feedwater quality and correct
various faults that may occur during operation.27,28 Model-
predictive control (MPC) and Lyapunov-based control have
also been designed and evaluated through computer
simulations.28−32 More recently, an RO control strategy that
considers minimization of energy consumption has been
introduced with the concept demonstrated in a small laboratory
RO system.33 The above study introduced the role of the
thermodynamic restriction34 and specific energy consumption
(SEC) in the optimization and control of cross-flow RO
operation.

A theoretical framework for minimization of RO permeate
production cost was introduced recently,34−36 within the
context of the SEC and thermodynamic restriction,34 that
considered the impact of water recovery, energy recovery and
pumping efficiencies, feed and permeate flow rate constraints,
membrane module topology,34−36 and optimization of feed
pressure subject to feed salinity fluctuations.37 An energy
optimization nonlinear control algorithm (without the
inclusion of an ERD) that builds on the above SEC modeling
framework was also demonstrated with a small laboratory
spiral-wound RO system. It was shown, in limited proof-of-
concept laboratory tests, that energy-optimal control for spiral-
wound RO operation, subject to a simple step change in feed
salinity, was feasible through simultaneous control of feed
pressure and feed flow rate.33 The above approach provided a
framework for a controller architecture that can be deployed for
RO operation that is confronted with temporal variability of
both RO membrane permeability (e.g., due to membrane
fouling or aging) and feedwater salinity.
In the present work, an approach for control of RO plant

operation is introduced, following the general scheme in ref 33,
demonstrating the integration of lower-level and supervisory
controllers. Implementation of the control algorithm only
requires operator input of the target permeate production (i.e.,
RO permeate flow rate set-point). The control system then
automatically considers constraints imposed by the required
permeate production, system operability (e.g., operational
limitation of system components), high pressure feed pump
and ERD efficiencies, membrane permeability changes, and
temporal variability of feed salinity. The proposed RO
controller was field demonstrated for seawater desalination
with respect to (a) maintaining pressure and flow rate (feed
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and permeate streams) set-points and (b) ensuring energy-
optimal operation with temporally variable feed salinity.

2. EXPERIMENTAL SECTION

2.1. Desalination System. Energy-optimal control strategy
was implemented in a reverse osmosis (RO) seawater
desalination system integrated with feed treatment (micro-
filtration and ultrafiltration). The RO system had a maximum
permeate production capacity of 18 000 GPD (68.1 m3/day)
with three 8 in. spiral-wound elements in series (DOW
FILTMEC SW30HRLE-400, Dow, Edina, MN). Each element
had a manufacturer-recommended maximum operating water
recovery of 15%, enabling up to a total recovery of 38.6% for
the three elements in series. The RO membrane elements had
manufacturer reported rejection of 99.60% (32 000 ppm NaCl
at 800 psi or 5.5 MPa). Each of the RO elements was housed in
a fiberglass pressure vessel (8 in. end ported, Protec Arisawa
PRO-8-1000-EP-1, Vista, CA) with a manufacturer-specified
maximum operating pressure of 6.89 MPa (1000 psi).
The RO system (Figure 1) consisted of a high-pressure axial

piston positive displacement pump (APP 10.2, Danfoss,
Nordborg, Denmark) with a premium efficiency motor
(CEM4103T, 25 hp, TEFC, Baldor, Fort Smith, AR) and a
variable frequency drive (VFD) system (VLT AQUA Drive FC
202, 22 kW, Danfoss, Nordborg, Denmark). The pump, with
measured efficiency of 91.5%, had a manufacturer-specified flow
and pressure limits of 66−170 L/min and 2−8 MPa,
respectively. The pump VFD, equipped with internal current
and voltage sensors, produced electrical consumption as a
standard VFD output. The above minimum pump feed flow
rate and pressure were required in order to ensure adequate
pump self-lubrication. An actuated needle valve (Mark
708LMO, Richard Industries, Cincinnati, OH), installed at
the RO concentrate exit, along with the pump VFD, enable
control of both the feed pressure and feed flow rate. The
desalination pilot was instrumented with an array of sensors for
monitoring process variables such as flow rates, pressures,
conductivity, and temperature. The primary process variables
used for system control included pressures (Pf, Pc, Pp), flow
rates (Qf, Qc, Qp), and salinities (Cf, Cc, Cp) of the feed,
concentrate, and permeate streams, respectively, in addition to
the permeate temperature (T).
2.2. Field study. The RO desalination pilot was deployed at

U. S. Naval Base Ventura County (Port Hueneme, CA) with
raw seawater feed pumped from an open-sea intake through a
screen filter to the feed pretreatment subsystem. The range of
feedwater quality over the duration of the field study is listed in
Table 1. The feed pretreatment system provided RO feedwater
with turbidity ≲0.1 NTU and enabled fouling-free operation of
the RO over the study period. In one specific experiment, the

RO system was allowed to foul by reducing the level of feed
pretreatment in order to assess the capability of the controller;
the change in membrane permeability was tracked and,
accordingly, system operation settings self-adapted to maintain
energy-optimal operation. Other experiments included evalua-
tion of the system controller performance (i.e., with respect to
maintaining permeate productivity and energy-optimal oper-
ation), subject to step changes in permeate production set-
point and short-term temporal variability of RO feedwater
salinity.

3. CONTROL SYSTEM ARCHITECTURE
The desalination system was operated via a control system
(Figure 2) that consisted of a supervisory and low-level RO
controllers. The supervisory controller (Figure 3) collects and
processes sensor data and performs necessary calculations to
establish the operational set-points and trajectories and
communicates those to the lower-level RO controllers. During
desalting operation, data from system sensors are acquired and
passed to the supervisory controller for online calculation of
membrane permeability. This controller then uses an energy-
optimization algorithm to determine the optimal product water
recovery and the corresponding RO feed flow rate set-point for
a desired preset RO permeate flow rate. Subsequently, the
supervisory RO controller calculates the required RO feed
pressure via the RO process model to achieve the desired
permeate flow rate set-point. The computed parameters are
then communicated to the lower-level RO controller, which
controls the RO pump VFD and concentrate valve to attain
their specified set-points. The above process is repeated
dynamically at a prescribed rate (typically every ∼10−20 s)
at a frequency which is set at the supervisory controller level.

3.1. Energy-Optimal Operation. Optimal control of RO
desalination requires a framework for predicting energy
consumption with considerations of the system physical
constraints (e.g., with respect to permeate productivity, feed
flow rate, and system pressure) as well as limitations imposed
by the thermodynamic restriction in cross-flow operation.34 In
the present work, a generalized framework was adopted for
modeling the specific energy consumption (SEC) for RO
desalting, defined as the energy expended for producing a unit

Figure 1. Schematic of the RO desalination process depicting the various monitored process variables.

Table 1. Feed Water Quality at Port Hueneme, US Naval
Base

variable range

TDS (total dissolved solids) 33 440−36 800 ppm
TSS (total suspended solids) 0.1−5.2 ppm
turbidity 1.7−14 NTU
temperature 11.2−19.7 °C
pH 7.5−8.2
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volume of permeate. Accordingly, the optimal SEC (for a given
recovery) for a system that can operate up to the limit imposed
by the thermodynamic restriction can be expressed as34
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where ηpump and ηERD are the pump and ERD efficiencies,
respectively, R is the membrane salt rejection, Y is the permeate
recovery (i.e., Y = Qp/Qf), and the normalized SECnorm is
defined as SECnorm = SEC/πo, where πo is the RO feed osmotic
pressure. When the given RO system is constrained with
respect to its permeate production flow rate (Qp), the SEC is
given by34
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where Qp,norm is the normalized permeate flow rate defined as
Qp,norm = Qp/(AmLpπo), in which Am and Lp are the membrane
surface area and permeability, respectively. It is noted that for a
constrained feed flow rate operation the first term on the right-
hand side of eq 2 is replaced by Qf.

34 Equations 1 and 2 provide
a lower limit of SEC with respect to axial pressure drop along
the RO element retentate channel and average concentration
polarization level by assuming that the effects of both of these
factors on SEC are negligible. The relationship between the
operational recovery, Ymin, at the globally minimum energy
consumption for a constrained permeate flow rate, Qp,norm, can
be obtained by setting (∂(SECnorm)/∂Y) = 0 and solving to
obtain the following explicit relationship for Qp,norm:
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Equation 3 is both twice continuously differentiable with
respect to Ymin and for any given Qp,norm has a single, isolated
root for Ymin for values of Ymin in the domain of Y = (0,1).
Therefore, for any given Qp,norm, a corresponding Ymin can be
calculated using Newton’s or the secant method. However, it is
noted that for a given recovery, RO operation below the
SECnorm as set by eq 1 is thermodynamically infeasible.34 For
these cases, the RO system must operate at recovery Ytl where
the constant Qp,norm curve intersects the curve representing
operation up to the thermodynamic limit (Figure 4). As an

Figure 2. Schematic diagram of the RO system control architecture. The overall control system is separated into a supervisory RO controller and a
lower-level RO controller. (Note: Definitions of the monitored process variables are provided in Section 3.1; subscript “sp” denotes a control set-
point for the specific variable, Lp is the membrane permeability, Y is the operational water recovery, and VFDsp and Valvesp refer to the set-point
settings for these system components).

Figure 3. Flowchart of the RO supervisory controller used to calculate Qf,sp and Pf,sp.

Figure 4. A plot of SECnorm with respect to fractional water recovery,
Y, for ηERD values of 0 and 0.7 and Qp,norm of 1. Ytl is the recovery at
which the constrained Qp,norm curve intersects the curve representing
operation up to the thermodynamic limit, and Ymin is the recovery at
the globally minimum SECnorm for the case of constrained Qp.
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example, the functional dependencies of SECnorm on recovery
for different values of ηERD for operation up to the
thermodynamic limit and for cases of constrained permeate
flow rate are illustrated in Figure 4 for the case of ηpump = 1, R =
1, and Qp,norm = 1.
In order to simplify the control algorithm, it is convenient to

first identify if Ymin would be located above or below the curve
representing operation up to the thermodynamic limit (e.g.,
solid curves in Figure 4). The above can be achieved by noting
that Ytl, or the point at which the constant Qp,norm curve
intersects with the curve representing operation up to the
thermodynamic limit, can be determined by equating eq 1 and
eq 2, resulting in

=
−

+
−
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Y
Y
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ln(1 )
p,norm
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The right-hand side of eq 4 is a strictly increasing function of Ytl
over the domain Y = (0,1) with a unique value of Ytl for each
Qp,norm. It is also noted that as Y→0, SECnorm for operation with
constrained Qp (eq 2) is greater than SECnorm for operation up
to the thermodynamic limit (eq 1); That is,
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The above inequality can be proven by multiplying it by Y and
setting 1 − Y ≈ 1 for the case of Y→0, which implies that
Qp,norm > 0. Thus, the inequality holds as Y→0 for all valid
values of Qp,norm, which are by definition greater than zero.
Because eq 1 and eq 2 have one unique intersection, inequality
eq 5 holds true for all values of Y from 0 up to Ytl. This implies
that in the region of Y = (0, Ytl], the globally minimum SEC for
a constrained Qp operation exists above the SEC for operation
up to the thermodynamic limit. However, for the region of Y =
[Ytl,1), the globally minimum SEC for a constrained Qp process
exists below the SEC for RO desalting operation up to the
thermodynamic limit and, hence, is infeasible. Therefore, the
above analysis concludes that if Ymin < Ytl, then Ymin will be the
SEC-optimal operating recovery and if Ymin > Ytl, then Ytl will be
the SEC-optimal operating recovery.
3.2. Physical System Constraints. RO desalination plants

are not typically designed to operate up to the limit imposed by
the thermodynamic restriction. RO plant operation may be
constrained by production targets, finite membrane area, and
finite membrane permeability, all of which may force operation
away from the limit imposed by the thermodynamic restriction.
Moreover, physical constraints on system components (i.e.,
pumps, pressure vessels) can limit the range of RO plant
operability (e.g., in terms of the attainable ranges of feed
pressure, feed flow rate and permeate recovery). As a result, the
optimal RO plant operation as derived in Section 3.1, for a
given permeate flow rate, will lead to SEC that is higher relative
to the optimal minimum expressed by eq 1. Therefore, optimal
operation of the RO system must consider constraints that
affect water recovery (Y), product flow rate (Qp), and feed flow
rate (Qf). The implications of the above, with respect to the
SEC, are illustrated in the SEC curves shown in Figure 5 for the
RO system used in the present study (Section 2.1). The SEC
curves were generated by first determining the permeate flow
rate that can be achieved by the present RO system at the

maximum and minimum feed pressures and feed flow rates and
subsequently calculating the SEC as per eq 2. It is noted that
the SECnorm for any of the constrained conditions is above the
SECnorm for operation up to the thermodynamic limit. At the
minimum system pressure, the SECnorm approaches operation
up to the thermodynamic limit; however, such operation is
infeasible for the present system due to the minimum Qf
constraint for the physical system. More importantly, the
feasible operational domain for the RO system (indicated in the
shaded gray area) is bound by the maximum and minimum feed
flow rate, maximum feed pressure, and maximum recovery
constraints. Between the possible operating Qp,norm of 0.035−
0.88 (1.9∼47.3 L/min), Ymin is calculated to be 72%∼79%;
both values exist above the manufacturer stated Ymax of 38.6%
(Section 2.1). Hence, within this operating region, while
permeate flow rate is constrained, increased recovery would
lead to lower SECnorm. Therefore, energy-optimal operation for
a constrained permeate flow rate dictates operation at the
highest achievable recovery, subject to the constraints imposed
by the system. It is noted that for several experiments, more
conservative system constraints were implemented instead of
values specified by the manufacturer. The specific values used
for the constraints in the different experiments are provided in
Section 4.

3.3. RO Feed Pressure Set-Point. In order to operate the
RO system at the desired level of permeate productivity but
minimize energy consumption, the RO system should be
operated at the highest recovery possible under the system
physical constraints (Section 2.1). Accordingly, one of the
functions of the supervisory controller is to calculate the
pressure required to achieve the permeate production set-point
making use of the classical permeate flux expression38

π= Δ − ΔQ A L P( )p m p m (6)

where Am is the active membrane area, Lp is the membrane
hydraulic permeability, ΔPm is the transmembrane pressure,
and πΔ is the average osmotic pressure difference across the
membrane. Assuming a linear pressure profile along the

Figure 5. Normalized SEC with respect to RO recovery, with physical
plant constraints plotted. Solid lines represent the maximum Y
constraint, dashed lines represent the Qf constraint, the dotted lines
represent the Qp constraint which is governed by the Pf constraint, and
the dash-dotted line represents the thermodynamic limit. The
operating region of the experimental RO system is shaded.
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retentate channel of the RO elements,20 the average trans-
membrane pressure can be expressed as

Δ =
+

−P
P P

P
2m

f c
p (7)

where P̅p is the average permeate-side pressure, Pf is the feed
pressure, and Pc is the concentrate pressure at the module exit.
The first term on the right-hand side of eq 7 represents the
average feed-side pressure. The average feed-side osmotic
pressure difference is as follows:39

π π πΔ = − − −Y
Y

CP R
ln(1 )

(1 )o o (8)

where πo is the feed osmotic pressure, CP is the average
concentration polarization modulus in each RO membrane
element (i.e.,CP = Cm/Cb, where Cb and Cm are the average salt
concentrations in the bulk and at the membrane surface,
respectively), and R is the observed salt rejection defined as

= −R
C

C
1 p

f (9)

where Cp and Cf are permeate and feed concentrations,
respectively. The feed osmotic pressure can be estimated by:39

π ϕ= · · +C T(273.15 )o f (10)

in which feed concentration (Cf), the osmotic pressure
coefficient (ϕ), and temperature (T) are used as a temperature
correction factor. The average concentration polarization
applicable to the membrane elements used in the present
work (Section 2.1) was estimated as39

= − −CP Yexp(0.7[1 (1 ) ])n1/
(11)

in which n is the number of RO membrane elements in series
(n = 3 for the present system). Combining eqs 6−8 results in
the following equation for the permeate flow rate:
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from which the membrane permeability, Lp, can be initially
determined as the system ramps up its operation, given
measured values of Qp and Pf. Subsequently, the permeate
production set-point and the calculated permeability are used
to calculate the required RO feed pressure Pf. The membrane
permeability is calculated and updated dynamically as needed
for the calculation of the required feed pressure.
3.4. Lower-Level RO Controller. The supervisory RO

controller provides the lower-level RO controller (Figure 2)
with the necessary feed pressure and flow rate set-points. The
lower-level controller consists of a linear model for the RO
pump VFD and a PI controller for the concentrate valve. The
lower-level controllers do not enforce decoupling of the two
control loops in the closed-loop system; that is, a change in the
RO pump VFD setting may affect the RO feed pressure
regulated by the RO concentrate valve feedback controller. In
this regard, it is stressed that the required feed pressure set-
point for optimal operation is determined via a process model
(eq 12). However, at the same time, it is important to constrain
the VFD ramp speed in order to partially decouple the

dynamics of the two control loops and allow the valve
controller to provide responsive control on pressure even when
the feed flow rate is changing. Although the determination of
these time constants of the two control loops can be done a
priori on the basis of a process model, in the present work, step
tests were used to determine these time constants and the
present system’s 5 rpm/s VFD ramp speed constraint. It is
noted that multivariable control design could be used to
provide an integrated approach to control action calculation for
both inputs. However, given the significantly different time
constants of the two control loops when the VFD ramp speed
is constrained, such an approach is not expected to substantially
improve the achievable closed-loop performance. At the same
time, coupling of the controllers would considerably increase
the burden of controller maintenance and decrease the
robustness of the overall control architecture.
For the present RO pump/VFD combination (Section 2.1),

the linear relationship between the pump RPM (VFDsp
RO) and

feed flow rate (Qf
desired) was determined experimentally as

= −
⎛
⎝⎜

⎞
⎠⎟QVFD 11.38

RPM
L/min

29.009RPMSP
RO

f
desired

(13)

The Qf set-point is calculated using the energy-optimal Y
determined in Sections 3.1, 3.2 and the Qp set-point as specified
by the desired permeate productivity. Given this Qf set-point as
provided by the supervisory controller, eq 13 is then used to
determine the required RO VFD setting.
Adjustment of the applied feed pressure is most sensitive to

the RO concentrate valve position (Valvesp) which was
controlled by a PI controller of the following form:

∫
τ

τ τ

= −

+ −

K P P t

K
P P d

Valve ( ( ))

( ( ))

SP

i

t

p
1

RO,feed
SP

RO,feed

p
1

1 0
RO,feed
SP
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in which Valvesp is the control action applied to the RO valve,
PRO,feed
SP is the pressure set-point for the RO feed pressure, Kp

1 is
the proportional gain, and τi

1 is the integral time constant.
Initial experiments carried out over a range of operational
parameters enabled tuning of the PI controller parameters to
their optimal values of Kp

1 = −0.0725 (Valve %/MPa) and (Kp
1/

τi
1) = 0.001 s.
Due to feed pressure fluctuations caused by the pump (e.g.,

±70 KPa in amplitude, or 8% of the feed pressure), tighter
control of the pressure cannot be achieved once the set-point
tracking error (i.e., absolute difference between the pressure
and its set-point) becomes very small (as defined by an upper
bound on the error which was set at 70 KPa). Therefore, the
use of the PI controller when the tracking error becomes
smaller than the upper error bound is counterproductive and
would increase sensitivity of the closed-loop system to
disturbances due to pump operation. Therefore, in the present
control scheme, the PI controller was intermittently deactivated
when the difference between the set-point and the pressure was
below the upper bound pressure error threshold such that
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4. RESULTS AND DISCUSSION
The controller performance under both steady-state and non-
steady-state conditions initially focused on establishing the
capability for energy-optimal operation under a permeate flow
rate set-point of 31.4 L/min with the constraints minimum feed
flow rate (Qf) of 66 L/min, maximum recovery (Y) of 38.6%,
and maximum feed pressure (Pf) of 6.9 MPa. The controller
was able to maintain the RO permeate flow rate set-point with a
deviation of ±0.6% and the target maximum RO water recovery
with a deviation of ±0.3%. On the basis of the recorded pump
electrical power utilization, system pressures, flow rates, and
stream salinities, the pump efficiency was determined to be 91.5
± 1% and salt rejection was calculated to be 99.6 ± 0.01%.
Optimal energy operation was achieved as illustrated in Figure
6, which depicts the SEC curves as described by eq 2. System

operation was along the SEC curve for the permeate flow rate
set-point at the maximum possible recovery (and thus lowest
energy consumption; see Section 3.2) given the above
constraints. Lower energy consumption is possible by operating
the system at the minimum possible feed flow rate; however,
this would result in a permeate production flow rate that is 22%
below the desired set-point.
The controller time response to a permeate flow rate set-

point change was subsequently evaluated in an experiment in
which the system was first operated at a permeate flow rate set-
point of 26.5 L/min. Once steady state was reached, the
permeate flow rate set-point was reduced by 14% to 22.7 L/min
with the response as shown in Figure 7. For the above

operation, system constraints were set as min(Qf) = 72.7 L/
min, max(Pf) = 6.9 MPa, and max(Y) = 30%. The low recovery
constraint was chosen to be below the system maximum
physical recovery constraint (38.6%) in order to test a wider
range of controller operability (i.e., above and below the set-
point). As is evident in Figure 7 panels a and b, upon a step
change in the target permeate production, the controller drove
the system to its new steady state within a short period (∼30 s)
and maintained the maximum allowable recovery (i.e., for the
set recovery constraint).
The controller performance as shown in Figure 7a,b was

achieved through the supervisory RO controller that established
the new pressure and feed flow rate set-points as 5.07 MPa and
78 L/min, respectively, relative to their previous corresponding
values of 5.43 MPa and 90.8 L/min. Subsequently, the lower-
level RO controller (Figure 1) drove the system toward steady
state with relatively minor oscillations (Figure 7c,d); this was
largely because the lower-level controller utilizes a slightly
under-damped closed-loop response for both the pump VFD
and concentrate valve (Section 3.4). The operating conditions
established by the RO controller can be visualized on the SEC
plots for the constrained permeate flow rates (before and after
the set-point change) as shown in Figure 8. It is clear that the
RO system operation, for both permeate flow rate constraints,
results in the lowest attainable SEC (corresponding to the
highest achievable constrained recovery) as predicted in eq 2.
In order to evaluate the impact of the minimum feed flow

rate constraint on the controller’s performance, the RO
permeate flow rate set-point was reduced by 35%, from 26.5
to 17 L/min. The SEC curves (Figure 9) for the above
constrained permeate production (Qp = 17 L/min) and for
operation at the minimum feed flow rate (min(Qf)) intersect at
Y = 23.4%. Clearly, one would have to operate at the highest
possible recovery to achieve the lowest SEC for the above
constraints, which for the previous example (Figure 8) was
constrained to a maximum of 30%. However, in transitioning
from the higher to lower permeate flow rate set-points, the SEC
curve for min(Qf) cannot be crossed. In fact, in order to achieve
the target permeate productivity, the RO system would have to
operate at a recovery where the SEC curves for Qp = 17 L/min
and min(Qf) = 72.7 L/min intersect. Accordingly, the low-level
RO controller adjusted the RO recovery to Y = 23.4% (for the
Qp set-point of 17 L/min) as instructed by the supervisory
controller (Figure 10), with steady-state operation for the new
set-point achieved within ∼30 s.
In order to explore the controller’s performance subject to

temporal changes in feed salinity, a disturbance in the RO feed
salinity was introduced using a high salinity pulse input (Figure
11). This was achieved by mixing RO concentrate with the raw
seawater feed to achieve a salinity pulse of ∼100 s during which
the RO feed salinity peaked up to 17% above the raw seawater
feed. Under the above operational mode, increased RO feed
salinity will result in reduced permeate productivity and
decreased RO water recovery due to the rise in the feed-side
osmotic pressure. Comparison of RO system performance, with
and without the controller, for a set of three consecutive feed
salinity pulses is shown in Figure 11, with the SEC given in
Figure 12. Without control action, the RO system was set to
operate at a feed pressure and a feed flow rate of 5.5 MPa and
72.7 L/min, respectively, providing permeate production of
26.9 L/min for desalting raw seawater (∼33 000 mg/L TDS).
Operation under control action was for the same permeate
production set-point. Although in principle both the feed flow

Figure 6. Normalized SEC with respect to RO recovery under the
constraints min(Qf) = 60 L/min, max(Pf) = 6.9 MPa, and max(Y) =
38.6% for the target permeate flow rate set-point (Qp = 31.4 L/min).
The solid circle denotes the plant operating point as established by the
controller, which matches the expected theoretical prediction.
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rate and pressure can be controlled for optimal operation
(Section 3.4), feed pressure has the most significant impact on

permeate flux. Therefore, in this test, the low-level RO
controller was simplified to maintain a constant feed flow

Figure 7. Profiles of (a) RO permeate flow rate, (b) RO water recovery, (c) RO feed flow rate, and (d) RO feed pressure with respect to time for a
permeate flow rate set-point transition from 26.5 to 22.7 L/min. Constraints were set at min(Qp) = 72.7 L/min, max(Pf) = 6.9 MPa, and max(Y)
=30%. The feed pressure set-point was changed from 5.43 to 5.07 MPa. The feed flow rate set-point was changed from 90.8 to 77 L/min.

Figure 8. Normalized SEC with respect to RO recovery under the constraints min(Qf) = 72.7 L/min, max(Pf) = 6.9 MPa, and max(Y) = 30%. The
short dashed line is the constrained permeate flow rate curve for the initial flow rate set-point of 26.5 L/min. The dash-dotted line is the constrained
permeate flow rate curve for the final flow rate set-point of 22.7 L/min. The solid circles denote the operating point of the experiment, and the arrow
indicates the set-point change.
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rate. However, the optimal pressure set-point was adjusted
continuously (Figure 11c) in response to changing feedwater

salinity (Figure 11b), as instructed by the supervisory RO
controller, in order to minimize the SEC. It is apparent that

Figure 9. Normalized SEC with respect to RO recovery under constraints of min(Qf) = 72.7 L/min, max(Pf) = 6.9 MPa, and max(Y) = 30%. The
short dashed line is the constrained permeate flow rate curve for the initial flow rate set-point of 26.5 L/min. The dash-dotted line is the constrained
permeate flow rate curve for the final flow rate set-point of 17 L/min. The solid circles denote the operating point of the experiment, and the arrow
indicates the set-point change.

Figure 10. Profiles of (a) RO permeate flow rate, (b) RO water recovery, (c) RO feed flow rate, and (d) RO feed pressure with respect to time for a
permeate flow rate set-point transition from 26.5 to 17 L/min. RO system constraints were set at min(Qf) = 72.7 L/min, max (Pf) = 6.9 MPa, and
max(Y) = 30%. Upon change in the permeate production set-point, the supervisory RO controller reduced the set-point recovery from 30% to 23.4%
and changed the feed flow rate and pressure set-points from 90.8 to 72.7 L/min and from 5.38 to 4.47 MPa, respectively.
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without control action, permeate productivity decreased (up to
26% at the feed pulse peak salinity, Figure 11a) and SEC
increased (up to 10% at the feed pulse peak salinity, Figure 12)
with rising feed salinity. For example, over the duration of each
of the three feed salinity pulses shown in Figure 11b, permeate
productivity loss was up to about 12%. In contrast, RO
operation under dynamic SEC control action, the permeate

flow rate was nearer the set-point and SEC was lower (Figure
12) even when confronted with rising feed salinity. As shown in
the SEC contours for plant operation during a high feed salinity
pulse (Figure 12), with and without control action (dotted and
dashed lines, respectively), the SEC rises with increase feed
salinity as the recovery decreases but the SEC also decreases as
feed salinity decreases. However, in plant operation with the

Figure 11. Profiles of the (a) RO permeate flow rate, (b) RO feed salinity, and (c) RO feed pressure with respect to time. The solid line in (c) is the
permeate flow rate set-point, which is 26.9 L/min. RO system constraints were set at min(Qf) = 72.7 L/min, max(Pf) = 6.9 MPa, and max(Y) = 30%.
Plot (b) was produced using an average of both experiments because they were nearly identical.

Figure 12. Normalized SEC with respect to RO recovery, with the permeate flow rate set-point over the duration of the first pulse. The solid line is
the SEC curve for constant Qp operation of 26.9 L/min. Dotted lines denote the experiment done with the controller, the dashed lines denote the
experiment done without the controller, and the arrows indicate the dependence of SECnorm and Y on time. Note how operation without a controller
leads to a lower permeate flow rate as well as higher SEC.
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RO controller, the feed pressure would be continuously
adjusted in response to salinity changes in order to set the
recovery for operation at the lowest possible SEC.
Degradation of membrane permeability due to fouling can

occur in field operations of RO desalting. As membrane
permeability decreases between cleaning periods, it is desirable
to maintain the desired permeate productivity while operating
at a recovery that is optimal with respect to the SEC (Section
3.2). Therefore, in the present control scheme, membrane
permeability is calculated (Section 3.3) and updated con-
tinuously by the supervisory RO, which is necessary for
determination of the feed pressure set-point. Accordingly, as
membrane permeability declines, the RO controller adjusts the
feed pressure as well as feed flow rate as necessary to achieve
the maximum set recovery. A demonstration of the controller’s
performance under RO membrane fouling conditions was
carried out over a 10 day continuous RO operation with
reduced feed pretreatment. As a consequence, the RO
membrane fouled with a membrane permeability decline of
up to 5.8% over the test period (Figure 13a). At the same time,
the RO controller continuously adjusted the feed pressure
upward (via control of the concentrate valve) to compensate
for the decrease in permeability, whereas permeate production
(Figure 13c) and recovery (Figure 13d) remained essentially
constant at the desired level.

5. CONCLUSIONS

A model-based control system was implemented for the energy-
optimal operation of a spiral-wound RO membrane desalina-
tion system and for maintaining system operational set-points
with respect to feed pressure and flow rates (feed and permeate
streams). The control scheme utilized a basic RO operational
model with real-time calculations for continuous updates of
membrane permeability and the feed pressure set-point.
Operational control set-points were determined by a super-
visory-level controller and then communicated to the lower-
level controllers, which then adjusted the RO feed pressure and
flow rates via control of the high pressure pump VFD and RO
concentrate valve. Field tests for seawater desalination have
demonstrated the controller’s ability to self-adapt the system
operation so as to maintain energy-optimal operation subject to
constraints imposed by the system’s physical components (e.g.,
minimum and maximum feasible or allowable flow rates and
pressures) and the thermodynamic restriction for cross-flow
RO operation. It was also demonstrated that the control system
succeeded in maintaining both permeate production and
energy-optimal operation under conditions of temporal changes
in feedwater salinity. Although the present scheme was
demonstrated for RO operation without an ERD, the
developed control principles for energy-optimal operation is
adaptable to RO system operation with ERD.

Figure 13. Profiles of RO process variables (a) membrane permeability, (b) feed pressure, (c) water recovery, and (d) permeate flux with respect to
time. System constraints were set at min(Qf) = 72.7 L/min, max(Y) = 36% and max(Pf) = 6.9 MPa, with a permeate production target of 31.4 L/
min. The system set the feed flow rate at 87.2 L/min.
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