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ARTICLE INFO ABSTRACT

Reverse osmosis (RO) is the leading technology for desalinating seawater and brackish water (BW). In general,
the desalination efficiency of BW is higher than that of seawater due to its lower total dissolved solids content. In
addition to membrane fouling, fluctuations in the feedwater source are one of the main problems that affect
desalination systems. These variations can have a significant impact on the operating parameters and efficiency
of BWRO systems. In this work, hydrochemical fluctuations in well groundwater were used to evaluate the
different operation windows of two BWRO system configurations, as well as their optimal operating points in
terms of minimum specific energy consumption (SEC) and maximum flow recovery (R). Both configurations
comprised two stages and 6 BWRO spiral wound membrane elements per pressure vessel (PV). One configuration
had 2 and 1 PVs in the first and second stages respectively, and the other 3 and 2 PVs. Both systems were
simulated using a range of feed flow and feed pressure values in addition to the inorganic compositions of 24
feedwater samples taken over a 10-year period. The results showed wider operation windows for the 3:2 than the
2:1 configuration. A common operation window (able to operate with all 24 feedwater samples) with wide
operating margins was obtained for each configuration. For the 2:1 configuration, the 24-sample average SEC,
average maximum SEC and average minimum SEC of this common operation window were 0.760, 1.198 and
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0.339 kWh m 3, respectively, while the corresponding R values were 33.47, 67.66 and 19.86%.

1. Introduction

Reverse osmosis (RO) desalination has become a commonly adopted
solution to deal with water scarcity problems [1]. Generally, RO pro-
cesses are used to separate solutes from either seawater or brackish
water (BW) in order to obtain clean water suitable for, among other
uses, human consumption and irrigation [1,2]. These processes can be
classified into two groups depending on the salinity of the feedwater.
Desalination plants which employ RO to treat brackish water (BWRO)
handle feedwaters with a total dissolved solids (TDSf) content that
ranges from 500 mg L™ ! to 10,000 mg L.~ !, whereas the TDS; content of
the feedwaters of seawater RO desalination plants (SWRO) tends to be
around 30,000 mg L. The efficiency of the RO process depends on
several factors, including feedwater composition, RO membrane char-
acteristics, RO system design (stages, passes, etc.), and the operational
parameters. Significant efforts have been made in the last two decades
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to improve the efficiency of RO processes. Work has been carried out,
for example, on improving the pretreatment stage to reduce the fouling
impact on RO membranes [3,4], on the use of RO membranes for brine
desalination [5], and on design of new RO membranes [6,7], etc. While
the use of energy recovery devices (ERDs) in SWRO systems is key to
reducing specific energy consumption (SEC) [8], these devices are not
commonly used in BWRO systems given their lower operating pressures
and brine flow rates [9]. Nonetheless, even without ERDs, BWRO is
generally more efficient than SWRO due to the lower TDS; content.
As well as the characteristics of the BWRO membranes [10-12], it is
extremely important to take into consideration the characteristics of the
feedwater in the design and operation of BWRO plants. As high flow
recoveries (R) are achievable, the solubility of sparingly soluble mineral
salts (e.g. silica (SiO,), calcium carbonate (CaCOs3), calcium sulphate
dihydrate (denoted simply as CaSO,), barium sulphate (BaSO,), stron-
tium sulphate (SrSO,4) and calcium fluoride (CaF,)) could be exceeded.
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Nomenclature

Acronyms

BWRO  Brackish water reverse osmosis

ERD energy recovery device

PV pressure vessel

RO reverse 0Smosis

SWRO seawater reverse osmosis

A average water permeability coefficient (m d ! kg~! cm?)
B average ion permeability coefficient (m d %)
C concentration (mg L™ %)

FF flow factor

J flux per unit area (m®*m~2s ' orkgm 25" 1)
K solubility product

m molal concentration (mol kg’l)

NDP net driven pressure (kg cm”™?)

P pressure (kg cm™?)

PF polarization factor

PR profit (€ h™ 1)

Q flow (m3d™1)

R flow recovery (%)

Sm membrane surface (m?)

SDI silt density index

SEC specific energy consumption (kWh m~3)

T temperature (°C)

TCF temperature correction factor

TDS total dissolved solids (mg L™

Y fraction recovery

Greek letters

a water price (€ m~%)

B energy consumption price (€ kWh™1)
Am osmotic pressure gradient (kg cm ™)
Ap pressure drop (kg cm ™~ %)

T osmotic pressure (kg cm™?)
Subscripts

b brine

f feed

i membrane element i

j ion j

max maximum

min minimum

m membrane

) permeate

s solute

This can cause scaling, one of the biggest membrane fouling problems
in BWRO desalination [13,14]. To counter this problem, antiscalant has
to be used in the pretreatment or intermediate demineralization treat-
ments [15] to increase R [16]. Usually, TDSf and temperature (T) var-
iations are more common in brackish water than seawater feedwater
sources [17]. Such variations, when they occur, complicate the efficient
operation of BWRO systems [18-20]. Yan-Yue Lu et al. [21] studied the
optimum design of RO systems under different TDS; and product spe-
cifications. They focused on optimizing an equation related to the ca-
pital and operating costs, and considered the incorporation of ERDs and
interstage pumps in the BWRO system design. Different TDS; values (16,
12, 6 and 3g L™ ! NaCl) were used. Their analysis involved use of the
Filmtec™BW30-400 membrane. They obtained different BWRO con-
figurations (stages, interstage pumps, number of pressure vessels (PVs),
BWRO elements per PV) for each TDS;, and all the BWRO systems had
an ERD. K. M. Sassi and I. M. Mujtaba [22] studied the optimal design
and operation of a BWRO system considering membrane fouling. A si-
mulation was carried out to validate the code with experimental data
from another published work [23], and a sensitivity analysis was also
performed. They also used the Filmtec™BW30-400 membrane. The
BWRO system had two stages, each with two PVs of three membrane
elements. The sensitivity analysis that they performed considered a feed
pressure (pg) from 0.6 to 2.5 MPa, increasing the number of membrane
elements per PV (up to 7), TDS; (2.5and 5 g L™1) and feed spacers. The
feed flow (Qy) was considered constant (20.4 m® h™!), and the fouling
effect was evaluated through a previously proposed model for water
permeability coefficient decline [24]. Their analysis was done without
limiting R due to scaling or varying the Q;. M. Li and B. Noh [25]
studied the validation of a model-based optimization of BWRO opera-
tion. They carried out their study on the basis of constant Qs (350 m®
h~1) and TDS; (0.95 g L™ 1. As the BWRO plant was already built, the
study focused on its optimization. The same plant was used by M. Li
[26] in a later work to optimize the SEC, as well as in another study
related to the use of multitrains that allow different operating condi-
tions [27]. Y. Du et al. [28] analyzed the optimization of an RO systems
network involving both SWRO and BWRO. The analysis included use of
the Filmtec™BW30-400 membrane, as well as ERD and interstage
pumps. Constant T (20 °C) and permeate flow (120 m® h™Y), and TDS;

rates of 16, 12, 6 and 3g L™ ! were also considered. The objective
function was formulated as a mixed integer nonlinear programming for
minimizing the total cost or energy consumption subject to thermo-
dynamic, technical and flexibility constraints. They established that RO
systems with 2 stages were the best choice when TDS; content was
below 28 g L™, The calculated BWRO systems for TDS; from 3 to 16 g
L' had ERDs and interstage pumps with different arrangements for
each TDS;. A sensitivity analysis was also carried out, but only for a
SWRO case. Mingheng Li conducted a further work on the optimization
of SEC in RO systems [29]. This time, a unified mathematical model to
describe both BWRO and SWRO desalination was developed. SEC was
optimized considering different RO configurations, R, ERDs and inter-
stage pumps. M.A. Al-Obaidi et al. [30] carried out a performance
analysis of a full-scale BWRO plant with two passes. The impact of
variations in TDS; (1.098-1.318¢g L™ %), Qf (74-88.8 m® h™ 1), p¢
(1-1.5MPa) and T (25-30 °C) on permeate concentration and R was
evaluated. The impact was assessed separately in that when one para-
meter was varied the rest were considered constant in the existing
BWRO system. In a later work, and using the same full-scale BWRO
plant, A. A. Alsarayreh et al. [31] undertook a simulation-based per-
formance evaluation which considered different recycled ratios of
brine. They concluded that it was possible to increase product capacity
by around 3% with 100% recycle percentage of the high salinity brine
stream. The same research group continued their work with the same
plant, evaluating and minimizing the energy consumption [32]. They
found it was possible to reduce total energy consumption by between
47% and 53.8% when compared with the calculations for the original
design without an ERD. Y. D. Ahdab et al. [33] carried out a compre-
hensive investigation of brackish groundwater composition (in the
United States) in relation to minimum desalination energy costs. They
consider the desalination unit as a black box with inputs and outputs.
They based the study on calculation of least work of separation which
represents a baseline for SEC of desalination systems.

Most of the aforementioned works consider BWRO systems with
ERDs, which is not usual. The use of interstage pumps is also uncertain
given the low efficiency of these pumps and the added complexity in
terms of operation and maintenance due to variations in the operating
parameters. Most of these BWRO system configurations were designed
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considering constant TDSy and/or Qg, but variation of these parameters
can result in the BWRO system being unable to operate within the limits
recommended by the membrane manufacturer or far from the optimal
operating point. This paper aims to evaluate different operation win-
dows (ranges of Qr and py) of 2-stage BWRO systems under variable TDS;¢
and T. For this purpose, a total of 24 well groundwater samples taken
over the course of a 10 year period were analyzed and used, and a
computational tool for the design and simulation of BWRO systems was
employed which has been previously published and validated by the
authors [34].

2. Material and methods
2.1. Feedwater

The groundwater well is located in the south of Gran Canaria
(Canary Islands, Spain). Its coordinates are latitude 27°50’52.04” N,
longitude 15°29’00.20”W, and an elevation of 160 m above mean sea
level. The hydrochemistry of this well has previously been described by
the authors, as well as how the samples were taken and processed for
the determination of the different parameters [17]. The samples were
taken over the course of a 10 year period, two or three analyses per
year. Table 1 shows the pH, T and inorganic composition of the
groundwater. The TDS considered were the sum of the analyzed ions.
The highest TDS were found in sample 11 (5815.20 mg L™ ') and the
lowest in sample 20 (1218.79 mg L™ Y. The silt density index (SDI) was
assumed to be between 2 and 3, as is usual for this type of water after a
microfiltration stage [35].

2.2. BWRO systems considered

The number of possible BWRO configurations to desalinate parti-
cular types of brackish water depends on the desired operating range
(SEC, R, permeate concentration). Usually, an RO system with two
stages is appropriate for BW desalination, as has been demonstrated in
previous works [28,34]. Even if we consider only two stages, the
number of possible configurations is still high. Another factor to be
considered is the potential use of ERDs. Normally, the R ratios are be-
tween 60 and 85% and the Q is limited by the source. In Gran Canaria
island, the average Qf of BWRO desalination plants is between 29 and
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34 m® h™! [36]. With these flow rates and the aforementioned R, the
use of ERDs would be unusual. The installation of interstage pumps
implies one more element to be considered in terms of operation and
maintenance. While their deployment may be interesting from a theo-
retical point of view, from a practical perspective their use would be
complex under variable operating conditions and consideration also
needs to be given to the generally low efficiency of these pumps. Even
without incorporating ERDs and interstage pumps, the number of
possible solutions remains high in terms of the number of PVs per stage
and the number of BWRO membrane elements per PV. With respect to
the aforementioned Q, it seemed coherent to consider 3:2 (3 PVs in the
first stage and 2 in the second stage) and 2:1 configurations. The
number of simulations needed to evaluate the operation windows
(range of possible ps and Q) for the 24 samples (Table 1) would be
numerous. Installing too many BWRO membrane elements in series
could cause operation and maintenance problems as the membranes get
fouled, and the pressure drop limit recommended by the membrane
manufacturer (0.345 MPa) in a stage could be exceeded. The last sim-
plification was to consider 6 BWRO membrane elements per PV in both
stages, i.e. 3(6):2(6) and 2(6):1(6). As the algorithm used was pre-
viously validated with four full-scale BWRO desalination plants with
the Filmtec™BW30-400 membrane element [34], this was the element
selected for the simulations.

2.3. Calculation algorithm

2.3.1. Estimation of maximum R

One of the main limiting factors when designing BWRO desalination
plants is the maximum R (Ry,,x) for scale prevention. This value de-
pends on the feedwater characteristics and the antiscalant used in the
pretreatment. The antiscalants considered and their theoretical power
of inhibition of measured salts in the samples are shown in Table 2. The
Riax for each antiscalant was calculated according to a previously
published algorithm [16]. The highest value was selected as a con-
straint in the simulation algorithm. It should be noted that the calcu-
lated values are theoretical. In practice, it is not usual to reach the limit
but to leave a safety margin.

2.3.2. Process modeling
The solution-diffusion [1,37] transport model was implemented in

Table 1
Feed water inorganic composition in mg L™ 1.
Sample pH HCO5~ cl- S04~ NO3~ Na* K* Ca?* Mg?* Fe?* Si0, TDS T
1 7.05 175 2620 165 7.9 400 29 474 475 0.6 60.5 4407.00 25.20
2 6.94 155 2500 180 5.3 422 38 532 383 0.2 36 4251.50 25.60
3 7.37 175 2650 168 5.3 450 30 561 406 0.15 55.7 4501.15 25.00
4 7.48 100 2420 192 5.7 307 30 512 409 0.11 53.4 4029.21 25.10
5 7.24 122 1715 150 6.9 257 28 368 292 0.09 52.5 2991.49 24.90
6 7.27 216 2230 323 9.6 369 30 480 399 0.1 65 4121.70 25.50
7 7.05 190 3180 306 3 458 17 783 483 0.35 57 5477.35 25.30
8 7.05 167 2418 175 6 451 29 660 264 0.5 57 4227.50 25.00
9 7.03 92 2680 166 4.3 339 35 605 428 0.13 30 4379.43 24.80
10 7.46 287 2684 196 1 720 48 432 370 0.09 59 4797.09 25.40
11 7.10 304 3362 180 2.2 830 85 566 453 1 32 5815.20 25.70
12 7.10 305 3360 180 2 828 83 570 450 0.8 30 5808.80 25.00
13 7.40 184 2420 182 1.4 324 32 570 390 0.27 56.3 4159.97 25.20
14 7.10 185 2872 200 5 383 28.9 594 505 0.48 55.8 4829.18 25.10
15 7.80 155 2610 209 0.5 399 38.1 645 405 0.21 92.9 4554.71 25.00
16 7.40 152 2966 273 12.9 469 33.6 600 504 0.19 54.5 5065.19 24.80
17 6.90 260 3023 218 5 425 36.9 632 552 0.08 54.7 5206.68 24.60
18 7.70 173 2930 253 6.8 410 17 620 504 0.14 46 4959.94 25.70
19 7.00 170 2758 232 7.2 363 38.2 669 546 0.15 50.8 4834.35 25.50
20 7.60 215 484 85.6 13.6 208 11.7 76.8 78.1 0.094 45.9 1218.79 25.00
21 8.04 193 1831 150 8.36 468 22.5 395 323 0.17 52.1 3443.13 25.50
22 8.19 197 1715 148 8.1 622 28.6 423 308 0.11 34.2 3484.01 25.20
23 7.72 227 654 108 6.73 214 15.6 120 88.5 1.21 66.6 1501.64 25.10
24 7.58 196 2259 152 74.8 354 35.1 465 418 1.22 62.3 4017.42 25.00
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Table 2
Theoretical power of inhibition.
Salt Antiscalant
Genesys LF Genesys SI Vitec 3000 Vitec 4000
CaCO3 LSI < 2.6 LSI <24 LSI<3 LSI <25
CaSO0, 3.5K,, 3.5K,p 3.5K, 3.5K,p
Si0, 210 mg L™* 375 mg L™* 120 mg L™! 2-saturation

the algorithm [34] as it usually provides results close to the real be-
havior of these systems. The transport equations used mean membrane
element values, and the pressure drop in the permeate as well as T
changes along the RO systems were disregarded. The calculation al-
gorithm considers some simplifications that are detailed in a previous
work [34]. It additionally allows the use of various equations for de-
termination of the polarization factor (PF;) and the pressure drop along
the BWRO membrane elements in the feed-brine side (4pg,). The fol-
lowing equations were used:

Qp = A'(Ap — A)-Sp (@)

where Q,, is the permeate flow, A is the water permeability coefficient
of the membrane, (Ap — Am) is the net driven pressure (NDP) and S, is
the membrane area.

Solute transport equation:

Qs = B-AC-Sp, 2

where Qs is the solute flow through the membrane, B is the solute
permeability coefficient of the membrane, and AC is the concentration
gradient of solute on either side of the membrane.

The coefficient A (Eq. (1)) depends on three variables: osmotic
pressure on the membrane surface (i), T, and the flow factor (FF)
related to fouling and operating time [38].

A = A(Ag, i) - TCF-FF 3)

where Ay is the initial water permeability coefficient, and TCF is the
temperature correction factor.

fbi

C
Ty = ﬂfi'_'PFi

Cy @

where ¢, is the osmotic pressure of the feedwater, and PF; is the con-
centration polarization factor of the membrane element i.

7, = 0.0787-(273 + T)-Zmy (5)
Ci; = Cpy' PR, (6)
Chi
1+
Cﬂ)i = Cfi' T
@
PF, = 7% ®

Y; is the element recovery as a fraction. An additional module was
developed to calculate PF; using Eq. (9).

PF ="
Cro ©

e The TCF is calculated as follows [39]:

If T>25°C:
TCF = exp 2,640-(L - ;)
298 273+ T (10)
If T<25°C:
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TCF = exp[s,ozo-(L - ;)]
298 2734 T an
FF (Flow factor) is the coefficient used for considering operating
time and fouling. A value of 1 was used to estimate the performance as
new Filmtec™BW30-400 elements were considered. Next in the de-
velopment of Eq. (1) is the expression of the NDP, which depends on p,
Apg,, Pp, Tm, and the average osmotic pressure of the permeate (5tp):

Apﬂji
2

NDP = (4p — Am) = p; — — Py, — Ty + T,

(12)

Apg, depends on two parameters obtained experimentally (a and b)
and the average feed-brine flow:

b
Apy, = (a(Qf:Qr) ]~o,o7

Eq. (13) is multiplied by 0.07 due to unit conversion, from psi to kg
cm ™2 In order to calculate mp, the average ionic permeability coeffi-
cient (B) has to be multiplied by TCF (Eq. (14)), since B depends on T.
This enables calculation of the ion concentration of the permeate (ij):

S (ij'(l + FCi)]

(13)

ij = Bj-PE-TCF—m- 5

bi 14

Once Cy; is obtained, i, is calculated according to Eq. (5). First, Qy;
is calculated, and with that, Y;, and then the result is compared to the
estimation. Therefore, the function to minimize is the difference be-
tween both element recoveries. Knowing the interval of the variable
(0-1), the MATLAB® optimizing function [40,41] was used to find the
solution.

2.4. Simulation considerations

The constraints considered were those established by the membrane
manufacturer for the Filmtec™BW30-400 element: minimum rejection
flow (Q;—min=>3 m>h ™), maximum permeate flow (Q,_ max=1.43 m®
h™1), maximum feed flow (Qa—max=17 m®> h™!) and maximum re-
covery per membrane element (Rpax—i=19%), all according to the
origin and SDI of the feedwater (well water and SDI < 3) [38]. The feed
pressure range considered was between 7 and 20 bar in steps of 0.5 bar,
and the feed flow range between Q;_ min and Qa_may in steps of 10 m>
d™. The SEC was calculated considering a 100% efficiency of the high
pressure pump and electrical engine. A profit simulation was also car-
ried out assuming an energy consumption cost range of 0.09-0.16 €
kwh™! (B) and a water sale price range of 0.2-0.55 € m™! (a). These
ranges were determined in accordance with established prices in the
Canary archipelago. A simple profit (PR) function was used for the
assessment (Eq. (15)).

PR = Q,(a — B-SEC) (15)

3. Results and discussion

Table 3 shows the R,,,x obtained for each antiscalant. The limiting
compounds were CaCO3; and SiO,. In most cases, the highest values
were obtained with the Vitec 4000 (specific silica inhibitor) antiscalant.
The range of R« for each antiscalant along the 24 samples is quite
pronounced; from 21.25 to 76.47, from 7.25 to 76.47, from 31.82 to
76.47 and from 70.81 to 89.07 for the Genesys LF, Genesys SI, Vitec
3000 and Vitec 4000 antiscalants, respectively.

Figs. 1 and 2 show the ideal SEC in the operation windows for both
BWRO systems considered with sample 1. A wider operation window
can be seen for the 3:2 than the 2:1 configuration. This is because the
3:2 configuration has one more PV in the second stage, allowing the
system to work with higher Q¢ per PV in the first stage without ex-
ceeding the constraints established by the RO membrane manufacturer.
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Table 3
Ruax for each antiscalant.
Sample Genesys LF Genesys SI Vitec 3000 Vitec 4000
1 52.70 52.70 52.70 76.35
2 72.04 72.04 72.04 86.02
3 56.31 56.31 56.31 80.48
4 59.37 59.37 59.37 82.53
5 58.76 58.76 58.76 80.59
6 49.44 49.44 49.44 75.53
7 55.51 55.51 55.51 77.76
8 55.29 55.29 55.29 77.65
9 76.39 76.39 76.39 89.07
10 54.03 54.03 54.03 79.16
11 75.19 75.19 75.19 84.78
12 76.47 76.47 76.47 84.48
13 55.99 55.99 55.99 80.60
14 56.31 56.31 56.31 78.15
15 31.82 31.82 31.82 70.81
16 57.11 57.11 57.11 81.21
17 56.81 56.81 56.81 78.41
18 70.00 70.00 70.00 79.30
19 60.48 60.48 60.48 80.24
20 68.05 68.05 68.05 82.40
21 32.86 20.86 70.86 73.84
22 21.25 7.25 42.25 72.53
23 52.75 52.75 52.75 73.84
24 53.24 53.24 53.24 78.93
SEC (kWhm™)
18 T 1.8
16
1.5
o~ 14 - -
=1 12
g
= 10 0.9
Q g - i
0.6
6 [ _
4 0.3
0.5 1 1.5 2

pg (MPa)

Fig. 1. SEC in the operation window for the configuration 2(6):1(6) and sample
1.

SEC (kWh m™)

18 . 1.8
16 + 1
1.5
~ 14 =
|
<= 12 4 1.2
g
< 10 + B 0.9
Qg
0.6
6 g ,
4 0.3
0.5 1 1.5 2

Py (MPa)

Fig. 2. SEC in the operation window for the configuration 3(6):2(6) and sample
1.

As can be seen, the color distribution is more or less similar, with the
lowest SEC values in both figures found in the interval between 0.7 and
1.2MPa and, in terms of Q¢ per PV in the first stage, in the interval
between 5 and 8 m® h™'. It is possible to obtain minimum SEC values
below 0.5 kWh m ™2 with both configurations.
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R (%)
18 85
16 — B
70
~ 14 .
I
= 12 ~ n 50
“g
\-:_10 r 7 40
Q 8 L i
25
6 |- —
4 : 10
0.5 1 1.5 2
ps (MPa)

Fig. 3. R in the operation window for the configuration 2(6):1(6) and sample 1.

R (%)
18 85
16 - 1
70
~ 14 F .
= 12 | 50
B
= 10 N
Qg |
25
6 - —
4 ! ! 10
0.5 1 1.5 2
py MPa)

Fig. 4. R in the operation window for the configuration 3(6):2(6) and sample 1.

If we compare Figs. 1 and 2 with Figs. 3 and 4, which show the
corresponding R values, it can be seen that the areas with low SEC
values do not necessarily correspond to areas with high R values, and
that a high R value does not always imply a high SEC value. The highest
R are found in the interval between 1 and 1.5 MPa and, in terms of Q¢
per PV in the first stage, in the interval between 7 and 12 m® h™'.
Relatively high R can be achieved with the ideal SEC of between ap-
proximately 0.5 and 0.6 kWh m™2 for both configurations and this
inorganic composition (sample 1). It should be mentioned that the R
adopted depends on the antiscalant used. Three of the antiscalant
products considered would allow operation with R values of up to 52%.
Only the Vitec 4000 would allow operation with R close to 72%.
However, the highest R is not necessarily the best option, as specific
silica antiscalant usually costs around twice as much as other anti-
scalants [42].

Figs. 5 and 6 show the trend of TDS, in the operation window for
both BWRO systems. In general, TDS, decreases as p increases. Higher
TDS,, values are found at low pressure for the entire range of Q¢ per PV
in the first stage. This trend is in accordance with the data provided by
the membrane manufacturer (Dupont®), calculated using its WAVE
software program.

Feedwater fluctuations in terms of T, inorganic composition and
TDS¢ can have a significant impact on the operation window of a BWRO
system. The effect of TDS can be seen if we compare the SEC values
shown in Figs. 1 and 2 for sample 1 (with a TDS; value of 1.2 g L™1)
with those shown in Figs. 7 and 8 for sample 20 (with a TDS¢ value of
4.4 g L™, It can be seen how the operation window is smaller and SEC
is lower for sample 20 in both configurations. The lower TDS¢ of sample
20 translates into higher Q;, in the first stage in comparison with sample
1, making it more likely that the constraints are not met in terms of
Qr—min and Rmax—i-

With the characteristics of sample 20, some operating points are
reached that would be not appropriate with other samples according to
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Fig. 5. TDS, in the operation window for the configuration 2(6):1(6) and
sample 1.
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Fig. 6. TDS;, in the operation window for the configuration 3(6):2(6) and
sample 1.
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Fig. 7. SEC in the operation window for the configuration 2(6):1(6) and sample
20.

the constraints imposed by the membrane manufacturer. Figs. 9 and 10
show respectively the average SEC and R in the common operation
window for all 24 samples considering the 2:1 configuration. The Ebara
EVMS20 16/18.5 pump was selected to show the possible operating
curves when working with a variable frequency drive. The pump was
oversized to take into account future effects of fouling on the BWRO
systems. For the 2:1 configuration, the 24-sample average SEC, average
maximum SEC and average minimum SEC of this common operation
window were 0.760, 1.198 and 0.339 kWh m ~ %, respectively, while the
corresponding R values were 33.47, 67.66 and 19.86%. Figs. 11 and 12
show respectively the average SEC and R in the common operation
window for all 24 samples considering the 3:2 configuration. In this
case, the operating window was wider and, as 3 PVs were deployed in
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Fig. 8. SEC in the operation window for the configuration 3(6):2(6) and sample
20.
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Fig. 9. Pump curves and average SEC in the common operation window for the
configuration 2(6):1(6) and considering the 24 samples.
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Fig. 10. Pump curves and average R in the common operation window for the
configuration 2(6):1(6) and considering the 24 samples.

the first stage, a larger pump (Ebara EVMS45 6-0F5/22) was required to
operate with this configuration. The values obtained are noticeably
different to those obtained with the 2:1 configuration. For the 3:2
configuration, the 24-sample average SEC, average maximum SEC and
average minimum SEC of this common operation window were 0.933,
1.494 and 0.410 kWh m™3, respectively, while the corresponding R
values were 30.52, 61.52 and 18.17%.

Tables 4 and 5 show the operating points that correspond to the
minimum SEC value for each of the 24 samples with the 2:1 and 3:2
configurations, respectively. For the 2:1 configuration (Table 4), p¢
ranges between 0.74 and 0.98 MPa and shows a general tendency to
increase with TDSy, while Q¢ ranges between 5.08 and 7.17 m®*h~tin
the first stage and per PV and shows a general tendency to increase as



A. Ruiz-Garcia, et al.

SEC (kWhm™)

18 ‘ 1.1
Pump curves 35-45 Hz
16 n
1
~ 14
= 1 B 09
g
= 10 7 0.8
Q 8 J
4 0.7
6 “ -
4 ‘ : 0.6
0.5 1 1.5 2
ps (MPa)

Fig. 11. Pump curves and average SEC in the common operation window for
the configuration 3(6):2(6) and considering the 24 samples.
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Fig. 12. Pump curves and average R in the common operation window for the
configuration 3(6):2(6) and considering the 24 samples.

Table 4
Operating points of minimum SEC for configuration 2(6):1(6).
Sample Dt Q¢ R TDS, SEC
(MPa) m>*h™ Y (%) (mgL™Y) (kWh m~3)
1 0.83 5.50 51.95 71.01 0.446
2 0.74 5.50 44.68 84.86 0.432
3 0.83 5.50 51.04 72.99 0.454
4 0.78 5.50 51.74 68.51 0.421
5 0.74 5.92 57.63 51.95 0.355
6 0.78 5.50 52.46 69.21 0.415
7 0.93 5.50 50.31 77.71 0.514
8 0.74 5.08 47.99 80.77 0.426
9 0.83 5.50 52.19 69.22 0.444
10 0.88 5.50 51.54 77.58 0.476
11 0.98 5.50 49.28 49.28 0.553
12 0.98 5.50 49.05 86.98 0.555
13 0.78 5.50 51.12 70.25 0.426
14 0.88 5.50 52.01 72.15 0.471
15 0.83 5.50 52.17 70.30 0.444
16 0.88 5.50 49.64 77.22 0.494
17 0.93 5.50 52.68 71.34 0.491
18 0.88 5.50 50.95 75.46 0.481
19 0.83 5.50 51.36 71.82 0.451
20 0.74 7.17 75.69 22.97 0.270
21 0.74 5.92 54.89 57.82 0.372
22 0.74 5.92 57.79 52.61 0.354
23 0.74 7.17 70.28 27.52 0.291
24 0.78 5.50 53.34 75.75 0.409

TDS; decreases. R (ranging between 44.68 and 75.69%) shows the same
general tendency with respect to TDS; as Qr. TDS,, ranges between 22.97
and 86.98 mg L™, and minimum SEC between 0.27 and 0.56 kWh
m ™~ 3. SEC shows a tendency to decrease with TDS;. The results obtained
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Table 5
Operating points of minimum SEC for configuration 3(6):2(6).
Sample DPr Qs R TDS, SEC
(MPa) (m*h™h (%) (mgL™1) (kWh m~3)
1 0.83 5.50 54.40 145.62 0.426
2 0.74 5.50 47.41 187.04 0.410
3 0.83 5.50 53.51 149.48 0.433
4 0.78 5.50 54.37 145.79 0.401
5 0.74 5.92 60.78 116.24 0.336
6 0.78 5.50 55.06 147.48 0.396
7 0.93 5.50 52.49 149.93 0.493
8 0.74 5.08 50.56 179.39 0.404
9 0.83 5.50 54.67 141.97 0.424
10 0.88 5.50 53.85 154.07 0.455
11 0.98 5.50 51.36 51.36 0.530
12 0.98 5.50 51.17 163.54 0.532
13 0.78 5.50 53.75 149.33 0.405
14 0.88 5.50 54.31 143.31 0.451
15 0.83 5.50 54.63 144.19 0.424
16 0.88 5.50 51.98 152.92 0.472
17 0.83 5.08 49.21 170.08 0.471
18 0.88 5.50 53.23 149.82 0.461
19 0.83 5.50 53.79 147.22 0.430
20 0.69 7.58 71.22 56.10 0.268
21 0.69 5.50 55.58 148.18 0.343
22 0.74 5.92 60.91 117.79 0.335
23 0.69 7.17 69.32 69.33 0.275
24 0.78 5.50 55.98 161.47 0.389
Table 6
Operating points of R, for configuration 2(6):1(6).
Sample Dr Qs SEC TDS, R
(MPa) (m*h™h (kWh m~3) (mgL™Y) (%)
1 1.52 8.83 0.564 40.99 74.82
2 1.47 8.83 0.547 41.70 74.72
3 1.52 8.83 0.569 41.52 74.22
4 1.47 9.25 0.545 37.83 74.94
5 1.37 9.67 0.482 30.84 79.06
6 1.47 9.25 0.542 38.73 75.44
7 1.62 8.83 0.629 45.17 71.41
8 1.47 8.83 0.545 40.99 75.04
9 1.52 8.83 0.563 40.01 74.95
10 1.57 8.83 0.594 45.22 73.33
11 1.67 8.42 0.656 52.79 70.61
12 1.72 8.42 0.665 50.72 71.74
13 1.47 9.25 0.548 38.44 74.55
14 1.57 8.83 0.592 42.25 73.64
15 1.32 8.00 0.521 44.36 70.53
16 1.62 8.83 0.612 43.27 73.47
17 1.62 8.83 0.616 42.64 72.94
18 1.57 8.83 0.597 43.70 73.00
19 1.52 8.83 0.567 41.18 74.48
20 1.13 10.92 0.383 15.74 81.72
21 1.18 8.42 0.445 36.91 73.42
22 1.32 10.92 0.508 29.03 72.35
23 1.23 12.58 0.462 16.36 73.70
24 1.47 9.25 0.538 42.79 75.94

are quite similar to those for the 3:2 configuration in terms of ps
(0.69-0.98 MPa), Q¢ (5.08-7.58 m® h™'), R (47.41-71.22%), TDS,
(51.36-187.04 mg L™1) and SEC (0.27-0.53 kWh m™3). The R in the
first stage was in a similar interval for both configurations of between
42.64 and 50.19% (data not shown).

Tables 6 and 7 show the operating points that correspond to the
maximum Ry, for the two BWRO configurations considered. In this
case, the ranges of p; for both configurations are higher, 1.13-1.72 and
0.88-1.72 MPa for the 2:1 and 3:2 configuration, respectively. The Q¢
ranges are also found to be higher for the operating points of R, than
for those of minimum SEC. The TDS, are lower and the ranges of SEC
higher, from 0.38 to 0.67 and 0.33-0.65 kWh m ™2 for the 2:1 and 3:2
configurations, respectively. The highest R,.x value was obtained for
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Table 7
Operating points of Ry, for configuration 3(6):2(6).
Sample Dr Q¢ SEC TDS, R (%)
(MPa) m*h™h) (kWh m~3) (mg L™Y)
1 1.52 8.83 0.553 68.42 76.33
2 1.47 8.83 0.536 70.20 76.29
3 1.52 8.83 0.557 69.25 75.78
4 1.47 9.25 0.533 63.74 76.69
5 1.37 10.08 0.477 51.69 79.97
6 1.47 10.08 0.543 62.01 75.21
7 1.62 8.83 0.616 73.87 72.96
8 1.47 8.83 0.533 69.05 76.64
9 1.52 8.83 0.552 66.82 76.48
10 1.57 8.83 0.582 74.69 74.85
11 1.67 8.42 0.643 85.63 72.03
12 1.72 8.42 0.652 81.86 73.10
13 1.47 9.25 0.535 64.73 76.32
14 1.57 8.83 0.580 69.84 75.15
15 1.47 10.50 0.577 63.31 70.76
16 1.62 8.83 0.600 70.97 74.94
17 1.62 8.83 0.604 69.89 74.45
18 1.57 8.83 0.585 72.16 74.50
19 1.52 8.83 0.556 68.71 75.97
20 1.18 12.17 0.397 25.92 82.39
21 1.23 9.67 0.462 60.02 73.64
22 1.23 10.50 0.470 53.80 72.41
23 0.88 9.25 0.333 45.21 73.56
24 1.47 9.25 0.526 72.21 77.64

sample 20 and the lowest for sample 15, reflecting the different in-
organic compositions of the samples (Tables 1 and 3).

The profit analysis that was made of the common operating win-
dows showed that the most profitable operating points were those with
the highest R, p; = 1.03 MPa and Q¢ = 10.5 m® h™* for the 2:1 con-
figuration, and p; = 1.18 MPa and Q; = 13 m® h™! for the 3:2 config-
uration. The weight of a was higher than f3 as the Canary Archipelago is
a region with subsidized electrical energy costs and desalinated water
has a high value due to water scarcity in the region. The calculated
profit values ranged between 0.79 and 4.4 € h™! and between 1.33 and
8.36 € h™! for the 2:1 and 3:2 configurations, respectively. It should be
noted that the corresponding profit values are affected by the fact that
Q,, is higher for the 3:2 than the 2:1 configuration due to its higher Q. It
should be mentioned that the capital costs would be higher for the
configuration 3:2 as more PVs and membrane elements would be in-
stalled.

4. Conclusions

In this study, the operation windows of two BWRO system config-
urations (2(6):1(6) and 3(6):2(6)) were evaluated using the fluctuations
of the characteristics of the feedwater from a real groundwater well.
The optimal operating points for each sample were determined in terms
of minimum SEC and maximum R. The operating margins were found to
be quite wide. The operating parameters of the BWRO systems were
significantly influenced by fluctuations in the feedwater characteristics.
In general, the operating windows were wider for the 3:2 than the 2:1
configuration. With such variability, it would be appropriate to design
flexible BWRO systems which are capable of working at least in the
common operation window. In these cases, it could be interesting to
implement real-time control strategies in order to maximally optimize
the operation through observation of fluctuations in the inorganic
composition of the feedwater. From the economic point of view, the
operating points of the common operation windows with the highest R
were found to be the most profitable according to the prices established
in the region were the groundwater is located. In future works, changes
in the operation windows and optimal operating points as the mem-
branes get fouled should be evaluated.
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