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Abstract

A two-level model-based control system for energy-optimal operation of a two-stage re-
verse osmosis (RO) membrane desalination system was developed and field demon-
strated. The control scheme was based on the specific energy consumption (SEC) frame-
work accounting for pump efficiencies, physical system constraints, and temporal varia-
bility of feed salinity. The SEC framework consisted of a higher-level (supervisory) control
system that guided a lower-level controller for real-time SEC optimization. The supervi-
sory controller combined real-time plant data and the SEC model to determine the energy-
optimal first-stage water recovery and the overall permeate water recovery (unless speci-
fied), and membrane permeability for a target permeate production. The derived operat-
ing state was then applied to control the RO plant operation through the lower-level con-
trol system, consisting of three separate feedback loops regulating the RO feed flow rate,
first-stage RO pressure, and the second-stage RO pressure via control of the first-stage and
second-stage RO feed pumps, and the RO concentrate valve. The two-level control system
was demonstrated for a mobile brackish water desalination plant capable of permeate
productivity up to 98 m¥/day. Field testing demonstrated robust simultaneous control of
the dynamically coupled control variables and effective energy-optimal operation.

Keywords: desalination; two-stage RO; energy-optimal operation; brackish water

1. Introduction

Reverse osmosis (RO) desalination is a leading technology for desalting inland brack-
ish water and in water reuse applications [1-6], where increasing product water recovery
is critical to reducing the volume of generated concentrate [7,8]. Product water (i.e., per-
meate) recovery can be increased by adding multiple RO stages [9-18], operating in the
mode of partial concentrate recycle [19] or operating in batch or semi-batch mode [20-22].
Studies on multi-stage RO have largely focused on evaluating the potential for reducing
energy consumption and increasing recovery through optimization of various system
configurations with respect to the number and arrangement of membrane elements in the
different RO stages, use of interstage booster pumps, and incorporation of energy recov-
ery devices [3,13,23-27]. Here, it is noted that the traditional approach to increasing the
recovery of brackish water desalination, and thus reducing the challenge of concentrate
management, typically relies on a plant configuration that consists of two or three RO
stages with interstage pumps [10,11,28].
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Irrespective of the particular multi-stage plant configuration, energy-optimal opera-
tion requires the determination of the optimal plant operational set-points. Here we note
that previous studies on multi-stage RO systems have focused primarily on specific plant
configurations (e.g., number of stages, number of elements per stage and their configura-
tion, interstage pumps, and recycle flows). These studies have provided guidance regard-
ing the dependence of the specific energy consumption (SEC) on operating conditions and
some have addressed operational complexities that may be introduced due to system de-
sign constraints (e.g., lower and upper stage recovery limits, permeate flux constraint,
minimum and maximum allowable pump outlet pressures, pump efficiencies), changing
plant production targets and temporal variability of source water salinity [29-33].

The common industry practice in the operation of two-stage RO plants is to set the
desalination plant operation so as to equalize the permeate flux between the two RO
stages [11,25,34]. Such an approach, however, does not guarantee optimal SEC operation
[35], as it does not consider the impact of the plant’s physical and operational constraints
on the attainable minimum SEC [36,37]. In theory, energy-optimal operation can be
achieved provided that each one of the plant stages can operate up to its respective ther-
modynamic restriction limit, and all stage recoveries are equal [12]. Such an approach is
practically unrealizable for actual RO plants given their physical and operational con-
straints. However, irrespective of the plant design and its physical equipment and opera-
tional constraints, reaching an energy-optimal operation of a multi-stage RO plant is de-
sirable, and it can be achieved via optimization-based control [35]. Recently, simulations
of energy-optimal control were presented for a two-stage low salinity RO system,
whereby feed flow rate, first stage feed pressure, and interstage (i.e., second stage inlet)
pressure controllers were guided by a data-driven model of system operation [38]. As
noted in the above study, closed-loop (feedback) operational control (for dynamic SEC
minimization), based on the use of data-driven system operation models, is constrained
to the range of operating conditions for which the ML model was developed. Admittedly,
plant operational ML models can be refined via reinforcement learning when sufficient
new data are acquired. In contrast, however, mechanistic models of plant operation offer
advantages such as (a) applicability over a wide range of conditions, (b) allowing for ad-
aptation to external conditions (e.g., fouling progression, temperature) through real-time
determination of membrane transport parameters (e.g., hydraulic permeability), (c) ac-
counting for concentration polarization, and (d) mechanistic reasoning for operational tra-
jectories toward the optimal operating conditions.

Considering the above and the need to establish energy-optimal control of two-stage
RO operation, the present work introduces an optimization-based control scheme for a
two-stage RO plant. The approach is based on the use of a supervisory controller that
utilizes real-time plant sensor data, along with a plant SEC model, to determine the en-
ergy-optimal overall and per-stage recoveries for a given water productivity target. The
established RO system operating states are then applied to control the plant operation
through a lower-level controller, consisting of three separate feedback loops that regulate
the RO plant feed flow rate, the first-stage RO pressure, and the second-stage RO pressure
through the actuation of the first-stage RO feed pump, the second-stage RO feed pump,
and the RO concentrate valve, respectively. The above-developed approach for real-time
SEC minimization was implemented in a brackish water RO plant, and the control ap-
proach and system performance were field-demonstrated for multiple test cases that con-
sider plant physical and operational constraints.
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2. Energy Optimization of Two-Stage RO
2.1. Two-Stage RO

Energy-optimal operational control of a two-stage RO system with an interstage
booster pump was established for the system configuration shown in Figure 1, for which
the relevant process variables are listed in Table 1. In this system, the booster pump raises
the first-stage concentrate stream pressure to the target level for the feed to the second
membrane stage. The overall water recovery, Y, for the two-stage RO system, and perme-
ate recovery from the first (Y1) and second (Y2) RO stages are provided as follows:

_ 0, Yy = 0, Y = 0,, _ 0,-0,, _ Y-Y
> 1 > 2
O Or. 0, O,,(1-%) 1-7

in which Qr1 and Q2 are the first-stage (raw feed) and second-stage (concentrate from first

Y D

stage) flow rates, while Qp, Qp.1, and Qp2 are the total, first-stage, and second-stage perme-
ate flow rates, respectively. It is noted that for a prescribed overall permeate production
flow rate (i.e., target Qp), increasing the permeate production in the first stage will increase
Y1 and hence lower the required second-stage recovery (Y2). Also, for a target overall re-
covery (Y), fixing Y1 establishes the required second-stage recovery (i.e., Y2).

Concentrate
RO2 Concentrate Valve
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Figure 1. Schematic of a two-stage RO system. (P—pressure, Q—flow rate, C—salt concentration,
Y —water recovery, n—pump efficiency, energy recovery device (ERD) can be added to the second
stage, where subscripts f, c and p designate the feed, concentrate and permeate streams, respectively,
and subscripts 1 and 2 identify the corresponding RO stages.

Table 1. Operating variables for the two-stage RO desalination plant.

Flow Rate (Q) Pressure (P) Salinity (C)

Raw Feed Qr Po Cn=0GCo
RO First-Stage Feed Qp1= Qo= Qr Pp1 Cr1=Co
RO First-Stage Concentrate Q2 (Qc1) Pe1 Cen

RO Second-Stage Feed Qc1=0Qr2 P2 Cr2=Cea
RO Second-Stage Concentrate Qc2 Peo Ce2

RO First-Stage Permeate Qpa Py Cpa

RO Second-Stage Permeate Qp2 Pp2 Cp2

2.2. SEC for a Two-Stage RO

The total energy consumption for the two-stage RO process (Wrot), shown in Figure
1, is the sum of the work performed by the first-stage pump (W1) and the second-stage
pump (W2), minus the energy recovered (Wrp) from the second-stage concentrate.
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in which 7, and 7, are the first-stage and second-stage (interstage) pump efficiencies,
respectively, npzp is the energy recovery device (ERD) efficiency, AP: is the first stage
applied feed pressure relative to the raw source water feed pressure, i.e,, AP1 = Ps1 — Po),
where P, is the raw feedwater pressure, and AP: is the pressure applied by the second-
stage pump (relative to the first-stage exit concentrate pressure, i.e., AP2 = Pr2 — Pc1. The
total work performed per produced permeate volume, expressed as the specific energy
consumption for the two-stage RO (SEC(r0)), is provided as follows:

Qp Y'771 Y"72 Y

in which the first and second terms on the right-hand side of Equation (5) represent the
first-stage and second-stage SEC values, respectively, and the third term accounts for the
recovered energy if recovered via an installed ERD.

It is noted that, for each given stage, when the applied RO feed pressure (relative to
the ambient pressure, i.e., AP1) is equal to the transmembrane osmotic pressure difference
at the RO membrane exit regions for each RO stage), the RO system operation reaches the
thermodynamic crossflow restriction, and the SEC is at its global minimum. Under the
above condition, the RO system operation is up to the thermodynamic restriction whereby
the osmotic pressures of the concentrate streams at the exits from the first (7, ) and sec-

ond (r, . ) stages are given as:

2, exit

7R, 7Ty Ry

ﬂl,exit = A])1 = ’ ﬂl,exit = APl + AI)Z ERRPSE— (6a)
(1-1) (1-7)
where R1 and Rr are the first stage and overall salt rejection, respectively, given by:
C C
R=1-—2L R =1-—L 6b
| C, T C, (6b)

in which the salinity of the Stage 1 and Stage 2 feed, and overall permeate are denoted by
Cs, Cp1, and Cp, respectively.

RO desalination plants are not expected to operate up to the limit imposed by the
thermodynamic restriction [12,13,39]. Nonetheless, it is of interest to assess the impact of
efficiencies of the first- and second-stage pumps on the SEC, for a target overall recovery
(Y), for operation up to such a limit. Accordingly, utilizing Equations (5) and (6a,b), and
the reasonable approximation of negligible frictional losses and their impact on the SEC-
optimal operating conditions, the SEC at the thermodynamic restriction, normalized with
respect to the raw feed osmotic pressure, is given as follows:

SEC (2ROS) _SEC _ R, +L M—R R @)
tr,norm 7[0 771Y (1 - YI ) 772Y (1 _ Y) 1 Y

in which, as in Equation (5), the first and second terms on the right-hand side of Equation

(7) are the contributions of the first and second RO stages to the SEC, respectively, and the
third term is the recovered energy if an ERD is utilized in the system. When, for a given
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plant where both stages operate up to the thermodynamic restriction limit, the desired
water productivity dictates the overall product water recovery. The optimal Stage 1 re-
covery (Yiepima) for a given overall recovery (Y) is thus obtained by setting
O[SECtnorm(2R0Os)]/0Y1 = 0 and solving to obtain [12].

R] n,
Y . =1- /— 1-Y 8
1,0ptimal RT _771 ( ) ( )

As shown in Figures 2 and 3, for a fixed overall recovery, when the Stage 2 feed pump
efficiency is above that of the Stage 1 pump (i.e., 72/m1 > 1), Yoptimat for minimizing the SEC,
increases as the first-stage pump efficiency increases. Conversely, when the Stage 1 pump
efficiency is higher relative to the Stage 2 pump, for a given overall recovery, it can be
shown (based on Equations (7) and (8)) that SEC minimization would be reached at a
lower optimal Stage 1 recovery (Y1, optimal).

0.6

05
0.4
=03
0.2

0.1

Optimal First-Stage Water Recovery

0 0.2 0.4 0.6 0.8 1
Second-Stage Feed Pump Efficiency (n,)

Figure 2. Profiles of the optimal operating Stage 1 water recovery (Y1) as a function of the Stage 1

and Stage 2 pump efficiencies (i.e., m and 1, respectively) as per Equation (8).

13

Normalized SEC

@ Optimal 2-Stage Y,

Normalized SEC

Normalized SEC

T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
First-Stage Water Recovery (Y,)

Figure 3. Plot of SEC vs. first-stage water recovery (Y1) at a fixed overall water recovery (Y) of (a)
30%, (b) 60%, and (c) 90%, constant n2 = 1 and varying n1. As 12 decreases, SEC increases, and the

optimal Y1 increases. SEC curves were calculated through Equation (7).
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2.3. RO System Operation at a Constrained Permeate Flow Rate and the Applied First and
Second Stage Inlet Pressures

The operational objective for an RO plant is typically to provide a constant permeate
productivity (i.e., flow rate), and this constraint must be considered when optimizing the
RO system operation with respect to the SEC. For a two-stage RO plant, the permeate flow
rate from the first and second stages, Qi (i = 1, 2 denotes the first and second stages, re-
spectively), can be expressed as per the classical RO permeate flux equation [40]:

m,i* " p,i m,i

0,.=4,.L,, (AR, —Ax,) 9)

where Aw,i is the active membrane surface area, Ly, is the membrane permeability coeffi-

cient, and AP, , is the applied (average) transmembrane pressure. The average osmotic

pressure difference across the membrane is defined as Az, = (7, — T, ;), in which 7,

and 77, are the average osmotic pressures at the membrane surface and permeate

streams, respectively, for RO stage i. The average transmembrane osmotic pressure can
be reasonably approximated by the log-mean average along each of the plant stages
[41,42]

i

1
In
1 -
A, =n,, ——(CP). -z, . (1-R.
i 0,i Y i 0,i i

1

(10)

in which 77, ; is the stage i feedwater osmotic pressure, (CP), is the average concentra-
tion polarization modulus along the membrane train (i.e., (C_P)i =C, . /C i where Cr and

Cw are the average salt concentrations in the bulk and at the membrane surface, respec-
tively, and Ri is the RO stage i salt rejection (i.e, R —1—Cp / Em ). Considering the axial

pressure profile linearity along the RO element train, the average transmembrane pres-
sure can be expressed as Apmi = (Pf o+ R Z,) /2— Pp ” in which Py, P.;, and Py, are the feed,

exit concentrate, and permeate pressures, respectively. Following the above, the stage i
permeate flow rate and corresponding feed pressure are given as [35]:

P..+P. .. 1 — C .
_ fii ci Mo, . P
Qp,i - Am,in,i |: 2 Pp,z‘ YI n[l— Yl j (CP)T + ”O,i C jl (11)

fii

Q, 7o, 1 . C,
Pf/i:zl:A +Pw.+71n —Y '(CP)I.—'—”O/I'.C__PCJ (]_2)

m,i T p,i i i fi

in which Awmi and Ly, are the stage i membrane active surface area and permeability coef-
ficients, respectively, Cp, is the stage i permeate concentration. The individual stage per-
meate flow rates can then be expressed in terms of the overall target permeate flow rate
(Qr) and the overall recovery (Y), and the individual stage recoveries (Yi). Accordingly,
the Stage 1 and Stage 2 permeate flow rates are given as Qp1 = Qp (Y1/Y) and Qp2= Qp(1 -
Y1/Y), respectively. Thus, the required inlet (feed) pressures for the first (Ps1) and second
(Pr2) stage can be expressed as:

Y 7 1 — C
P, =2 {Q1 (j) +P 4+ %h{ — J.(CP) + ”0’1'(3_%]} ~P,  (13%)

1 1 fa
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Y-, z 1-Y)) (= C
—2| @ 1 02 s Sra |
P,,=2 me[ > ]+pp72+(y_yl)1n(1_y].(cp)2+ﬁ0,2.cfl2 P., (13b)

in which Q(l) = Qp / ( Am/ 1Lp/ 1) and QV = Qp /( Am’le ), and where the concentra-

p,morm p,norm
tion polarization modulus for each stage can typically be determined utilizing the manu-
facturer-reported relations for the specific RO elements used in the plant [35,43].

2.4. Energy-Optimal Control of Two-Stage RO
2.4.1. Overall Control Scheme and Supervisory RO Controller

A two-level control scheme was developed to enable driving the RO system to its
energy-optimal operation, with respect to the overall system recovery, considering the
constraint imposed by the target permeate productivity. The control architecture, which
was previously demonstrated for a single-stage RO system [35], consists of supervisory-
level and lower-level controllers. The supervisory controller determines the energy-opti-
mal operational set-points toward which the lower-level controller drives the system.

The supervisory controller utilizes real-time process sensor data and then computes,
using the most recent sensor data, the Stage 1 and Stage 2 membrane permeabilities (via
rearrangement of Equation (13a,b). The membrane permeability is computed prior to each
required sequence of control actions, and thus the actual membrane performance is con-
sidered (at the prevailing temperature and membrane fouling condition). Once the mem-
brane permeabilities are computed (with the latest sensor data), Equations (13a,b) are used
to calculate the first- and second-stage feed inlet pressures required to attain the target
total permeate flow rate for the total recovery (Y) and first-stage recovery (Y1). Subse-
quently, the SEC for the two-stage RO system is determined using Equation (5) based on
the pressure set-points. Next, the overall recovery and Stage 1 recovery (Y and Y1, respec-
tively) are calculated. The Y1 and Y operational set-points that minimize the SEC can then
be determined by numerically solving the constrained optimization problem as specified
in Table 2, where the inequality constraints are the permissible plant operating ranges.

It is emphasized that the constraints on the recoveries (Y, Y1) are due to functional
limitations on the pressure, permeate flux, and crossflow velocity for the installed RO el-
ements, and the number of elements per stage. Additional constraints on the feed flow
rates and output pressure are imposed by the operational ranges for the first- and second-
stage feed pumps, and upper limit pressure constraints imposed on the RO pressure ves-
sels. In addition, the efficiencies of the pumps, which vary with flow rate and pressure
output [44], impact the energy-optimal operating states of the RO system. Moreover, the
efficiencies of the pumps, which vary with flow rate and pressure output [44], impact the
energy-optimal operating states of the RO system [36,45]. Therefore, in the present control
scheme, the variability of pump efficiencies was considered, as detailed in Appendix A.1.

The constrained nonlinear SEC optimization problem for the RO plant, as described
by the equations and constraints listed in Table 2, was solved using the sequential quad-
ratic programming method [46]. In this approach, once the optimal overall recovery (Yopt-
mat) and Stage 1 recovery (Yiopimat) are first determined (Figure 4), the permeate flow rates
and feed pressures are then calculated via Equations (11), (12), and (13a,b), respectively;
these values are the set-points provided to the lower-level controller (Figures 4 and 5).
The lower-level controller drives the RO system to its new operational state, while the
supervisory controller remains idle until the system converges to the new set-points. In
the present control scheme, the process of set-point calculations and application was con-
sidered as a single iteration by the supervisory controller. At the start of the subsequent
iteration, the updated plant sensor values (e.g., pressures, flow rates, conductivities) and
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the membrane permeabilities were used for the next round of supervisory control calcu-
lations. Evaluation of the controller’s performance (i.e., with respect to maintaining per-
meate productivity and energy-optimal operation) was carried out subject to step changes
in the permeate production set-point and also considering short-term tests with tempo-
rally variable RO feedwater salinity (Section 3.3). Here we note that, based on preliminary
step change tests with the RO plant (Section 2.4.2), an iteration time of at most 300 s was
sufficient for the lower-level controller to drive the system to the required set-points. It is
stressed that the above controller response time is significantly shorter than the typical
long continuous operating time (days to months) for the RO system and the slow seasonal

temporal variability of water quality and groundwater temperature.

Table 2. RO System operational equations and constraints @.

Y.Y,

771

min(SEC

2Stage
s.t.

)_ AP, +AP2-(1—Y1)
Y-n, Y-n,

a. Qp = Qp,set-point

h. my=h (APzan,z)r

Equation (Alb)

b.

APl:Pf,l_PO

i. Yomin <Y <Yimax

C.

AP, =P, — P.,, Equation (13a)

i. (Yl)min < Yl < (Yl)max; k Yl < Y

d.

Pr=8 (Qp D4 ) , Equation (13b)

l. (Qf,l)min < Qf,l < (Qf,l)max

e.

Qf,l =Qp 1Y

m. (Qf,z)min < Qf,Z < (Qf,Z)max

f

O =Q,(1—Y,)

n. (Pf,l)min < Pf,l < (Pf,l)max

8.

m="nh (AP],Q_” ) , Equation (Ala)

0. (Pf,Z)min < Pf,Z < (Pf,Z)ma

X

@ The pump efficiencies are provided in Appendix A.1.

Figure 4. Schematic of the energy-optimal controller. The supervisory controller determines the
overall recovery (Y) and Stage 1 recovery (Y1) at which the system operation is at its energy-optimal

state, and the lower-level controller drives the RO system toward these set-points.
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2.4.2. Lower-Level RO Controller

In the implementation of the overall control scheme, the lower-level controller (Fig-
ures 4 and 5) receives the feed flow rate (Qy), the first-stage feed pressure (Ps1), and the
second-stage feed pressure (Pr2) as set-points from the supervisory controller (based on
the established optimal Y and Y1 values; Section 2.4.1). Unlike energy-optimal control of a
single-stage RO system [35], which requires two control variables (i.e., feed flow rate and
feed pressure), the two-stage RO configuration requires simultaneous control of three dy-
namically coupled variables (e.g., the first-stage raw water feed flow rate, and the Stage 1
and Stage 2 inlet feed pressures).

In principle, a multivariable controller design can be used to account for multi-loop
interactions [47-49] (Figure 4, Section 2.4.1). Here, it is noted that, unlike the energy-opti-
mal control of a single-stage RO system [35], which requires only two control variables
(i.e., feed flow rate and feed pressure), the two-stage RO configuration requires simulta-
neous control of three dynamically coupled variables (e.g., the first-stage raw water feed
flow rate, and the first- and second-stage inlet feed pressures). In principle, a multivariable
controller design can be used to account for multi-loop interactions [47,50]. However, such
an approach would be at the expense of increasing computational demand and decreasing
the level of modularity of the overall control architecture. Hence, given the above consid-
erations, a simple control architecture with three control single-loops [51] was adopted
with provisions implemented to enable fast response while avoiding overshoots when
using multiple control loops. The approach was implemented by pairing a process output
variable with the manipulated input variables and ordering the pairing in the order of
decreasing strength of coupling [51]. To facilitate the above, preliminary step change tests
were carried out with the two-stage RO plant (Section 3.1) to identify control pairings in
the following order of relevance: (i) first-stage feed pump VFD control to regulate the RO
Stage 1 feed flow rate, (ii) second-stage feed pump VFD control to regulate the first-stage
inlet feed pressure, and (iii) second-stage concentrate valve control to regulate the second-
stage feed pressure (Figure 5).

RO Supervisory Controller

l H secgrgi-Stage |
| eed Pressure |
| F"‘f'-:‘engﬁe: Set-Point
| Pressure |
Feed Flow | Set-Point |
Rate |
Set-Point @ [’i\l

]
= |
C ol Concentrate

r"
o Second- Stage
Feed Pump

First-Ste -Stage
Feed Pump

Figure 5. Illustration of the control architecture and the three feedback control loops for the two-
stage RO system. The intermediate booster pump (i.e., second-stage pump) acts as a “concentrate

valve” for the first stage, which provides controls over the first-stage feed pressure.

For the two-stage RO control system with three single control loops (Figure 5), the
most sensitive control loop was tuned first. This is followed by the less sensitive control
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|
Qpsp !
‘
|

System

loops in sequence, and then reducing the gain and/or increasing the integral time for the
controller of the least sensitive loop to ensure stability and avoid oscillations [51]. In the
present two-stage RO control system with three single control loops (Figure 5), the most
sensitive control loop is tuned first. This is followed by the less sensitive control loops in
sequence, and then reducing the gain and/or increasing the integral time for the control-
lers of the least sensitive loops so as to ensure stability and avoid oscillations [51]. For the
present RO system (Figure 1) and the control architecture (Figures 4-6), the control loop
regulating the feed flow rate through the first-stage feed pump was determined to be the
primary of the three control loops. This is not surprising since the first-stage feed pump
drives fluid flow through the entire system; hence, it impacts the recovery as well as the
pressure profile along the RO element train. The secondary control loop regulates the first-
stage feed pressure via control of the second-stage feed pump VFD, and thus it also im-
pacts the feed pressures of the second RO stage. The third control loop is for adjustment
of the second-stage concentrate valve for further tuning of the second-stage inlet pressure.
The supervisory controller and the three lower-level control loops are shown schemati-

cally in Figure 6.
! Qgep - VD
Constraints Energy Optimal K Y1 : : t First-stage feed 3 I,SP=
v pump controller | |
Q5o =Qpsp/Y L |
Py ise=F(Qpsm ¥, Y. |
1057~ Qpsp ¥, V1) Second-stage feed|__ VD, s RO ,(ﬁ
P f,2,(sp)=f(QP,srr v Y;) pump controller |
! Process
3 Valve
Concentrate valve | P
RO Model 7 controller ‘
Loy Lp, i -

. ! Sensor readings
Supervisory p, Lower-Level C,T.
n# “ni 'n,i

! ' Qn'v T,
Controller | Controller | (n=f, ¢,p) (i=1,2)

Figure 6. Process control diagram for the RO system consisting of a supervisory controller and three
lower-level control loops. The supervisory controller establishes the flow rate and pressure set-
points for the lower-level controller. The first, second, and third control loops are for the first-stage
feed pump (regulating the raw feed flow rate), the second-stage feed pump (regulating the first-
stage inlet feed pressure), and the concentrate valve (tuning the second-stage feed pressure), respec-
tively.

3. Experimental
3.1. Two-Stage RO Desalination System

The control scheme for energy-optimal operation of a two-stage RO system (Section
2.4) was evaluated based on field test with a containerized brackish RO pilot plant (Fig-
ures 1 and 7) having permeate production capacity of up to ~98 m3/day at 75% recovery
(single pass) and up to 111 m¥/day at 85% recovery with partial concentrate recycle. The
plant was equipped with an array of sensors (conductivity, pH, temperature, and turbid-
ity), flow meters, and pressure transducers interfaced with a data acquisition system and
an onboard computer with a programmable control system. The RO desalination system
was deployed at the Panoche Drainage District, CA (~428 km north of Los Angeles) for
desalting agricultural drainage water of seasonally varying salinity (~11,000-19,000 mg/L
total dissolved solids (TDS)) and turbidity (0.1-1.2 NTU).

Raw feedwater was fed from a groundwater sump pump and passed through a cen-
trifugal separator (Lakos, Lindsay Corporation, Fresno, CA, USA) to a 0.57 m? feedwater
tank. Aluminum chlorohydrate (ACH) coagulant was then added to the feed (0.8 mg/L



Water 2025, 17, 2363

11 of 26

ACH) to increase the filtration efficiency prior to delivery to the RO unit. The chemically
treated feed was then passed through a screen filter (2” Brushaway Filter, Amiad, Moores-
ville, NC, USA) for removal of particles > 300 pm. Subsequently, the feed stream was fil-
tered via an ultrafiltration (UF) unit, consisting of two multi-channel hollow-fiber (inside-
out) UF elements (0.02 pm nominal pore size and 60 m? active membrane area per element;
Dizzer XL 0.9 MB 60 W, Inge, Greifenberg, Germany). The UF-treated feed, which was
directed to a 1.7 m3 UF filtrate tank, provided treated RO feedwater of turbidity <0.1 NTU,
which was sufficiently below the recommended maximum limit of <1 NTU for RO desalt-
ing [1,41]. The UF filtered water, which was pumped from the pretreated feedwater tank
(1.7 m3) via a first-stage booster pump (CRN5-4 A-P-G-E-HQQE 1.5 HP, Grundfos,
Bjerringbro, Denmark), was dosed with 5 mg/L of Flocon 135 antiscalant to suppress min-
eral scaling. This stream was directed to the first stage via high-pressure RO feed pump
inlet (CRNE3-23 HS-P-GI-E-HQQE 10 HP, Grundfos, Bjerringbro, Denmark. The RO plant
was operated with a high-pressure inter-stage booster pump (i.e., Stage 2 feed pump;
CRNE 1-23 HS HS-P-GI-E-HQQE 6.2 HP, Grundfos, Bjerringbro, Denmark) that raised the
Stage 1 concentrate pressure to the prescribed Stage 2 RO inlet pressure. Each of the high-
pressure pumps was operated via a separate independent variable frequency drive (VED).
The produced permeate was directed to a 1.7 m? product water tank.

The first RO stage of the RO plant (Figure 7) consisted of fourteen brackish water RO
membrane elements (4-inch TM710D RO elements, Toray, Poway, CA, USA), and the sec-
ond RO stage consisted of seven RO membrane elements (4-inch TM810V RO elements,
Toray, Poway, CA, USA). The first-stage and second-stage membrane elements were re-
ported by the manufacturer to provide permeate flow rates of 9.8 m3/day for 2000 mg/L
TDS feedwater (at 15% recovery, and 15.5 bar applied pressure) and 7.2 m?/day for 32,000
mg/L TDS feedwater (at 8% recovery, and 55.2 bar applied pressure), respectively. For
both membrane types, salt rejection was reported to be 99.8%. The concentration polari-
zation moduli for the RO element train in the first and second plant RO stages were de-
termined based on the manufacturer’s relations for the above specific elements (Appendix

A.2) in the two stages.

Figure 7. (Left) Mobile two-stage RO plant trailer, and (right) inside view of the plant.

3.2. Lower-Level RO Controller Tuning

The lower-level controller served to drive the RO system toward the set-points, re-
ceived from the Supervisory Controller, for Stage 1 feed flow rate and feed pressures for
Stages 1 and 2 (Section 2.4.2, Figure 5). The above was accomplished via autonomous con-
trol adjustments of the first stage VFDs, the second stage RO pumps, and the percentage
opening of the second stage concentrate valve (Figures 5 and 6), as per the following pro-
portional integral (PI) controllers:
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K o
VED, g = Kp,l (Qf,SP _Qf (t))"' 2 IO(Qf’,SP _Qf (T))dT (14a)

T

VFDZ,SP = Kp,Z (Pf,l,(SP) _P/',l (t))+

- .[; (Pf,l,(SP) - P, (T)) dt (14b)

K
Valvey, =K, (Pf,Z,(SP) — (t)) + T_MJ;(P_M,(SP) — (7)) dr (140)
2,3

where VFDisp is the VFD set-point (0-100%) for the first- (i = 1) and second-stage (i = 2)
feed pumps, Ky, are the proportional constants corresponding to the three PI controllers (j
=1,2 and 3), Valvesr is the Stage 2 concentrate valve opening set-point (0-100%), and i,
are the integral time constants for controller j (= 1-3) corresponding to Stages 1 and 2 (i =
1 and 2, respectively). Qr, and Qy, sr are the Stage 1 measured and set-point feed flow rates,
respectively, and Pf1, Pr2, and Prisp), Pesp) are the measured first- and second-stage feed
pressure, and first- and second-stage set-point feed pressure, respectively. Tuning the in-
dividual control loops was based on initial system tests, whereby the PI parameters (Table
3) were established for decoupling the three control loops (Figure 6) and minimizing os-
cillations.

Table 3. Proportional and integral (PI) control constants for the lower-level PI controllers.

Proportional Constant Integral Constants (7i;)
Kp1=0.529-VED:1 (%/LPM) 40s

Kp2=-36.259-VFD2 (%/MPa) 100 s
Kp;3=-0.435 Valve (%/MPa) 100 s

3.3. RO System Control Tests

Four different control tests were conducted to assess the lower-level controller re-
sponse. In the first test, plant operation was established for a specific raw RO Stage 1 feed
flow rate, and first- and second-stage feed pressures (Section 4.2). Each of the above oper-
ating parameter values was then raised by ~20% as new set-points to evaluate the PI con-
trol loops. The second control test served to demonstrate energy-optimal control for a sce-
nario of a target overall recovery (Y), whereby controller activation followed an initial RO
operation that proceeded as per the conventional approach of permeate flux equality be-
tween the two RO stages [41]. In this second test, the SEC was optimized with respect to
the permeate load distribution between the two RO stages for a given RO feed flow rate
and operation at a fixed overall recovery (Section 4.3). The third control test focused on
reducing the overall RO system SEC through simultaneous optimization of both the over-
all (Y) and Stage 1 (Y1) recoveries. In this test, the RO system was initially operated at a
target permeate flow rate with the RO plant set to operate at the same permeate flux for
each of the two RO stages. Once a stable system operation was attained, the control system
was activated. The supervisory controller then determined the operational set-points
needed by the lower-level controller to guide the system operation toward the optimal Y
and Y1 to achieve the minimum SEC (Section 4.4). Finally, the fourth test focused on as-
sessing the control strategy for SEC minimization upon increased feedwater salinity (Sec-
tion A.4.). In this test, the RO system was first operated at a high element inflow salinity
of 24,290 mg/L TDS, which was achieved via RO system operation with partial concentrate
recycled to the first stage inlet. Concentrate recycling was then gradually decreased and
eventually turned off, which transitioned the feedwater salinity to that of the raw feedwa-
ter salinity of 17,833 mg/L TDS.
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4. Results and Discussion
4.1. Overview

Field tests for the development and evaluation of the two-stage RO energy-optimal
control strategy included the following steps (Section 3.3): (a) demonstration of the lower-
level controller tuning (Section 4.2), (b) optimization of the first RO stage recovery (Y1)
under the imposed condition of a constant overall recovery (Y) (Section 4.3), (c) optimiza-
tion of both Y1 and Y (Section 4.4), and (d) evaluation of the performance of the control
scheme under conditions of changing feedwater salinity Section A.4.).

4.2. Lower-Level RO Controller Performance

In the first control test, the lower-level controller’s response to set-point changes for
the three control loops was evaluated based on an initial plant operational status of raw
water feed flow rate of 75.7 L/min, first-stage feed pressure of 1.84 MPa, and a second-
stage pressure of 2.66 MPa. The set-points for each PI controller were subsequently
changed to 90.8 L/min, 2.17 MPa, and 3.16 MPa, respectively (Figures 8a-8c). As shown in
Figure 8, the three controllers converged to the new set-points without major oscillations.
The feed flow rate set-point (Figure 8a) was reached within ~150 s, and the pressure set-
points for Stages 1 and 2 were reached within ~280 s (Figure 8b) and ~430 s (Figure 8c),
respectively. It is noted that minor overshooting of Stages 1 and 2 feed pressures is evident
in Figure 8b (~ 0.11 MPa) and Figure 8c (~0.15 MPa), respectively. These pressure over-
shoots are not due to controller tuning but are attributed to the fastest control loop (Figure
8a), which regulates the Stage 1 feed flow rate, which, in turn, also impacts the control of
the Stages 1 and 2 feed pressures.

w
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Figure 8. Time evolution of (a) RO feed flow rate, (b) RO Stage 1 feed pressure, and (c) RO Stage 2
feed pressure, whereby the set-points for the three controllers were changed simultaneously at 70s
from (a) 75.7 L/min to 90.8 L/min, (b) 1.84 MPa to 2.17 MPa, and (c) 2.66 MPa to 3.16 MPa. Note: the
Stage 1 feed flow rate and pressure, and Stage 2 feed pressure, were primarily impacted by the

control of the Stages 1 and 2 pumps, and the concentrate valve, respectively.

In the implemented control scheme, when the Stage 1 feed flow rate controller (Fig-
ure 8a) detects a positive error (i.e., measured flow rate that is lower than its set-point), it
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responds by increasing the first-stage pump’s RPM, which then raises the inlet pressures
of both the first and second RO stages (Figure 8b and Figure 8c, respectively). Therefore,
although inlet pressure controllers for the first and second RO stages are tuned at a slower
timescale, slight overshoots can occur, as shown in Figure 8b,c. It is stressed that variabil-
ity of water quality typically occurs over time-scales of days to months [31-33]; hence, the
much shorter convergence time by lower-level controllers did not hinder plant operation.

4.3. SEC Reduction via Optimization of First-Stage Recovery for a Given Overall Recovery

In the second test, plant operation was first established for an overall recovery (i.e.,
Y = 74%) with an overall permeate water productivity set-point of 60.6 L/min, and Stage
1 feedwater salinity of ~11,591 mg/L TDS. Plant operation was set for the condition of
permeate flux equalization between the two RO stages such that each stage operated with
a permeate flux of 22.6 L/m?h, and whereby the Stage 1 recovery (Y1) was 52% (Figure 9).
For the above scenario, the first stage feed flow rate set-point was 81.8 L/min, and the feed
pressures were 1.88 MPa and 2.77 MPa for the first and second RO stages, respectively.
Once stable RO system operation was achieved, the energy-optimal control scheme was
activated. The energy-optimal Stage 1 recovery (Y1) was then determined by the supervi-
sory controller, along with the corresponding pressures and flow rate set-points, as per
the solution of the constrained nonlinear optimization problem (Section 2.4).
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Figure 9. Normalized SEC dependence on Stage 1 recovery (Y1) subject to constraints of overall
recovery (Y = 74%) and max Stage 1 recovery (Y1max = 60%) for a target permeate flow rate set-point
of Qp = 60.6 L/min. Solid circles denote the controller established operating points (Section 2.4).

The minimum SEC was determined for operation at the optimal Stage 1 recovery
(Y1optimat) of 60%, which was the maximum achievable Stage 1 recovery (Y1ma) for Stage 1
given the number and type of installed membrane elements (Section 3.1). As shown in
Figure 9, the SEC decreased as the first-stage recovery (i.e., Y1) increased, as predicted
based on the constrained optimization problem (Section 2.4). It is noted that for the current
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RO system, the efficiency of the first-stage pump was higher than that of the second stage
during the initial operating conditions (i.e., m1 = 0.47 and 72 = 0.34 at Y1 =52%). Also, the
first-stage pump’s efficiency increased further relative to the interstage (second-stage)
pump (i.e., m = 0.48 and 72 = 0.3) as Y1 increased to 60%. As Y1 increased, along with the
rise in the first-stage feed pressure, the Stage 1 pump efficiency (11, Equation Ala) in-
creased, while both the flow rate and pressure output of the second-stage pump de-
creased, accompanied by decreased second-stage pump efficiency (12). Considering the
above, as Y1 increased, 12 decreased, and as a consequence, the optimal Y1 increased to-
ward the maximum possible Y1 (i.e., the constraint of Y1mx). The SEC at the optimal Y1
(Figure 9) was reduced by ~4.2%, for the target overall recovery and permeate production,
relative to the initial operating condition of flux equality between the two RO stages. The
establishment of the feed pressure set-points to Stages 1 and 2, and subsequent control
actions toward the optimal operating conditions are shown in Figures 9-11.
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Figure 10. Profiles of (a) RO first-stage feed pressure and (b) RO Stage 2 feed pressure with respect
to time. The RO Stage 1 feed pressure set-point was changed from 1.88 MPa to 2.11 MPa, while the
RO Stage 2 feed pressure set-point changed from 2.79 MPa to 2.50 MPa.

During the transition from the initial first-stage recovery of Y1 =52% to 60%, the flow
rates and pressures required to achieve the optimal Y1 of 60% were determined by the
supervisory controller and provided as set-points to the lower-level controllers. In the first
iteration, the supervisory controller calculated a first-stage and second-stage inlet feed
pressures of 2.14 MPa and 2.46 MPa, respectively. After ~300 s, the supervisory controller
recalculated the required pressures and provided to the lower-level controllers the feed
pressure set-points of 2.11 MPa and 2.50 MPa for the first and second stages, respectively.
The transitions with respect to flow rates and pressures are illustrated in Figures 10 and
11, respectively. The control system drove the Stage 1 recovery (Y1) upward by increasing
its feed pressure (Figure 10a) while maintaining the permeate productivity set-point (Fig-
ure 11a,b) and the overall water recovery (by maintaining the feed flow rate, Figure 9).
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Figure 11. Time evolution of Two-Stage RO plant total (a) and Stages 1 (b) and 2 (c) permeate flow
rates, respectively, and raw water feed flow rate (d). (Stage 1 recovery set-point was increased from
Y1=0.52 to 0.6. Constant overall permeate flow-rate, Stage 1 feed flow rate, and overall water recov-
ery set-points were Qp = 60.6 L/min, Qn=81.8 L/min, and Y = 0.74, respectively.

4.4. SEC Reduction via Optimization of Both Stage 1 Recovery (Y1) and Overall Recovery (Y) for
a Target Permeate Productivity

SEC minimization through simultaneous optimization of both the overall and Stage
1 recoveries (Y and Y1, respectively) was demonstrated in the third test (Section 3.3). In
this test (Section 3.3), the RO system was initially set to desalt raw feedwater of salinity of
17,326 mg/L TDS with both Stages 1 and 2 operating at the same permeate flux of 17.0
L/m?h, corresponding to the overall and Stage 1 recoveries of Y = 74%, Y1 =52%, respec-
tively (Figure 12), permeate production of 45.4 L/min, and raw water feed flow rate of 61.4
L/min. For the above operation, Stages 1 and 2 feed pressures were 2.07 MPa and 3.50
MPa, respectively (Figure 13a,b). The controller was then activated and determined the Y
and Y1 values, which would result in a minimum SEC (Section 2.4), while the Stage 1 and
2 permeate flow rates were established via the system controller (Figure 14). Here we note
that the Stage 1 permeate recovery was constrained for the current plant configuration
and by the manufacturer-specified element upper pressure limit (i.e., max Ps1=2.41 MPa).
However, in this third test, the maximum allowable first stage pressure was set to 2.17
MPa (about 10% below the manufacturer’s specified upper pressure constraint) to ensure
equipment safety. Considering the various operational limitations, the attainable overall
RO system recovery (Y) was in the constrained range of 40%—-74%, with the operational
region (with respect to the overall recovery and attained SEC shown in Figure 12.
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Figure 12. Normalized SEC (i.e., SEC@ro)/m0) variation with the overall 2-stage recovery (Y) for op-
eration subject to the constraints of minimum Y (40%), maximum Y (74%), and maximum Ps1 (2.17
MPa). (Note: Solid dots denote the controller’s established operating points, and the thick arrow
indicates the transition from initial to energy-optimal state. (Note: the bounded SEC versus Y oper-

ational area was determined, as described in Appendix A.3.

Once a stable system operation was reached, the controller was activated, and the
supervisory controller established the recovery set-points of Y1=42% and Y =58% (Figure
12) to attain the minimum SEC (for the target overall permeate production of 45.4 L/min),
as described in Section 2.4. Accordingly, the Stage 1 raw water feed flow rate was auton-
omously adjusted (by the system controller) from the initial value to 61.4 L/min to 78.3
L/min, while the Stages 1 and 2 inlet pressures were adjusted from 2.07 MPa to 2.17 MPa,
and from 3.50 MPa to 2.82 MPa, respectively. The transition to the optimal SEC operating
conditions (Figures 13 and 14) occurred within a period of ~300 s, which is significantly
shorter relative to the time scales of temporal variability (days to months) of the target
permeate productivity demand and raw feedwater salinity.

2.4

E"@?-S: a

M
[
1

:

|

|

|

|

|

RO Stage 1
Pressure
[ [¥)
B© L N

N
]
I

N

RO Stage 2 Feed
Pressure (MPa)
w

O 5 100 150 200 25 300 350 400 450 500

Time Elapsed (s)
Figure 13. Profiles of (a) RO first-stage feed pressure and (b) RO second-stage feed pressure with
respect to time. The feed pressure controller set-points were changed from (a) 2.07 MPa to 2.17 MPa
and (b) 3.50 MPa to 2.82 MPa.
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Figure 14. Profiles of (a) RO permeate flow rate, (b) RO first-stage permeate flow rate, (c) RO second-
stage permeate flow rate, and (d) RO feed flow rate with respect to time. The controller established
set-point changes were from Y =74% to Y =58%, Y1=0.52 to Y1=0.42, and feed flow rate change from
61.4 L/min to 78.3 L/min.

The changes in Y, Y1, the corresponding SEC transition to the optimal operating con-
dition, at the constraint of maximum first-stage pressure, are shown in Figure 12. At the
optimal operational state for a fixed permeate productivity, the SEC was ~7.1% lower rel-
ative to conventional operation of flux equality between the two RO stages. However, this
necessitates operating at a lower overall recovery and higher raw source water feed flow
rate (Figure 14d), which leads to a greater volume of RO concentrate. Here we note that
SEC minimization for two-stage RO desalination, where both the overall recovery and
overall permeate flow rate are fixed (Section 4.3), is preferred since a lower SEC is
achieved, relative to operation with flux equalization and SEC optimization with respect
to both Y1 and Y for a given permeate productivity, without the penalty of increased gen-
eration of concentrate volume. The latter optimization scenario is also illustrated for the
case where the raw water feed salinity changes during the operation (Appendix A .4).

4.5. Operational Control During Scenario of Changing Feed Salinity

The fourth test, which is described in Appendix A.4, was conducted to assess the
control system’s performance in response to a disturbance of increased water salinity. In
this test, SEC optimal plant operation was established for a feed salinity of 24,190 mg/L
TDS for a permeate production of 45.4 L/min, resulting in an overall recovery of 69% and
Stage 1 recovery of 27.3%. The feed salinity was then gradually decreased to 17,833 mg/L
TDS, and the system controller established the new operation to an overall recovery of
58% and Stage 1 recovery of 41.5%. The SEC was found to be about 10% lower than
achieved with the conventional approach of flux equalization between the two stages.
However, this was at the expense of operating at a lower overall recovery and thus a
greater volume of generated RO concentrate. Therefore, it is clear that the operational
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decision must also consider energy savings versus the potential cost increase for the
higher level of concentrate management.

5. Conclusions

A novel model predictive control (MPC) approach for energy-optimal operation of a
two-stage RO membrane desalination system was developed and field-demonstrated for
a brackish water desalination plant with a permeate production capacity of up to 98
m?/day. Specific energy consumption (SEC) was used as a framework to develop the
model for minimizing the SEC for a two-stage RO system. The SEC model and SEC opti-
mization approach, and control algorithms, along with real-time plant sensors data,
served to solve for the SEC-optimal values for the overall (Y) and first-stage permeate
recovery (Y1) for a given target water productivity, feed salinity, and membrane permea-
bility. The operating state, which was determined by the supervisory controller, was then
applied to a brackish water RO plant through its lower-level control system. The lower-
level controller consisted of three separate feedback loops controlling the RO feed flow
rate, the first-stage RO pressure, and the second-stage RO pressure through actuation of
the first-stage RO feed pump, the second-stage RO feed pump, and the RO concentrate
valve, respectively. The control system was successfully field-demonstrated for desalting
brackish groundwater through effective energy-optimal operation enabled by simultane-
ous control of dynamically coupled operational variables. Additional reduction in opera-
tional costs also involves various additional operational strategies, including, but not lim-
ited to, production scheduling to take advantage of periods of low electricity rates with
considerations of product water storage constraints, in addition to optimal scheduling of
membrane cleaning.
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Appendix A
Appendix A.1. Pump Efficiencies

The efficiencies [36,45] of the RO first-stage feed and second-stage interstage pumps
(Section 3.1) were determined experimentally (via monitoring of the pump power con-
sumption at different flow rates and pressure head). The pump efficiencies were corre-
lated with the flow rate (m%h) and output pressure (bar) as per the following empirical

equations:
Q;-a,Y AP —a Y
1, =a, +a,exp —0.5{ ! 3] —0.5{Lﬂ5j (Ala)
a, ag
7, =b, +b,5Q;, +b3*AP, +b, -szz +bgeAP)? (A1b)

in which the empirical constants for the RO first-stage feed pump (a1, a2, a3, a4, as, as) and
the second pump (by, bz, bs, bs, bs) are provided in Table A1, and where the empirical Equa-
tion (Ala) and Equation (Alb) prediction performances were with R? values of 0.98 and
0.96, respectively.

Table Al. Empirical constants for Pump Efficiency Correlations for the pumps of the first and sec-

ond stages.

First Stage Pump Efficiency Parameters Second Stage Pump Efficiency Parameters

(Equation (Ala)) (Equation (A1b))

a1 =0.356 b1=0.243

a2=0.165 b2=1.74 x 10*m~h
a3 =29.516 m3/h b3=3.43 x 104 bar!
as = 12.487 m3/h ba=2.91 x 10* m~*h?
as = 435.758 bar bs=-4.16 x 107 bar™!

as = 378.326 bar

Appendix A.2. Concentration Polarization Modulus for Spiral-Wound RO Elements

The degree of concentration polarization for the RO elements was determined as per,
whereby the concentration polarization modulus cp = 0,/ Ak, in which ky is the feed-

side mass transfer coefficient estimated from a Sherwood number correlation provided by
the RO elements manufacturer, namely Sh=k,-D/d, =0.3 8Re"**Sc™* [52,53] in which

the Reynolds (Re) and Schmidt (Sc) numbers are defined as Re = (v-dwp)/u and Sc = p/D,
respectively, where the average crossflow velocity is given as v = (Qr+ Qc)/2A., Qs, Qc and
Qp are the feed, concentrate and permeate flow rates, dr and Ac are the RO channel hy-
draulic radius and cross-sectional area, respectively, D is the solute molecular mass diffu-
sivity and u and p are the fluid viscosity and mass density, respectively. The values of An,
dn and A for the first-stage elements were 113.2 m?, 0.001 m and 0.00345 m?, respectively,
and 47.5 m?, 0.00109 m and 0.0032 m? for the second-stage elements.
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Appendix A.3. Determination of the SEC vs. 2-Stage Recovery at the Maximum Stage 1 Pressure

4 12
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Figure A1l. (a) [llustration of the procedure for plotting the SEC versus overall recovery for operation
at a given maximum Stage 1 feed pressure (Pn) for targets overall permeate flow rate (Qp) of 45.4
L/min, feed salinity of 24,676 mg/L. In the first step the first-stage feed pressure, Pp, is calculated as
a function of Y1 using Equation (13a). The first-stage recovery, Y1, that corresponds to the max Pn
constraint can thus be obtained as shown in (a) as the intersection between the solid and dashed
lines. The SEC at the Y1 value is then calculated via Equation (5) and this value represents the SEC
at the max Pn constraint for a given Y. The above process is repeated for different Y values to obtain
the SEC (at the max Pn constraint) as a function of the overall recovery (Y), and the resulting curve

is shown in (b).

Appendix A.4. SEC Optimization for a Scenario of Changing Feed Salinity

In order to evaluate the controller’s performance subject to changes in feedwater sa-
linity, for operation at fixed target permeate production, a short disturbance of increased
feedwater salinity was introduced. This was achieved by diverting the RO concentrate to
a feed tank where it was mixed with the raw feedwater to increase the feed salinity to the
first RO stage. The flow rate of recycled RO concentrate was set to 6.94 L/min until the
salinity of the water in the feed tank reached 24,190 mg/L TDS. The concentrate recycle
flow rate was then gradually reduced until it was turned off over a period of 270 s. This
produced a raw feed stream with a salinity that decreased from 24,190 mg/L mg/L TDS to
17,833 mg/L TDS over the above period (Figure A2a).
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Figure A2. Profiles of (a) raw feedwater salinity, (b) RO permeate flow rate, (c) RO first-stage per-
meate flow rate, (d) RO second-stage permeate flow rate, and (e) RO feed flow rate with respect to
time. The controller was iterated at 300 s and again at 600 s. Originally, the feed flow rate controller
set-point was at 65.8 L/min 78.3 L/min. At 300 s, the controller went through an iteration while the
feed salinity was changing, calculating a new set-point for feed flow rate of 72.6 L/min. At 600 s, the

controller calculated the new 78.3 L/min feed flow rate set-point for the new high feed salinity.

In the above control test, the RO plant operated under energy-optimal RO control at
an injtial constant feed salinity of 24,190 mg/L with a permeate production set-point of
45.4 L/min, overall and first stage water recoveries of Y = 69% and Y1=27.3%, respectively
(Figure A2). The optimal overall and first-stage recovery at which the system was initially
operated was determined by the supervisory controller for the initial feed salinity of
24,190 mg/L (Figures A3 and A2). Here it is noted that the overall recovery for the RO
plant was constraint in the range of 40%—74% and where the first-stage water recovery
was constrained by the maximum Stage 1 pressure (P limit of 2.17 MPa. The operation
proceeded as guided by the energy-optimal controller, and at t = 160 s the feed salinity
began its gradual decrease. At the approximate time of t = 300 s (140 s after commencing
with the feed salinity decrease), the supervisory controller performed an iteration and de-
termined a new energy-optimal operating state for the feed salinity measured at that mo-
ment (i.e., t =300 s). At approximately t =600 s (440 s after commencing with the prescribed
feed salinity decrease and after the feed salinity reached the new steady-state value of
17,833 mg/L at about t = 400 s), the supervisory controller determined the energy-optimal
operating state for the above feed salinity. For both iterations, the supervisory controller
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established the maximum first-stage pressure (2.17 MPa) to be the energy-optimal oper-
ating set-point; thus, the first-stage pressure set-point did not change for either controller
iteration. The only change in pressure was to decrease the second-stage pressure (Figure
A4) from 3.63 MPa to 3.19 MPa, and then to 2.90 MPa. The final calculated operating con-
dition for the feed salinity of 17,833 mg/L TDS was at Y = 58%, and Y1 =41.5%. The transi-
tion between the two states is shown in Figures A2 and A4.

12
2- Stage Operating Region
o 1.3 Initial Operation
E €, = 24190 mg/L
T3 ¥, = 0.273 \a’
g U Max P,
U ﬂz.l?MPa:l Dpemtinn flr [
{ud o5 (Cy= 24130 mg/L) wyf Constant s
— Q. Y and ¥, ,’r I
] i ¥ €, = 17833 mg/L i Max ¥
W gg | (20%) Operation ¥, = 0,273 i i (7a%)
w w Supervisory \','\-\ M
E Controller s L g
N 85 £, = 17833 mg/L A
= ¥, =0.42
E o
e
[=]
= Max Py T
8.5 [2.17 MPa)
(C; = 17833 mg/L)
g ; ; ; . . . . )
0.35 o4 0.45 .5 .55 (s X .55 a7 O.75 0.8

Overall 2-Stage RO Recovery (Y)

Figure A3. Normalized SEC with respect to overall system water recovery (Y), with the constraints
of minimum Y (40%), maximum Y (74%), and maximum Py1 (2.17 MPa). Solid circles denote the
controller established operating points. The arrows depict the transition between the initial and final
operating states during feed salinity change under energy-optimal control (dashed line) operation
for a constant permeate production (dash-dotted line). Note: the operational region bounded by the

maximum Stage 1 feed pressure (P£1) was determined as illustrated in Appendix A.3.

The transition with respect to the SEC is shown in Figure A3 shows two unique SEC
curves for the max Px constraint at the initial and final feedwater salinity levels (Figure
A3). Here it is noted that the Stage 1 pump efficiency is higher than that of the Stage 2
pump and increases further as Y1 increases. When the feed salinity decreases for system
operation at the max Ps1, the Stage 1 permeate flow will increase and thus Y1 will also
increase. Therefore, the load on the less efficient Stage 2 pump will drive the optimal SEC,
along the curve of SEC-Y curve at the max Ps1 constraint, toward a lower optimal SEC
(Figure A3). A comparison of the controller’s SEC reduction relative to operation of the
two-stage RO desalination plant in which the permeate flux in both stages is identical for
a fixed target permeate production (i.e., flow rate) is also shown in Figure A3 for the above
operational scenario, while the permeate water productivity is maintained the Stage 1 feed
pressure is decreased to maintain a constant flux in this stage. Without an energy-optimal
controller, the conventional approach of operating the two stages at the same permeate
flux would lead SEC that is ~10% higher compared to operation with the energy-optimal
controller.
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Figure A4. Profiles of (a) raw feedwater salinity, (b) RO Stage 1 feed pressure, and (c) RO Stage 2
feed pressure with respect to time. The controller iteration steps were at 300 s and again at 600 s.
Initially, the lower-level controllers” feed pressure set-points were at 2.17 MPa, and 3.63 MPa for
Stages 1 and 2, respectively. After the first iteration at 300 s, the Stage 2 feed pressure set-point
changed to 3.34 MPa. The Stage 1 feed pressure set-point remained at 2.17 MPa since this was the

maximum Stage 1 pressure constraint. After the second controller iteration at 600 s, the Stage 2 feed

pressure set-point was set to 2.90 MPa.
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