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Highlights

Two-stage SWRO is fundamentally analyzed and optohfor seawater desalination.
SEC of two-stage SWRO is higher than that of shstgege in typical recovery.
Water quality of single- and two-stage SWRO is Eimat the same average flux.

Optimal ratios of permeate flow rate and numbdP\d§ vary depending on ERD types.

Two-stage SWRO is more energy-efficient at a hiegtovery rate (e.g., 50-70%).
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Abstract

While single-stage is the general configuration $eawater reverse osmosis (SWRO), the
two-stage design can increase the overall recosegn SWRO system. Due to its high-
recovery operation, the specific energy consump(®BC) of two-stage SWRO is higher
than that of single-stage. Thus, the two-stageigordtion has not been extensively applied
in the current desalination market. In contrastens studies have reported that the two-stage
design can lower the SEC of SWRO compared to thsingle-stage. However, the analyses
were biased towards SEC, and the practical desigecss (e.g., permeate quality, water flux,
and design ratios) were not systemically considerEdus, this study examines the
applicability of a two-stage SWRO system with aamfy of 100,000 rfid that employs
1200 pressure vessels (PVs). Two-stage SWRO agctualisumed a greater amount of
energy than that of single-stage for typical SWRCorery with the same number of PVs. In
contrast, single- and two-stage SWRO produced pawr&@milar in quality, while the two-
stage exhibited superior water-flux distributioorag the PVs. Additionally, optimal ratios of
permeate flow rate and number of PVs were deteinneenergy recovery devices type,
where the ratio of 1:2 was selected for the revesseosis system with a pressure exchanger
and 2:1 for that with a Pelton turbine. Considel8$tC and other operational aspects, the use
of two-stage SWRO was feasible at a 50-70% recaetey

Keywords: Seawater reverse osmosis, Staged configurations; Energy efficiency; Specific

energy consumption; Design ratios.
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1. Introduction

A variety of water sources are recognized as ptierwater sources for human use in the era
of water scarcity [1-3]. To avoid a negative pubilgaction on water reuse such as using
wastewater and industrial effluents [4, 5], seawigta more preparable option for human use
[6], but an energy-intensive desalination processtrbe performed to utilize seawater as it
contains a high concentration of salts [7]. Thisgess is typically conducted by a pressure-
driven seawater reverse osmosis (SWRO) processewehdydraulic pressure higher than

that of an osmotic pressure of feed is applied2[18]. When the hydraulic pressure of the
feed exceeds its osmotic pressure, freshwatenuped through SWRO membranes due to
the salts being rejected [9, 10]. However, the vecprate of typical single-stage (or single-

pass) SWRO is limited to less than 50% due to #matic pressure of seawater [1, 2, 11].
When a high pressure is applied to achieve a heghwvery rate, a large amount of water is
produced from front SWRO elements, and the osnssure of the rear feed is prone to
exceeding its hydraulic pressure, resulting inurthier water production.

To increase the recovery rate of the SWRO systetwpastage design has been developed
and implemented, where the concentrate of the dimge is fed into the second stage, and
additional freshwater is produced [9, 11]. The tstage SWRO system commonly utilizes a
2:1 ratio for the first-stage number of pressursseés (PVs) compared to that of the second
stage, which is similar to that of nanofiltratioNK) and brackish water reverse osmosis
(BWRO) systems [9, 12, 13]. Using a two-stage SW&Stem, water is produced at each
stage by gradually increasing the hydraulic presamd exceeding the feed osmotic pressure,
and the recovery can be increased by up to 60—@%#.increased recovery allows for a
reduction in plant size, particularly for the intalend pretreatment parts; thus, the costs for
construction and operation can be reduced [9].dntrast, the application of two-stage
SWRO is uncommon as a high-pressure is requireghaoed to that of a single-stage SWRO

system.

Some SWRO desalination plants are configured asstage SWRO with a high-recovery
rate operation Table 1). In most two-stage SWRO plants, the second-s@giRO is

installed in addition to the existing first-stag@VBO to retrofit the plant and increase its
capacity [9]. The retrofitted two-stage SWRO canor@ase the recovery rate to 50-60%

depending on the design, and the required hydrauméssure depends on the recovery rate

4
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(70-90 bar). Because of the extremely high pressidir¢ghe feed at the second stage,
equipment that is highly resistant to pressure ghba installed [14, 15]. This results in an
increase in equipment costs compared to thosenmfrimal pressure operation. The capital
cost also increases due to the installation of temidil stages and other equipment [9].
Moreover, the specific energy consumption (SEC)hef two-stage SWRO process is high
because of its high recovery rate [8, 16, 17]. Abw SEC is the recent focus of the
desalination market as opposed to a high recows;, current SWRO desalination plants

predominately adopt single-stage instead of twgesta

Recently, theoretical studies have found that gestaeverse osmosis (RO) configuration can
lower the SEC of a SWRO process closer tottig®retical minimum energy for separation.
This is because two-stage RO can deliver high pres® a small volume of feed in each

stage [2, 18, 19]. The advantage of a two-stage QW&sign for SEC has been investigated
in comparison with single-stage SWRO at the saroevery rate (e.g., 40%), unlike the real

application recovery rate of two-stage SWRO (60%). The results showed that two-stage
SWRO consumes less energy than that of single-3&gRO due to the reduction in the

irreversibility of the high-pressure pump [2, 18-22]. The theoretical background support
the benefits of two-stage SWRO such as having a3&&, increasing the possibility of the

wider application of two-stage SWRO in current dieséion markets.

Studies do not fully support the claim that twogsteSWRO is more feasible than single-
stage SWRO. The theoretical analysis is only foduse energy consumption, and the more
practical aspects of SWRO operation such as peergality and other operational issues
are not considered. Moreover, when SEC is companednumber of PVs for the two-stage
RO is larger than that for the single-stage RO ctvinesults in different equipment conditions.
In addition, the SEC that is evaluated is not optjras the permeate flow rate and number of
PVs are determined without considering optimization using a ratio of 2:1 as the rule of
thumb. The average water flux and recovery for estage are not determined systemically.
By applying the thermodynamic and simple RO moé®SEC calculation, the feasibility of

two-stage SWRO cannot be accessed.

Due to the disparity between the practical and rigtezal SEC of two-stage SWRO, this
study evaluates the applicability of a two-stageRBWsystem for seawater desalination with
regard to energy efficiency. As SEC is a criticattbr in determining the application
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feasibility, the SEC of two-stage SWRO is comparethat of single-stage SWRO based on
the recovery rate when the same number of PVs iglgmd. Permeate quality is also
considered given that the permeate is utilizediartlus analyzed in association with water
flux. To examine the validity of the current 2:%ioa practical designs for two-stage SWRO
(e.g., ratios of the number of PVs and permeate flate for each stage) are analyzed at a
given recovery rate. The SEC for single-stage amddtage SWRO is also assessed at a high
recovery rate to demonstrate the energy-efficiesfayvo-stage SWRO systems. To the best
of our knowledge, this is the first study that pd®s a theoretical foundation for the use of an
optimized staging RO configuration to improve theemgy efficiency of seawater
desalination using practical design aspects inogermeate quality, water flux, and design

ratios.

Tablel.

Two-stage SWRO desalination plants

Plant Country  Plant Overall  Hydraulic ERD Reference

capacity SWRO  pressure type

(m3/d) recovery (barf

rate (%)

Curacao Curacdo 10,200 58 N/A PT [15]
Fukuoka Japan 50,000 60 N/A PT [23, 24]
Las Palmagll  Spain 86,000 50 N/A PX [25]
Maspalomas | 26,200 60 90 PT [15, 26]
Rambla 60,000 58 83 PT [27]
Morales
Valdelentisco 140,000 50 77 PX [28]
Kindasa KSA 26,800 50 71 PT [29]

2 Second-stage SWRO®Netherlands Antilles. KSA: Kingdom of Saudi ArabERD: energy
recovery device. PT: Pelton turbine. PX: pressuachanger. TC: turbocharger.
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2. Methods
2.1. Description of two-stage SWRO

In single-stage SWRO, approximately 40% of the fié@a rate is converted to the permeate
flow rate, which represents 40% recovery rdtey.(1a). To increase the recovery rate, a
second-stage SWRO is equipped in addition to thstieg single-stage SWRO. Such a
SWRO configuration is referred to as two-stage SWRI@Q. 1b), and the SWRO system can
achieve a 60% overall recovery rate (i.e., 40% fri single-stage and 20% from the
second stage). The operation of the practical ti@gesSWRO desalination planiBaple 1)
can also be illustrated &3g. 1b. However, the recovery of two-stage SWREg( 1b) is
higher than that of single-stage SWR&X 1a). Thus, the energy consumption for two-stage
SWRO is inherently higher due to the higher recpvate [1]. Unlike two-stage SWRO in
practice, two-stage SWRO in theoretical studiespsrated with a 40% overall recovery rate
as depicted ifrig. 1c. For the same recovery rate for singleig( 1a) and two-stageHig. 1b)
SWRO in previous research, two-stage SWRO is detraied to consume a lower amount
of energy than that of single-stage SWRO [18-2BjsTesearch targets two-stage SWRO in
theory, and the feasibility of two-stage SWRO isamned considering practical design

aspects such as permeate quality, water flux, asgyd ratio.

SWRO | First-st | S I-st |
configuration

2200@® 2%,
22000 2¥

(b) Two-stage @ @ ‘ ‘ ‘ ‘ ‘ @ ‘ ‘ @ @ @
) 22000 | OO0 209

(c) Two-stage @ @ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ @ @
theereticad - 20000 < 2000 QY

O Flow rate @ Permeate produced

(a) Single-stage

\ No feed (already produced) ’ Intensity of hydraulic pressure
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Fig. 1. Conceptualization of SWRO: (a) single-stage, {i0)-stage (practical), and (c) two-
stage (theoretical).

2.2. Types of staged SWRO configurations

Staged RO configurations can be classified into tywmes: processes without circulation
stream and those with it. Examples of the formex #re single-stage and multi-stage
processes, where the concentrate of the previage $¢ supplied to the following stage as
feed. In contrast, closed circuit desalination (G@bBd batch RO contain circulation streams,
and they have not yet been applied as full-scal&kRG\Vdesalination plants [8]. To focus on
the feasibility of commercially available technakeg only the staged RO configurations
without a circulation stream were examinétg. 2a is a scheme of a single-stage SWRO,
where the hydraulic pressure of the concentratielivered to a part of feed with a pressure
exchanger (PX). A Pelton turbine (PT) can be usetiead of a PX, but applying a PX is
more beneficial for energy savings due to its mggchanical efficiency [30]. Similar to the
single-stage SWRO ifrig. 2a, a two-stage SWRO can be configured with a PX,clwvhi
recovers high pressure to a partial stream of fagaplied to the first stagd-ig. 2b).
However, such a configuration is impractical asghessure delivered from the concentrate is
higher than that required for the first stage. Thastwo-stage SWRO configuration
employing PX can be alternatively expressed aBiga 2c, where the hydraulic pressure is
delivered to a partial second-stage feed. To etilie hydraulic energy in the concentrate to
operate the first stage, a PT should be employezhasnergy recovery device (ERDid.
2d). Two-stage SWRO is different from two-pass SWROwhich the permeate from the
first stage (pass) RO is fed to the second passtR@3, it is typically composed of both
SWRO and BWRO [8].
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Fig. 2. Scheme of staged SWRO configurations for seavd®alination: (a) single-stage, (b)

two-stage with PX (impractical), (c) two-stage WRIX, and (d) two-stage with PT.

2.3. SWRO process modeling

A typical condition for seawater of 35,000 mg/L tasal dissolved solids (TDS) and 26
was used in the simulation. A single type of SWRE@mhrane, SW400R, was manufactured
from LG Chem and was employed to examine the eféch staged RO design without
considering the internally staged design (ISD). &/g@iermeability &) and salt permeability
(B) were obtained as 1.52 Lrh bar and 5.20 x I&L/m? h, respectively [11]. The pump

9
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efficiency was 80% for both the high-pressure puidpP) and booster pump (BP), while
those of the ERDs (e.g., PX and PT) were 95% [8,31133]. It should be noted that the
efficiency of the PT was both 95% and 90% in Secti8 to consider the real application of
two-stage SWRO with a PT. The performance of theR®Aprocess was evaluated by a
developed RO process program [8, 11], which calealavater and salt fluxes using Egs. (1)
and (2) as derived from the solution-diffusion mo@4] (J: flux, P: hydraulic pressures:

osmotic pressureCPF: concentration polarization factoy; water,s salt, ;. feed, andy:

permeate).
Jw = A[(Pf — B,)) — (CPF x 1y — 1, )] (1)
Js = B(CPF x Cf — C},) (2)

The program demonstrated a high accuracy £R0.9998) based on the results of the
projection software provided by the membrane mastufar (Q+ version 2.4), and the
maximum differences in applied pressure and pemngpadlity in the recovery range were 0.7
bar and 2 mg/L, respectivelfFi@. 3). Small differences may have resulted from theigogb
coefficients by the manufacturer. When operatingdaions violate the recommended design
values by the manufacturer (e.g., hydraulic pressu82.7 bar, pressure drop > 1.0 bar, feed
flow rate > 408 n¥d, and water flux > 32.3 L/mh), the developed program displayed a
warning sign, which is depicted Figs. 5, 6, and9 with red dots.

Hydraulic pressure (Developed program)
Hydraulic pressure (Q+ version 2.4)
Permeate quality (Developed program)
Permeate quality (Q+ version 2.4)

. " .

30 35 40 45 50
SWRO recovery rate (%)

Fig. 3. Performance of the developed program and Q+ vetib.

10
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2.4. Performance of SWRO

Permeate quantity and quality of the SWRO syst®pysem and Cpggem Were evaluated
using Egs. (3) and (4), which integrate Egs. (IJ &) along membrane arég, Different
equations were applied to calculate the energy wopton of the SWRO systent,,
depending on the configuratiognge: Single-stagewo px: two-stage (PX), angy pr: two-
stage (PT)) in Egs. (5)—(7) [11, 35]. The feed andcentration are expressed@sandQ,
and the subscripted numbers 1 and 2 represenirghead second stage, respectively. The
stream pressure for each stage is similarly expdessd the pressures for the inlet and outlet
of the SWRO systenP;, and Py, were 1 bar each. In contrast, it was assumedythieat
mechanical efficiency of electric motgkuor Was 98%, and the pumps including HRRs»
and BPsygp were both 80%. The efficiencies of R¥x and PTypr were both 95% under the
basic conditions, but a 90% @#r was also applied to Section 3.4. Lastly, SEC efdpstem
(SECsysten) Was calculated in Eq. (8).

x=L
Qp,system = fxzo Jw dAmy ()
c T JsdAm (4)
p,system f;:OL]wdAm
E _ (Qf1=0Qc1)(Pra=Pin) | Qcal(Pf1—=Pin)-1px(Pc1=Pour)] (5)
w,single — +
NmotorHPP Nmotor"BP
E _ Qra(Pri=Pin) | (Qr2=0Qc2)(Pf2=Pc1) | Qc2l(Pf2—Pin)—1px(Pc2—Pout)] (6)
w,two_PX — + +
NmotorHPP NmotorMBP Nmotor’BP
E _ Qa(Pfi—Pin) + Qr2(Pr2=Pe1)  Qca[npr(Pea—Pour) (7)
w,two_PT —
NmotorMHPP NmotorBP NmotorBP
_ Ew,system
SECsystem = Q_ (8)
p.,system

2.5. Selection of design ratiosfor two-stage SWROs

An SWRO plant was designed with a capacity of 100,6t/d, where 1200 PVs containing
seven elements each were installed to maintainvarage water flux of 13.35 LfArh. For
two-stage SWRO systems, both 1200 PVs and 1800nY&s considered to examine SWRO
feasibility, even when the number of PVs is the s@s that of single-stage SWRO. However,

the permeate flow rate and number of PVs for edapes(i.e., decision variables) must be

11
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determined to evaluate the performance of a twges8WRO system in terms of minimizing
energy consumption. Thus, the objective functioth @mnstraints for a harmony search (HS)

are given in Egs. (9) and (10), respectively.

Minimize SEC = f(Number of PVs (1st), Permeate flow rate (1st), Number of PVs
(2nd), Permeate flow rate (2nd))

ubject to

5 < Number of PVs (1st) <1200 (or 1800)

1000 < Permeate flow rate (1st) < 100000 (10)
Number of PVs (1st) + Permeate flow rate (2nd) = 1200 (or 1800)

Permeate flow rate (1st) + Permeate flow rate (2nd) = 100000

As the objective function is not continuous norfaléntiable, finding the optimal decision
variables is an extremely complex endeavor whemgustonventional optimization
techniques. Thus, HS as a metaheuristic algorithas adopted to efficiently find the
decision variables through its balancing of difexation and intensification [36, 37].
Because the best decision variables can be obtawtbth 500 iterations for this problem
(Fig. 4), the HS algorithm was able to significantly reelule iteration time compared to the
original computation time required for optimizatifre., 24,000). The parameters used in the

HS are summarized ihable 2.

2.5
Two-stage (PX)
Two-stage (PT)
24}
PT Npy Q,
» 1ststage 390 30000 (390, 30000,
£ 23 2ndstage 810 70000 810,70000)
< Total 1200 100000
E e —
=
D 22
(2]
21 PX_ Ne G
1ststage 725 68000 (725, 68000,
2nd stage 475 32000 475, 32000)
Total 1200 100000
2.0 1
0 100 200 300 400 500

Number of iterations (-)

12
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Fig. 4. SEC reduction by applying improved decision vdaalalues for two-stage SWRO
using HS. The target recovery rate was 46 .permeate flow raté\Npy: PV numbers.

Table 2.
Parameters used in the HS

Parameters Value
Harmony memory size (HMS) [-] 10
Bandwidth (BW) for permeate flow rate }fd] 1000
BW for number of PVs [-] 5
Harmony memory considering rate (HMCR) [-] 0.7
Pitch adjusting rate (PAR) [-] 0.3

13
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3. Results and discussion
3.1. Specific energy consumption and recovery

The number of PVs for a typical two-stage SWRO gless 1.5 times greater than that for a
typically single-stage SWRO design (2:1 ratio) [9hwever, the feasibility of the RO design
can be evaluated fairly only when the number of R3Ysnembranes) are the same. Thus, the
SEC of single- and two-stage SWRO was comparedaghawhen the number of PVs is
1.5 times greater (i.e., typical comparison) or shene (i.e., fair comparison). The SEC was

evaluated using the optimal ratios for each case;ware further discussed in Section 3.

In Fig. 5(a), two-stage SWRO consumed less energy than sitaie-SWRO for a typical
SWRO recovery rate. The SEC of single-stage SWR® w89-2.15 kWh/f and the
lowest SEC was observed at a recovery rate of 38%ontrast, two-stage SWRO with PX
consumed 1.89—2.04 kWhrfor permeate production, where the SEC was lohem that of
single-stage SWRO for all recovery rates. Howetrex,SEC for two-stage SWRO with a PT
changed dramatically from 2.28 kWhino 1.95 kWh/m depending on the recovery rate, and
the two-stage SWRO with a PT was more energy-efiicihan that of single-stage SWRO at
a recovery rate greater than 38%. Considering SNdRO plants are operated at a recovery
rate of 40-45%, conventional two-stage SWRO conéigons are feasible for a typical
SWRO recovery rate. One study [21] reported thatwo-stage design consumes less energy
than a single-stage one when the overall recowasy is over approximately 20% (different

simulation settings resulted in different outcomes)

However, when the number of PVs is equal, a hi@te€ was required to operate two-stage
SWRO than that of single-stage SWRO. Single-staglRS@ SEC was unchanged as the
same condition was applied to the system. In cefptrithe SEC for two-stage SWRO
increased when the same number of PVs were indtalethat of the single-stage SWRO
(Fig. 5b). Two-stage SWRO with a PX and PT exhibited SEE8.50-2.22 kWh/m and
2.97-2.18 kWh/m respectively; thus, the two-stage SWRO consumewt renergy than that
of the single-stage SWRO for a given recovery rates result is different from the claim
that the two-stage configuration is more energigieffit compared to the single-stage. In fact,
when the two-stage SWRO systems were equippedtidtisame number of PVs as that of
the single-stage SWRO, the average water fluxdierSWRO systems was also the same. In
contrast, preceding theoretical works were onlyuged on the calculation of SEC without

14



271  considering RO design aspects such as the averaige flux. Thus, it can be concluded that
272 the SEC reduction in two-stage SWRO designs is raffeeted by lower average water flux
273  and not the inherent benefit of staged design, {ilbe. reduction of irreversible work) for a
274  typical SWRO recovery rate range. Two-stage SWR@oisbeneficial in terms of energy

275  consumption for such a recovery rate range.

276 An optimal recovery rate that minimizes SEC is etfe by different RO designs. In
277  particular, high feed flow rates for stages thatdue to the design results increases the value
278  of the optimal recovery rate. In two-stage SWRChveitP X, fresh feed is supplied separately
279  to the first and second stages, and the feed &séloond stage is a mix of the concentrate of
280 first stage and fresh feeéfif. 2c). Because the initial feed is divided and supptieeach

281  stage, the feed flow rate for each stage is noiifsigntly higher than that of the single-stage
282 SWRO. Thus, the second-stage SWRO optimal recaatey(40%) is relatively close to that
283  of the single-stage one (38%)ig. 5b). In contrast, in the two-stage SWRO system wilTa
284  all the fresh feed is supplied to the first staage] the concentrate of the first stage is then fed
285 to the second-stage SWRO. However, the first staguipped with a smaller number of
286 PVs, and the feed flow rate of the first stageighér. As a larger amount of permeate is
287  produced from the first stage than the second stagetwo-stage SWRO (PT), the optimal
288  recovery rate was higher (over 50%) than that ef single-stage SWRCFig. 5b). The

289  operation of two-stage SWRO systems is desirablenvthe recovery rate is higher than that

290  of the optimal recovery rate.

291  While two-stage SWRO can consume less energy timgtesstage SWRO when equipped
292  with more membranes, two-stage SWRO are alwaysasitiie compared to single-stage
293 SWRO when the number of membranes is the samecdifeguration of two-stage SWRO
294 does not lower the energy consumption in the typi8#8/RO recovery rate range.
295  Additionally, the optimal recovery varies dependimg the SWRO system design, and the
296  optimal recovery rate for two-stage SWRO with PTswagher than that of the typical
297  SWRO recovery rate. Therefore, two-stage SWRO neafehsible at recovery rates higher
298 than the typical one, which is examined in Sec8ah
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Fig. 5. SEC of staged SWRO designs when the number offé\s/o-stage SWRO designs
were installed at a rate (a) 1.5 times higher thah of the single-stage SWRO design and (b)
the same as that of the single-stage SWRO design.rdd dots indicate when the SWRO

systems exceeded the design constraints.

3.2. Permeate quality and water flux

Permeate quality is critical in operating SWRO pdas it must meet water standards to be
utilized. Because permeate quality is affected layewflux [11], it is important to determine
the average water flux for SWRO systems. If perm@aiv rate and number of PVs are the
same for the entire system, then the average Watefor single-stage SWRO is determined
directly, whereas is different for each state fomwa-stage SWRO system. This profile is
crucial as it may affect the permeate quality & émtire system. Additionally, the high-flux
operation is vulnerable to fouling formation (e.galloidal fouling, organic fouling, and
biofouling) on the membranes, which deterioratesirtiperformance [11, 38, 39]. Thus,

permeate quality and average water flux for tw@gst8WRO were investigated.

Permeate quality was determined by the averager \flatieof the entire SWRO system, not
by that of each stage individualllfig. 6a presents permeate quality for the different staged
SWRO configurations. When two-stage SWRO systenre wquipped with 1800 PV, their
permeate qualities were inferior to that of a srglage SWRO system with 1200 PV.
However, when the same amount of permeate was gedditiom the same number of PVs

(i.e., average water flux = 13.35 L9rh), the permeate quality of single-stage SWRO was
16
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173-220 mg/L for a recovery rate of 30-50%, and ¢dhéwo-stage SWRO with a PX and PT
were 174-214 mg/L and 174-206 mg/L, respectiveljhdugh each stage produced permeate
with a different quality Fig. Al), the mixed permeate (i.e., permeate from botHiteeand
second stage) from two-stage SWRO was similardabftom single-stage SWRO, and it was
slightly better. This reflects that permeate qyastaffected by the average water flux of an
SWRO system regardless of that of each stage andeRiQn.

Two-stage SWRO with a PX exhibited a similar averagter flux for each stage, while two-
stage SWRO with a PT was operated with an uneverage flux for the stages. For two-
stage SWRO with a PX, fresh feed was supplied ségsirto each stage, and the stages were
operated with similar average flux valudsg. 6b). With an increase in recovery rate, the
first stage produced water with lower fluxes (13-81.92 L/nf h) and the second stage with
higher fluxes (13.20-14.15 Lfnh), with the difference between fluxes graduafigreasing

in response to an increase in recovery rate, wiveh not found to be significant. Because of
the similar average water flux, each stage waseldaimilarly without violating the design
constraints. In contrast, in the two-stage SWRQesyswvith a PT, the first stage was always
operated with higher a flux than that of the secstagie. The average flux for the first stage
was 18.24-14.48 L/mh, and that for the second stage was 6.84-11.66 h/with an
increase in recovery rate. Because the first stage operated with an extremely high
average flux for SWRO, the design constraint wadated at a lower recovery rate range,
from 30% to 36%. However, the second stage lessédmedurden of the first stage by
producing water with a higher flux. Thus, the SWR@tem was stable with its operation at a

recovery rate higher than 37%.
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Fig. 6. Profile of (a) permeate quality of SWRO systemd @r) average water flux for each
stage. The number of PVs was 1200 for each syst€b).i The red dots indicate the situation
when the SWRO system exceeded the design constraint

Two-stage SWRO systems can distribute water flumese evenly compared to single-stage
SWRO systems. While the first element of singlgist& WRO was operated with a water
flux of 27.99 L/nf h at a 40% recovery rate, that of two-stage SWRI® avPX and PT was
20.93 L/nf h and 25.53 L/fh, respectivelyKig. 7a). Due to a lower water flux at the first
stage (i.e., a smaller amount of permeate overtdhget), the rest of the permeate was
produced in the second stage. The water flux oktghth element (i.e., the first element of
the second stage) was 26.04 Etmand 17.49 L/mh for two-stage SWRO with a PX and PT,
respectively. With an increase in recovery rate,dmount of permeate produced increased,
which induced a higher water flux along the PVs.aA5% recovery ratd-(g. 7b), a water
flux of 31.50 L/nf h was observed for the first element, which isrrieathe recommended
water flux limit of 32.30 L/ h. In contrast, the water flux was 22.07 Edmand 25.37 L/t

h for the first element, and 28.41 9t and 19.97 L/fhh for the eighth element for two-
stage SWRO with a PX and PT, respectively. Givert 8WRO systems are operated with
higher water fluxes at higher recovery rates, ttags SWRO systems are favorable in a
high-recovery operation due to the more even wiagrdistribution, which contributes to a
reduced fouling propensity. Similarly, Voutchkos@almentioned that two-stage SWRO can
be used to reduce fouling formation in the firshget when the feed contains a high

concentration of foulant [9].
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Permeate quality was similar regardless of RO desigess the average water flux of the
entire SWRO system changed. Despite the averagdéiing the same for the entire SWRO
system, each stage of the two-stage SWRO systeropemated with a different average flux.
The gap in average fluxes for the stages in thestage SWRO system with a PT in
particular was high at a low-recovery condition,iethburdened the first stage, while that in
the two-stage SWRO with a PX was relatively smidtbwever, a high average water flux
does not necessarily indicate a high water fluxtihar first element of each stage; the water
flux of the first element was higher in the singtage SWRO. In short, two-stage SWRO

systems are advantageous with regard to watermikirbution.
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Fig. 7. The flux distribution of elements in a PV with féifent-staged SWRO designs. Two-
stage SWRO systems can more evenly distribute Vilatezs than can single-stage SWRO

systems.
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3.3. Optimal design ratios

Most two-stage SWRO designs follow a 2:1 ratio: kehte number of PVs for the first stage
to that for the second stage. The amount of peer@atuced from the first and second stage
is also in a ratio of 2:1. This is because two-st&VRO systems are generally used to
retrofit a single-stage plant operating at a 40@overy rate at the first stage, and the overall
recovery rate of the plant is increased up to 6@%nbtalling the second stage, achieving an
additional 20% of recovery [9]. Because the optirdakign ratios for two-stage SWRO
systems (e.g., number of PVs and permeate flow cdteach stage) have not been
investigated, the best ratios minimizing SEC wexan@ned considering overall SWRO

recovery (i.e., the summation of the first and selcstage).

While more PVs were installed in the first stagetted two-stage SWRO (PT) system, the
second stage contains more PVs in the two-stage G\(#X) system. In two-stage SWRO
(PX), the first stage was composed of 24-36% Puseasing overall SWRO recovery from
30% to 50% [Fig. 8a). The ratios of number of PVs were 24:76-36:646:9-9:16). Thus,
more PVs were situated in the second stage. Irasinthe first stage of two-stage SWRO
with PT contained 57-61% PVs of the entire systerthe recovery rate range of 30-50%,
and the corresponding ratios of number of PVs wefgl3—-61:39. Additional PVs were
installed at the second stage instead of thediegie, increasing SWRO recovery. Overall, a
2:1 ratio for number of PVs is not the optimal eatand the ratio varies depending on the

SWRO recovery rate and ERD in use.

Different amounts of permeate were produced froefitist and second stages, and the use of
different ERDs affects the permeate flow rate fackestage. When two-stage SWRO was
equipped with a PX as the ERD, 25-32% of the peteneas produced from the first stage
and the remaining permeate (i.e., 68-75%) from d¢beond stage by changing SWRO
recovery from 30% to 50%-(g. 8b). The ratio for permeate flow rate was 25:75-3268
1:3-8:17), which reflects the greater permeate yrbon at the second stage. In contrast, the
first stage in two-stage SWRO (PT) produced lesmpate (i.e., 63—78%) with an increase
in recovery rate (i.e., 30-50%), but a larger pext@dlow rate was obtained from the first
stage compared to that of the second stage. Theepée flow rate ratio for the first and
second stages was in the range of 78:22—63:27:(139:3). The optimal ratio for permeate
flow rate for each stage when using different ERIRs not consistent with previous findings.

20



410
411
412
413
414

415

416
417
418
419

420
421
422
423
424
425

426
427
428
429
430

Two-stage SWRO with PX is primarily focuses on sieeond stage and that with PT on the
first stage. Additionally, the optimal ratios footh number of PVs and permeate flow rate
were not 2:1, and two-stage SWRO with PT exhibitellies close to those of the general
ratio. However, the optimal ratio differs dependogthe ERD in use and SWRO recovery
rate.
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Fig. 8. Percentages for (a) number of PVs and (b) pernfeaterate. Only the percentages

of the first stage over those of the entire systeenillustrated.

3.4. Feasibility of two-stage SWRO systems

Although two-stage SWRO systems can distribute mfatges more evenly than single-stage
SWRO systems, they appear to not be advantagedesms of SEC for an overall SWRO
recovery rate under 50%. However, as the SEC vdtudsvo-stage and single-stage SWRO
systems were similar at a 50% recovery ré&ig.(5b), further investigation into SEC was
required to find the feasibility of two-stage SWR§stems at a recovery rate higher than
50%.

Two-stage SWRO systems were more energy-efficibah tsingle-stage SWRO systems
when the recovery rate is higher than 50%.Fig. 9, the SEC of single- and two-stage
SWRO systems was presented for a 30—70% recovery $agle-stage SWRO consumed
less energy compared to two-stage SWRO as discusged. 5b, but the SEC for single-

stage SWRO was not obtainable over a 50% recovatg. At that recovery rate, the
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hydraulic pressure cannot exceed the osmotic messis the rate of osmotic pressure
increase is higher than that of the hydraulic pressncrease [11]. Thus, only two-stage
SWRO systems can be utilized for producing fresbwat a recovery rate higher than 50%
(Fig. 9). Two-stage SWRO (PT) can be more energy-efficitaah two-stage SWRO (PX)
for a recovery rate greater than 50% dependindgiemtechanical efficiency of the PT. When
the efficiency of the PT is lower than that of #X%, a recovery rate of 90% can be assumed

instead of 95%, and two-stage SWRO with PT is fdador a recovery rate over 55%.

304
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Fig. 9. The SEC of staged SWRO in a wider recovery ratgedrom 30% to 70%. The red
dots indicate when the SWRO systems exceeded #igndeonstraints.

The trends in SEC for two-stage SWRO systems caexp&ined by the irreversibility of
pumps and the generation of mixing entropy. Withdssumption an ERD efficiency of 95%,
two-stage SWRO with PX was more energy-efficientewloperating at a recovery rate
below 50%, while that with PT exhibited a lower SBCa higher recovery rate. Initially,
HPPs in two-stage SWRO with PT require a highesguree than that with PX as more water
is produced in the first stage, which results greater generation of irreversible work in the
HPPs. In contrast, in two-stage SWRO with PX, diglaieed stream is mixed with the first-
stage concentrate (i.e., the mixing entropy is geed), and additional energy is required to
re-separate the feed into the permeate and coaten&t a typical SWRO recovery rate (<
50%), the effect of irreversible work is more sigrant, and two-stage SWRO with PX

consumed less energy than that with PT. In conteasthe feed is richer at a higher recovery
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rate, more energy is required to compensate foetimpic loss, resulting in a higher SEC
for two-stage SWRO with PX. Therefore, the bestigtesof two-stage SWRO differs

depending on the recovery rate as illustrate&im 10. In the feasible range, the ratio for
both permeate flow rates and number of PVs wasoappately 1:2 for two-stage SWRO

with PX and 2:1 for that with PT.
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Fig. 10. The application of optimal two-stage SWRO desi@@)swith PX at a 50% recovery
rate and (b) with PT at a 65% recovery r&e.feed flow rate Q,: permeate flow rateQ.:

concentrate flow ratéNpy: PV numbersY: overall SWRO recovery.

Although two-stage SWRO systems exhibit their fieidigy at high recovery rates, their
operational issues must be addressed. In partjdutgr water flux and hydraulic pressure are
major issues of the two-stage SWRO system. For-&®% recovery rate, only two-stage
SWRO with a PX exceeded the design constraint adeet high-flux of the front elements in
the first stage. This reflected that two-stage SWdd@ploying a PT distributes water fluxes
more evenly, particularly at high recovery ratescontrast, both two-stage SWRO systems
violated the water flux and hydraulic pressure t@mnsts at a recovery rate of over 65%, and
the performance of two-stage SWRO with PT is orfijamable at a recovery rate of 70%
under 100 bar of hydraulic pressure. For these scabmgh pressure-resistant SWRO
membranes and equipment should be installed taatgpdre system. Considering that several
SWRO desalination plants using two-stage SWRO aquéped with such equipment and are
operated with 71-90 bar depending on the recowagy {fable 1), two-stage SWRO can be
23



473  utilized and further optimized. However, scalingoldems can occur at high-recovery
474  operations over a rate of 60% [40].

475  The study results are summarizedTiable 3. Two-stage SWRO systems exhibited high
476  energy-efficiencies when operated at high recovatgs, and the types of ERDs used were
477  different depending on the target recovery ratee Wo-stage SWRO system with PX was
478  feasible at a high recovery rate, while that witha® an even higher recovery rate.

479  Table3.
480  Summary of staged SWRO configurations

Type of stage Single-stage Two-stage (PX) Two-s(Rde

Recommended

recovery [%] <50 50-55 55-70

Ratio of permeate 32:68 =8:17~ 1.2 66:34=33:17~ 2:1

N/A

flow rate [-] (at 50% recovery rate)(at 65% recovery rate)
Ratio of number of N/A 36:64 = 9:16~ 1:2 68:32=17:8= 2:1
PVs [-] (at 50% recovery rate)(at 65% recovery rate)
Advantage(s) *Simple design <High recovery rate «High recovery rate
*Low cost e Low water flux for e Uniform water flux
front elements at the for both stages (only
first stage (only for  for high recovery
moderate recovery  rate)
rate)
Disadvantage(s) *Low recovery eEasy violation of * High-pressure
rate design constraints operation (< 100
* Biased flux bar)
distribution

481
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4. Conclusions

Current two-stage SWRO plants face high energy wopson and operational issues,
making the two-stage configuration not preferred $&RO. In contrast, superior energy
efficiency of two-stage SWRO compared to that ohghk-stage SWRO has been
fundamentally demonstrated in recent studies, drogi the possibility of the further
application of two-stage SWRO. However, the anayseere obtained using simple
thermodynamic models, and the comparison of st&®&O was skewed. Thus, this study
explored the applicability of a two-stage SWRO sgsin terms of SEC while considering its

practical design aspects. The main findings ofshisly are as follows:

® Two-stage SWRO consumed less energy than singie-88&/RO when more PVs (i.e.,
membrane modules) were employed. However, two-sta@éRO always exhibited
greater energy consumption than that of singlees&yRO for a typical SWRO recovery
rate when the same number of PVs was applied.

® The permeate quality of single- and two-stage SWR similar when the number of
PVs was the same, as permeate quality is affegtedydrage water flux. In contrast, two-
stage SWRO effectively distributed water fluxes panmed to single-stage SWRO in spite

of both exhibiting the same average water flux.

® The optimal design ratio for the number of PVs dach stage varied depending on the
system configurations and operating conditions.(eegovery). The 1:2 ratio was more
appropriate for two-stage SWRO with a PX, while:&a €atio was maintained for that
with a PT. The ratio of permeate flow rate for eatdge was similarly 1:2 and 2:1 for

two-stage SWRO with a PX and PT, respectively.

® The employment of two-stage SWRO can be advantagabhigh recovery rate of over
50%. Two-stage SWRO with a PX was suitable for a5506 recovery rate, while that

with a PT was a more suitable configuration fobaB% recovery rate.

It is expected that two-stage SWRO will be adomed installed in plants that require a
high-recovery operation. Additionally, as two-sta@VRO can distribute water flux
effectively without violating design constraints,can be implemented in plants with water-

flux distribution problems including fouling propsty. Moreover, using the suggested
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optimal design ratios, conventional two-stage SWdeGigns can be retrofitted and improved.
Our study provides a fundamental basis for the abeenergy-efficient staging RO
configurations and practical guidelines for theimpation of two-stage SWRO systems

under various operating conditions.
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Appendix A. Permeate quality of each stage

In two-stage SWRO, each stage produces permeake anvdifferent quality as quality is
significantly affected by water flux. When two-sea§WRO was equipped with a PX, the
average water flux for the first and second stages similar, and the permeate quality from
them was also similar. In contrast, two-stage SWKRM a PT was operated with a high
water flux for the first stage and a low one foe $econd stage, which resulted in an uneven
permeate quality between the stages. The firsegtagduced high-quality permeate, and the
second stage produced low-quality permeate. A taageount of permeate was produced
from the first stage, which can improve the permeaptality of the second stage when they
are mixed. Although each stage produced permedtediferent concentrations, the mixed
permeate from two-stage SWROs exhibited a quahtyla to that of single-stage SWRO, as

the average water flux of the system was maintained
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