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Abstract

Nowadays, reverse osmosis technology accounts for over 70% of global water

desalination capacity. However, no well-defined criterion currently exists for selecting
the number of membrane elements within pressure vessels in RO configuration design.
Since this design variable directly affects system performance and associated costs,
determining the optimal PV length remains a challenging task. This study investigated
the effect of PV length on the techno-economic performance of brackish water reverse
osmosis systems used for the reuse of pretreated wastewater with a total dissolved solids
concentration equivalent to 2000 mg/L NaCl. Accordingly, two design scenarios with
permeate capacities of 18 and 155 m*h were evaluated, considering configurations
containing 4 to 8 membrane elements per PV. The hydraulic and mass-transfer
performance of the systems was simulated using DuPont WAVE software. The systems
were assessed using seven key indicators, including hydraulic behavior, maximum
recovery, permeate quality, specific energy consumption, capital expenditure, operating
expenditure, and levelized cost of water. Increasing PV length enhanced the maximum
achievable system recovery. In both scenarios, salt rejection exceeded 98%, while
recovery was the primary factor determining permeate quality. Feed pressure and SEC
exhibited nonlinear relationships with recovery and PV length. At high recovery levels,
hydraulic balance and permeate backpressure had a greater influence on energy
consumption than pressure drop. Accordingly, the 8-element configuration at the small
scale and the 6-element configuration at the large scale provided the best compromise
among feed pressure, pressure drop, and energy consumption. From an economic
perspective, increasing the PV length increased CAPEX by 7% and 3.5% in the small
and large-scale scenarios, respectively. Nevertheless, increasing the PV length and
recovery reduced OPEX. The minimum LCOW values were 0.1309 $/m? for the 8-
element configuration at 80% recovery in the small-scale scenario and 0.1100 $/m? for
the 6-element configuration at 75% recovery in the large-scale scenario. These results
indicate that in large-scale projects, selecting more balanced PV lengths, such as the 6-
element configuration, provides a superior techno-economic trade-off compared to longer
alternatives, whereas in small-scale systems, the 8-element configuration serves as a
justifiable option to achieve the minimum water production cost.
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1. Introduction

Reverse osmosis! dominates global water
desalination, accounting for over 70% of installed
capacity (Feria-Diaz et al., 2021). It is vital in arid
regions like Iran, where reliance on brackish
groundwater desalination for drinking, agriculture,
and industry is critical (Madani, 2014). In standard
RO systems, pretreated feedwater enters pressure
vessels? housing 1-8 membrane elements in series.
While extensive research has optimized
configurations, membrane  selection, and
renewable energy integration (Tabi et al., 2024),
the number of elements per PV-a key design
variable affecting hydraulic performance, energy
use, and costs—remains understudied. Historically,
6-element PVs were favored due to engineering
norms, market availability, and spare-part
accessibility (AWWA., 2007).

However, to lower energy and capital costs,
seawater RO> systems have transitioned toward
single-stage configurations with 7 or 8-element
PVs to achieve 40% to 50% recovery (Wilf and
Bartels, 2005). For example, Cyprus’s Larnaca
plant reduced PV count by 34% using 8-clement
vessels. Early concerns about uneven flux
distribution and fouling were alleviated by
operational successes in Ashkelon and Tampa,
which demonstrated improved fouling resistance
via higher cross-flow velocity (Pefate and Garcia-
Rodriguez, 2012). Despite advancements in
SWRO, brackish water RO* systems lack
systematic PV-length optimization studies for full-
scale applications. Prior BWRO research focused
narrowly on 1-4 elements per PV, analyzing
isolated technical or economic parameters
(Ghourejili et al., 2024a, Ghourejili et al., 2024b).
No comprehensive framework evaluates PV
length’s simultaneous impact on hydraulic
performance, recovery limits, permeate quality,
specific energy consumption’, capital
expenditure®, operating costs’, and the levelized
cost of water®. This study addresses this gap by
presenting a techno-economic optimization
framework for industrial BWRO systems using 4
to 8-element PVs in wastewater reuse. Rather than
introducing new theoretical principles, it combines
hydraulic and mass-transfer simulations with
economic analysis to provide actionable
engineering guidance.

! Reverse Osmosis (RO)

2 Pressure Vessel (PVs)

3 Seawater RO (SWRO)

4 Brackish Water RO (BWRO)

3 Specific Energy Consumption (SEC)
6 Capital Expenditure (CAPEX)
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2. Methodology

The system treats pretreated brackish wastewater
with 2,000 mg/L NaCl salinity, 25°C temperature,
and pH=7. Simplified water chemistry isolates the
impact of membrane elements per PV. Feedwater
undergoes full pretreatment (physical, chemical,
biological), ensuring fouling indicators meet RO
limits. Pretreatment costs, identical across
configurations, are excluded from economic
analysis. Two capacity scenarios were analyzed: a)
Scenario 1 with a permeate capacity of 18 m*h,
utilizing configurations of 4, 6 and 8§ elements per
PV; b) Scenario 2 with a permeate capacity of 155
m?/h, utilizing configurations of 5, 6, and 7
elements per PV.

The commercial FilmTec™ BW30 PRO-
400/34 membrane from DuPont was selected. To
achieve elevated recovery rates, a two-stage
configuration was implemented. The total number
of elements was calculated using the target
permeate capacity and a conservative design flux
(20 L/m>h) to limit fouling. Based on the
membrane active surface area of 37 m? 24
elements for Scenario 1 (18 m3h) and 210
elements for Scenario 2 (155 m3/h) were
determined. Simulations were executed using
DuPont WAVE software (V1.83.016) based on the
Solution-Diffusion model, incorporating a
membrane flow factor of 0.85. Hydraulic balance
was maintained via first-stage permeate back-
pressure. SEC was calculated using flow rates and
operating pressures from feed/high-pressure
pumps. Pump efficiency was validated against
LEO catalog performance curves.

Economic analysis focused on PV-length-
affected components: membranes, pressure
vessels, pumps, piping, skids, Cleaning in Place’
packages, chemical dosing, and electrical/control
systems). Costs were based on 1405 Iranian
calendar supplier quotes (1,750,000 IRR/USD)
and annualized over 5 years (23% interest) using a
0.3567 capital recovery factor'®. Operating costs
assumed 90% plant availability (7,920 hours/year)
and included: electricity (0.02 kWh), chemicals
(antiscalant dosing of 5 g/m? at 2 $/L. and Sodium
Metabisulfite!! dosing of 3 g/m® at 1 $/kg), labor
(300 $/month per operator), and maintenance and
repair (4% of total installed equipment). The
LCOW was calculated by dividing annualized
CAPEX + OPEX by annual permeate production
(m3/year).

7 Operating Costs (OPCO)

8 Levelized Cost of Water (LCOW)
9 Cleaning in Place (CIP)

10 Capital Recovery Factor (CRF)
T Sodium Metabisulfite (SMBS)
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3. Discussion and results and PV length (Fig. 2), governed by a critical
3.1. Maximum achievable recovery thermodynamic trade-off between friction-induced
System recovery is constrained by element-level feed-channel  pressure drops and the non-
limits: maximum element recovery (13%) and productive load of permeate back-pressure.
minimum concentrate flow (Qcmin=4.09 m3/h), While increasing PV length inherently
which prevent concentration polarization and escalates frictional resistance along the flow
scaling. As fluid passes through a PV, permeate channel, it simultaneously mitigates severe stage-
extraction increases salt concentration and reduces to-stage hydraulic imbalances, thereby drastically
feed flow in downstream elements. In small-scale reducing the need for stabilizing permeate back-
systems (Scenario 1), low feed flow causes longer pressure, which acts as a parasitic thermodynamic
PVs (e.g., 8-element) to reach Qcmin faster, load directly inflating feed  pressure.
limiting system. recovery compared to larger Consequently, in scenario 1 the S8-clement
systems (Scenario 2). Thus, small-scale systems f t t 75% recovery minimizes SEC to
have reduced safety margins with long PVs under contiguration 3a o recovety .
high-recovery targets. Although 6-8-element 0.722 kWh/m’ by reducing the requ1r.ed perme.:ate
configurations simulate 75-80%  recovery, back—pressqre t0 0.7 bar. Conversely, in scenario 2
sustainable  operation  requires  balancing where flexible staging allows closer alignment
feed/concentrate flow, back-pressure, and element with ideal staging ratios, the 6-clement
limits-proving no universal PV length suits all configuration achieves the thermodynamic
BWRO scales. optimum with an SEC of 0.747 kWh/m? at 70%

recovery, whereas further expansion to 7 elements
3.2. Permeate quality yields diminishing energetic returns as the
Across all configurations, permeate total dissolved incremental frictional pressure drop along the
solids' ranged from 23.9 to 39 ppm, corresponding extended feed pathway outweighs any marginal
to system salt rejections between 98.05% and back-pressure reduction. This demonstrates that
98.81%. Impoﬂantly, permeate TDS is dominated extending PV length only enhances energetic
almost entirely by system recovery rather than efficiency when the reduction in parasitic back-
vessel length. An increase in recovery concentrates pressure loads exceeds the penalty of channel
the bulk solution, raising osmotic pressure and friction
reducing the net driving pressure, which '
selectively increases salt passage over water flux. . .
At equivalent recoveries, PV length variations did 3.5. Economic analysis
not significantly affect permeate quality. Refer to Fig. 3, the comprehensive life-cycle

economic assessment of BWRO systems reveals a
3.3. System hydraulics and staging scale-dependent, non-linear relationship between
mismatch PV length, system recovery, and final cost
The staging ratio governs hydraulic balance indicators. CAPEX exhibits a dualistic behavior
between stages. Small-scale plants often use across the two c?lpacity scales: in smjclll—scale
integer-based configurations due to physical operations (Scenario 1), total CA.P.EX. varies from
constraints, deviating from ideal thermodynamic 24,960 $ to 26,789 §, where transitioning to longer
ratios. This mismatch causes severe imbalances, PVs increases capital costs by up to 7% due to the
requiring high permeate back-pressures (up to 4.5 structural cost dominance of the skid and vessel
bar in Scenario 1) to prevent over-recovery in the housing.s. Conversely, in large-scale plants
first stage. This non-productive load increases feed (Scenario 2) CAPEX ranges from 210,943 §$ to
pump pressure requirements. Large-scale systems 218,143 §, fluctuating by .only 3.5%' because
(Scenario 2), with more vessels, align closer to membrane. element expenditures dpmmate .the
ideal ratios, requiring lower back-pressures for budget while skids and vessels constitute a minor
stable hydraulics and reduced feed pressures at capital fraction. OPEX is primarily governed by
equivalent recoveries (see Fig. 1). feed flow reductions and subsequent chemical

savings at elevated recoveries, though it remains
3.4. SEC tightly and non-linearly coupled with SEC trends.
The SEC of BWRO systems exhibits a highly non- h?teg?ating thf:se': financial vectors into the LCOW
linear, scale-dependent relationship with recovery highlights a distinct scale-dependent decoupling:
! Total Dissolved Solids (TDS)
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Fig. 1. Variation of feed pressure and permeate back-pressure with recovery
and PV length in BWRO systems
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Fig. 3. Variation of CAPEX and OPEX with recovery and PV length in BWRO systems

for small-scale applications, the 8-element
configuration at 80% recovery achieves the global
economic optimum with a minimum LCOW of
0.1309 $/m?, where the operational savings from
reduced feed flow and chemical consumption
successfully offset the slightly elevated annualized
CAPEX. In contrast, large-scale systems find their
thermodynamic and economic optimum utilizing a
balanced 6-element PV design at 75% recovery,
minimizing LCOW to 0.1100 $/m?.

4. Conclusions

The techno-economic optimization of PV length in
BWRO systems is fundamentally scale-dependent,
rejecting the traditional generalizability of a
singular, default 6-element vessel heuristic across
all capacity scales. Detailed hydraulic simulations

Water and Wastewater

and life-cycle costing assessments reveal that for
small-scale operations (18 m?h), an 8-element
configuration operating at 80% recovery
represents the global economic optimum, yielding
aminimum LCOW of $0.1309/m?. Conversely, for
large-scale plants (155 m3/h), a more balanced 6-
element configuration operating at 75% recovery
provides the superior technical and economic
compromise, minimizing the LCOW to
0.1100$/m?. While extending PV length generally
facilitates higher system recoveries, sustainable
and energy-efficient operation is ultimately
governed by a scale-dependent equilibrium
between channel friction, capital amortization, and
the parasitic thermodynamic load of permeate
back-pressure.

106

Vol. 37, No. 1, 2026

y)’\.blé_gg.j 0
VY0 JLw.\ UL«Z.\"V 099



VoV -IYF tamiuo o) o ylols (Y'Y 090 (ML g uT @

S cod Ui s slid SOl M (galaidl- S8 (S lwdiug
Soh 5y SRSl p lde J1i gk joml Sladilols

Y N %
oo sbe o (5ks ol gt

u|)._|_| Wl cu)L:f olKils 53 ‘51._1)\) ‘SJ ddg> odg.usk ‘C«..i)h.:;u 9 ui (swige o,)f c)L_i_olL.u‘ -\
shahram.niazi@guilan.ac.ir (Jgtuwe eaiwsss)

https://doi.org/10.22093/wwj.2026.594859.3569 gt dlio

0
315 Lot woSze jows! (5,908 41 e 50 G (1050 (s lg Cud b wo 3 Ve 51 i 839 50!

fMlS slaojly
dgpg Ui Codi e 3 Wgylodl Slaad B! 1y saseiio sl RO sladibob a1,k 5 Jlacpll

Julxi BWRO PV Jsb ’ : -
SEC gotasl s | PV 4 Jsb et 0,185 0 31 o lotiz 5 ol 3,8las 5 lonbians yeita (! &5l 3,15
OPEX .CAPEX | @&l olaidl- 28 3,Ses 53 PV Jgb 5 o)y Gig3y coal B camsl 5501550l ¢y Uzeon

LCOW 95 yoldin (pyy g9 Voo e mg/L NaCl (gols 0uud dudaai (yiy Oy (5150 03Lk] 3590 yauicd O RO
3,Shos 5ad oty 2 PV 52 53 GLIA B F sl sais S 9900 m¥/h 5 VA Cud )b b oyl (g9l

@by Nl gilwanas DuPont WAVE jl3810 5 5l odliw! b Liaible o, JES 5 SJdg,am

@329 53551 B pan oy CpdS (il S ((Sgpie U3, Sl (ad L i 4l Lallw

FS1s PV Jsb (5110 ol Cuo p f oy i a3 9 (Flbos cadgl g IS o pon (glaaty 32

B8 e ol Jole (b5l 9 053 AN 51 Gl S @83 92 5Lww 93 52 53 .28 138 s (251

Sl 53 WRIB PV Jsb g (a5l ) Cunds (s pud (5,13, SEC 9 STys8 )L 59 oy CoseS

Ol g oidg Y (6550 By jLiS COI I Gl Sy wgSae jLES 9 (Sulgyae Jol VL

Obe 1y (9l (2 i ALl & (guis ) o555 il 43 9 AT A (s Sy (S8 (ol 4 o]

W lw 3 PV Jgb  Wiol38l olaidl jlaio 51 .050,5 sloul (655! B pao g ,Lid Cd (ST ,Lid

b g PV sk (al58 092 90nl b b g0 3 W10 9V (hal 33 crgo 5 4 (oS 32 9 SagS

A bbb SWIA (G305 (1 olieSasS (592,0m 3 LCOW (35505 .05 OPEX ials Cely

$m® o, YO bbb Sl £ 60 Sy (6l wbieS s 3 Syt 13 9 +/IT+ §/ mP oy
VERENTIE il LBl b 533k Gl 5 Wilo PV 5 )5l g sb el o5y 31 gWoja s 5 ool Cuwdds «/VY o o
lanss Sl A (oS SBags (Waejen 53 S I3 yls Fully (a3 4 o (55wl

Sl Wgi 3 () gheS A aliuwd (5l

AEXYJAVAR :CBLpl

VECO/Y/N s i 5y

a5 ko il g oSl (sl 095 o820 5
2sS ooliiul )T &0

1w lo i PIASl 5 g0 4 dlio cpl 4 El o (Sl p
QLD G ) o (ks Ledl Blaas (guladBl- (55 (gilwaiagr V F- 0 “E (Se>w o (83
VY=V Y S (OVDYY . oldl g ol L (gaiu S GBSl y sl y51 1w Sae Jew! (SBLobw
https://doi.org/10.22093/wwj.2026.594859.3569

© The Author(s).
This work is licensed under a Creative Commons Attribution 4.0 International License



mailto:shahram.niazi@guilan.ac.ir
https://doi.org/10.22093/wwj.2026.594859.3569
https://doi.org/10.22093/wwj.2026.594859.3569
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

dx.doi.org/10.22093/wwj.2026.594859.3569

vy laé slagiled) slass (golazil 18 (55lwatge

.(Werber et al., 2017, Warsinger et al., 2018, Niazi, 2023,
Niazi and Karegar Ghavibazoo Jalali, 2024, Niazi and

slass 5 egde ‘me\L} Karegar Ghavibazoo Jalali, 2025)

2 Sl gan Sy 5 635 ol pe Lts g ol
i Lol slams ol S 15 o 55 g0 ey Slalllan
o2l 13 el on et @ (2 b oo sl e 51 (S0 5PV s
LS (5551 B man Lt S8l 5L 5 il e e
S A Gl (gl e 5 (518G Lo o gladty 52 5 s 55 ]
il
5IMSDesign s WAVE 15l siai ju3 (sl 15800 5 = S
as o g bl gl gazap s sboslnl (b LSSy
Lol xS o 3 o Lall IS shass 5 (oo sl > b L
L bl 8 PV ool b e Jpars 455 o 0 st
IS slass o ol 5 03,8 Slasl o1k sl 6580 ol e
31 e sl ) (AAWWA, 2007) S s 4lna |, WPV
ol s Jshaze 658G sl g 50 S T
ol lakas als s Cdge w6l 5 5L Gy 5 53525
s 5 oty WPV 3RO (slaplll oz o 32 S bl
Ol g 5 Son wﬁﬁsr—w—w Uk a—e s Sl
5 Sl slaan e s lalas (K85 o5 g5 50 B e
(Ghourejili et al., 2024b, <.l 138 31 adyl 5,180l

ey 2| Ghourejili et al., 2022, Ghourejili et al., 2024a)
S 53l (230 oSS LT 655 e sulS
Sl aizgy sy 35 Wly o ol b Laalp5 5 baliie ol s

S 4 22l s OTRO slasibels slaasy 3o 5 (531 G ean
Sl o Sl # GLPV b (gl nss slasan Sy
(Wilf and 0 PV o 55 ol gmin slas b lds 0SS
Y 5PV ISWRO slausly 5l 6 e o35 4| Bartels, 2005)
Soanls 50 e sslizad as,s FO B F+ LL5L L GUl
Cows o b aosn 00 bsk ¢ WA WPV L S5
m¥/day <o b b uud s SU,Y SWRO wble ulasily

J‘Jﬁeﬁb‘jwﬁd}:ﬁOi‘ubuduﬁyﬁj\‘af"‘

4 Capital Expenditure (CAPEX)
3 Seawater RO (SWRO)

Water and Wastewater

Vol. 37, No. 1, 2026

doddo —
Sl 53K a5 S ) e sSan el (55l
Slame s Ve sgas S sbar ol ol 53 b O 55550
sl pl 4 ol plssSe gbasly s aicd b
Jds 4 ol ) s (Feria-Diaz et al., 2021) 5,15 ol 225l

Gl 5 (liaas isu o e O LR JORYFEN

ol 3l s 3 b o8 5 g iliS e o

anlj s (Madani, 2014) 555 e ol 5 s 3 o0
G 5 h—ai iy Jol e 5l e S 0l RO Jshaze
THlsd S o3l 0303 4 8L ooy b 5 bt sl
lize SRO Slils o355 o Culis ulid badssb g5l
L sslse slogiall 3lwas (olb conn 5 Sups s b
i GLTA B Y o5 o 035 48 555 o0 LS5 PV (6
o) 2l s Shes .(DuPont, 2022) 15,5 0 13 (5w & g0t
b T oS s i aaame glo ine il s Loalal

xS 5 sl aoss il gy e Jsb i Oun Con (0
.(Tabi et al., 2024, Qasim et al., 2019) s,0s ;13 bJs3l
6:\.4.“5\ 9 6‘3 6)'\-"‘"‘-:-:6-.’ dny S (5\::;;...5 Sladlas QJ;SL?
Sgeg p Oladlas cpl 51 i ool rbgl RO sbeslla
Jolieslans 5 gun Ko (g5loaig Go b Sl el 85 Shee
.(Lin and Elimelech, 2015, Kotb et wlaz_als 33 o5 anl
53 Lt Gilosa il 51 s sslizad A6 K5 5 al. 216)
aold s Ses 5 1RO wlalw Ssline J>l e 5 L PV G

.(Jeong et al., 2017, Pefiate and Garcia- sShs S ) »
do g e tags 3l galass (umes Rodriguez, 2011)
6551 G LS 5 5t il st s oo,
I PURVRVRES S S It @u sheslal @ b SIRO slaall

.(Bacha et al., x5 5 55 020 o oo S 5 Gady 55 555
2023b, Bacha et al., 2023a)

g DI SIRO w3 g S et o3 slad L s
3,See 35 sl gl Olseas 0 sl e smaad @

C»—w‘&;J\ﬁQi})}d&‘}}&du»‘jdﬁuﬁ‘j‘;

! Reverse Osmosis (RO)
2 Pressure Vessel (PV)
3 Operating Expenditure (OPEX)

Q

\Y'OJL».\ J)l.o—i.“v:)j:



|

A

dx.doi.org/10.22093/wwj.2026.594859.3569

e e 5 g3l plieed

.(Wilf and Bartels, 2005 ) s 3 0
» LRO Glle gun Sy A6 oL Shexoo s (o
5553 STRO loslaba slaal b (S 5 63,5 G

=PV s olad gagldlslass 5555 55,3 LSWRO
s U olagan S o sls olis s ol sloasl s S
G e a8 4 xte 55 o 5o oLl min sl 5 PV 28
SWRO baalals 538558 50w S (21 55000 5 (5350
ol Sog ol S WA 5 Y lgun Sy bl mb
635 2o 5 (S gsue s Sas s o sn il gl
ot sl Gobs S w530 (bt b sl o (3 0
BWRO (a3 a5 sty otz 208 slaplall LPV

S § 542 3,8 PV o 0 GLIT LY 44 jemme slaailolis 55

(Ghourejili etal., w5 oLas sllgs b SLICS gl 2al,T 4
2024a)

Gl U 4z 8 S amse L Rags atn
Sds a8 3,Sles sCAPEX PV a5 slié claplll slaws
Slallas bl el 505 a2 5350 5 SWRO slaslale s
SU 5 5500 sl olizes BWRO basbole (ol wlito
S8 e s bagan S Jos oty Sl ol
Soasls 5l s L 5 wlasls S, PV e s oWl F b
3 SHar 2 (g5 Grae asle galadl 5 o5 Slee
b3S U5, 1, BWRO sbabls OPEX

@l ol shass 31 olsen 5 aieplls ) 5 00 586
Sk, Jold s Slas gulS gl slrs Sl (slas gozs PV o s
(S35 Gran oy 2SS ol aoss (S
sbable 53 an O woly w5 <38 s CAPEX (OPEX
23 o sh Slidss OIS -l Ll sads rl;gi 20 BWRO
G RO coalal 3l ghansl5h ,sba & ol asle ol 58
slisl s G 5 e ol G2k s wia
Aol onl bl Aol Bt cul Sl (63l Comal i o
S $3lanS 5 e 53 b x5 Jol S w55 0
2ol gy Cuenl FlLb Gluigs sl S s (53,08 divs

2 Levelized Cost of Water (LCOW)

Water and Wastewater

Vol. 37, No. 1, 2026

.(Pefiate and Garcia-Rodriguez, 2012, »4 <lWJIA il 5

Bartels et al., 2008)
A PV sleoslal LS olas Cla..a 05 ogolazdl b 5l
do YY1, 5 50 o3 slaws Gl F PV & s LI

uii‘j lazl 45 4z 81 .(Wilf and Bartels, 2005) a»s o0 2alS
gl el e @)33 Jls] J.:Jaqdu\/\ sld> 0SS
gLl 00 PV olal slapldl s L;'"JJfJ‘b el 59!

Gl 053 g Sy 5hemT el s el 5 sl sl
bty 5ol (b e s comriapen sl 2eS wlie 5L
OS] 5 ol e sl Ll SLLY s SWIIA L SWRO S5,
P T PP YK RS P JET eUe R EC JOR AL

.(Pefiate and Garcia-Rodriguez, 2012)

65debw‘—&4a]%&):0}i{@}&%5x
23 el bapldl slass oss 1o ISl oSy s 0T wsly
S sls olis @Lb' 3555 o3 2 SWRO slasbelss ;5 1,PV »
sl falS L PV » s A 4 f 5l gl slaas 58
sz il Susba e a8 e 5 LU by
Ve /YA S YE/5Y Co el 58 Glbgun S woa s
Oy g jlad il il el sl GLPV 4 ST s s s
Lglab — ps2d 0 505 Sz Rl cul s 655
4 g Sy 4S8l Ot—':'-’CiL:-’ SL0s comen 30
I (5)\.’\§4€‘LAJ_~¢ (5\.»4.:.“-5.&",:.3&: J_.AJAV/‘\/\ "'."336" PN
Ol o SRl L suil GLPV 8 ks 5laes alS
G2 5PV b s olsl mss oo SLSpS ((—
asls prelSTl, Lse K8 8 il shale gk
.(Brusilovsky and Faigon, 2005)

Gl gboamly Sl el Jobs S 560G 5 il

Slle slagaz Sy s5lai 5 5550 2Lk iy Sl
o 4 b S ois & wisls olis gl s S &1,
x50 PV o s slid GLIA LY L sl S sla 2yl

! Brackish Water RO (BWRO)

VY0 JL».».\ :)Lo.f}."\/ 099

Q



dx.doi.org/10.22093/wwj.2026.594859.3569

ey ‘:_L..; L;LmQLJI Slass doLa:jLu.'é LS)LJL.:.QJ

AS(Y ppm | zS3TOC )+ ppm ;5 S 2COD) Lj W
(SDI<¥)"sY 5 JS J&x asla 5 (/) ppm 5l zeS) 515
s Lt ol b g oa 3 0lo oy gue S0 s
e le 02 gume S5l 2L s Ol adeai i anl 8l ol
b g2 sl o (sl 0 3o 5 a8 4 S ks 5RO slasun S
5ol GB 2k 8 S ot v e bl B
FilmTec™ BW30 s slié icwlin K& Bl
Lie 26 Olasin .ui olbksi DuPont &S5 PRO-400/34
Gillae (g 55 Con (9 5 Sad s oLl S5 mhas dla
o B g 5ladue o () Uspaz) Lk snssle 35 (glonsls

3> PV s olsd slegldlslans 31 ) skt
BWRO 6l (sl (5 51,b) 1t il o b 630, l
laan Sy Jold \AmM/h Cos a5 b B L gl o5
Gl (35 3oki) 5PV o 5o oLtz LA 55§
Qp =100 m/h sy a2 B L (sld> 095 BWRO
PV o s Lt oLV 5% 0 glosun Sy ol

g oad blid g S CaaS Lyl ol
R TE I WIT R ESvIn L PS-Riy OIS IR XU
o sanltie sl slis gl it b3l olSs (g5l
o gl sl oss o B o olal 5 26 s jasls 5
A eals Cens 3oy g0 Jlidod 3 LBlie slass 9 PV

Con gy 523 ool ewlols o s 5Lis 50 ol JS sluws
boad ad S ki s 2ok i s Lie o Jlb e i sud 5
0 e ) dslne 3l oslizad

Q
Ne = G ()

ol s &S
0o 5 b El (Lithn2h) o1k JLsFp 5 (m2) Led Jlus
JJS.SQLE"%}J‘)}"C%S‘LJLL :.UJLuaJ_.Zdz_.aj 23

3 Total Organic Carbon (TOC)
4 Silt Density Index (SDI)

Water and Wastewater

Vol. 37, No. 1, 2026

¥l eles glaoldlslass s 31 2essy cnl i paiia ) sbe
UBWRO lalele s 55 ki 53 55 ,PV a 5506 A L
NaCl L s sbo sals =Sl IS Sl 6Tl ST 55 Loy
o b al g (a2 Sy Sl ol 55,5 ey » Yo e mg/L
ol ol gslasl 5 Sdysum gbiassame 5 slibls
CorSpradl gloial, S olsiea wil e Srasy slbeadl
S35 53 PV s el calis shams sl (gl o1k
5 5 o3kl 4l

T P R VP R S TS I
Just - SJsoue 335 s3ledae Gaib e $Speess
e 53 OPEX 5 CAPEX Juls s solr ol Lo o>
SLa Sy e alie O Cply al g e
Slool slrgy 5 1S n ool b galasl 5 (5 e 51 1 il
52 o2l BB 5 gl 4wl s G lls (5 pdyerens
6 Liass ool embol ol o wmse a1 adly ok
L ko5l 213 RO slously (Hb sl oo DL
Sl g es Sz 4 se 5 (25 Shes Ol 65150 03,5 (155,
Pl G2l gla,ls s Lid plag Jsle bl
5 S

o5 AT
45)).') é.ﬂ.'_.é u,.;l.:.in BL BWRO GLAL.» “S‘.'. ﬁA&lLE.A)))A GLAL..:
ARTDS Lo s adal iy 5 sid Ol o385
i b Y JslaspH 5 Y0 °C gles Y+« + mg/L NaCl L
Sl sl 1 U5 5505 5 S ol o058
BYgn r\:‘d\djl.o\_w bl g 285 Sles 4PV » 5 olis
axly s 5l iy St ol Sad (28 ey o)
D8 s 3 9 e (S5 sl ddal iy Cxi RO
SB35 SB S 5 30 slopasls Sgpmia sl @ S
JIBRO slie 51 6 ls pene sl b Jalb osgomes jo Lt

! Total Dissolved Solids (TDS)
2 Chemical Oxygen Demand (COD)

y)’\..blé;;‘j O
A
VE 0 Jlo ) osled XY oy =



(BB

dx.doi.org/10.22093/wwj.2026.594859.3569

e e 5 g3l plieed

(DuPont, 2022) i3 ol 5o eslizuls ;50 RO glie 26 Olasia -V Joda
Table 1. Technical specifications of the RO membrane used in this study (DuPont, 2022)

Active Feed spacer Permeate Min. salt o Z/f*z)t(i.n Max. feed ellc\a/[nz:i;lt
membrane thickness flowrate rejection pli'essureg flowrate recovery
2 c 3 o 3
area (m?) (mil) (m°/d) (%) (bar) (m°/h) (%)
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Table 2. Simulated performance of BWRO systems across two design scenarios

Scenario 1 (Q permeate= 18 m’/h)

PV length 4-clement 6-clement 8-element
Recovery, Y (%) 55 60 64 65 70 71.5 70 75 80
Staging ratio, R (ideal) 149 158 1.67 169 182 187 1.82 2 2.23
No. of PVs in stage 1 4 4 4 3 3 3 2 2 2
No. of PVs in stage 2 2 2 2 1 1 1 1 1 1
Permeate TDS (ppm) 23.9 25 26 273 287 292 305 342 39
Permeate conductivity (uS/cm) 51 53 56 58 61 62 65 73 83
Salt rejection (%) 98.81 98.75 98.70 98.64 98.57 98.54 9848 9829 98.05
Salt passage (%) 120 125 130 137 144 146 153 1.71 1.95
SEC (kWh/m?) 0.808 0.818 0.825 0.764 0.815 0.841 0.744 0.722 0.74
Feed pressure (barg) 10 11.5 125 116 13.6 14.1 122 126 13.7
Feed flow of PVs in stage 1 (m?/h) 8.2 7.5 7 9.2 8.6 8.4 12.9 12 11.2
Pressure drop in stage 1 (bar) 0.4 0.4 0.3 0.7 0.6 0.6 1.5 1.3 1.1
Feed flow of PVs in stage 2 (m?/h) 9.9 9 8.4 134 124 121 12 10.3 9.1
Pressure drop in stage 2 (bar) 0.7 0.5 0.5 1.5 1.2 1.1 1.6 1.2 0.9
Total pressure drop (bar) 1.1 0.9 0.8 2.2 1.8 1.7 3.1 2.5 2
Permeate back pressure (bar) at stage 1 0.2 2.3 3.8 1.3 3.8 4.5 0.3 0.7 2
Limitation for higher recovery Wegmes: Yemax 9 Qcmin Yomm
Scenario 2 (Q permeate= 155 m*/h)

PV length 5-element 6-element 7-element
Recovery, Y (%) 60 65 70 65 70 75 70 75 79
Staging ratio, R (ideal) 1.58 1.69 182 169 182 2 1.82 2 2.18
No. of PVs in stage 1 26 26 27 22 23 23 19 20 20
No. of PVs in stage 2 16 16 15 13 12 12 11 10 10
Permeate TDS (ppm) 26 283 299 282 308 332 312 345 373
Permeate conductivity (uS/cm) 55 60 64 60 66 71 66 73 79
Salt rejection (%) 98.70 98.59 98.51 98.59 98.46 98.34 98.44 9828 98.14
Salt passage (%) 1.30 142 150 141 154 166 156 1.73 1.87
SEC (kWh/m?®) 0.81 0.738 0.794 0.761 0.747 0.786 0.755 0.754 0.792
Feed pressure (barg) 103 104 12.1 10.7 113 128 114 122 13.6
Feed flow of PVs in stage 1 (m3/h) 9.9 9.2 8.2 10.8 9.6 8.9 11.7 103 9.8
Pressure drop in stage 1 (bar) 0.7 0.6 0.5 0.9 0.7 0.7 1.1 0.9 0.8
Feed flow of PVs in stage 2 (m?/h) 9.4 8.1 8 9.8 9 8.4 9.8 9.1 8.6
Pressure drop in stage 2 (bar) 0.7 0.5 0.5 0.9 0.7 0.6 1 0.8 0.7
Total pressure drop (bar) 1.4 1.1 1 1.8 1.4 1.3 2.1 1.7 1.5
Permeate back pressure (bar) at stage 1 0 0 2.5 0 0.7 2.8 0 1.1 2.9
Limitation for higher recovery Qc;min 9Y emax Qc,min 5 Ye,max N
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Fig. 1. Effect of recovery and PV length on permeate TDS in BWRO systems
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Fig. 2. Variation of system hydraulic parameters with recovery and PV length in BWRO systems: (a,b) feed flow rate in
the PVs; (c,d) stage pressure drop; (e,f) feed pressure
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Fig. 3. Comparison of real and ideal staging ratios as a function of recovery and PV length in BWRO systems
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Fig. 4. Specific energy consumption as a function of recovery and PV length in BWRO systems
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Table 3. Results of the economic assessment of BWRO systems for two design scenarios
Scenario 1 (Q permeate= 18 m>/h)
PV length 4-element 6-element 8-element
Recovery, Y (%) 55 60 64 65 70 71.5 70 75 80
CAPEX
Cost of centrifugal pumps ($) 3229 3229 3371 3229 3657 3657 3371 3371 3657
Cost of cartridge filter ($) 486 371 371 371 371 371 371 286 286
Cost of PVs ($) 2743 2743 2743 3429 3429 3429 3771 3771 3771
Cost of membrane elements ($) ) 14400 14400 14400 14400 14400 14400 14400 14400 14400
Cost of antiscalant & SMBS dosing 49 490 400 400 400 400 400 400 400
packages ($)
Cost of CIP package ($) 1246 1246 1246 1246 1246 1246 1246 1246 1246
Cost of skid ($) 343 343 343 571 571 571 914 914 914
Cost of piping ($) 686 571 571 571 571 571 571 571 457

Costofelectrical, instrumentationand 1557 1657 1657 1657 1657 1657 1657 1657 1657
control devices ($)

Total CAPEX ($) 25189 24960 25103 25874 26303 26303 26703 26617 26789
Capital recovery factor, CRF 0.3567 0.3567 0.3567 0.3567 0.3567 0.3567 0.3567 0.3567 0.3567
Annualized CAPEX ($/year) 8986 8905 8956 9231 9384 9384 9527 9496 9557
OPEX
Cost of chemicals ($/year) 3367 3089 2893 2852 2646 2595 2646 2471 2317
Cost of electricity ($/year) 2304 2332 2352 2178 2324 2398 2121 2059 2110
Cost of labor ($/year) 3600 3600 3600 3600 3600 3600 3600 3600 3600
Cost of maintenance & repair ($/year) (g 998 1004 1035 1052 1052 1068 1065 1072
Total OPEX ($/year) 10278 10019 9850 9665 9622 9645 9435 9194 9098
TOTAL COST
Total annualized CAPEX+OPEX
(S/year) 19265 18924 18805 18896 19006 19028 18962 18690 18655
LCOW ($/m’ permeate) 0.1351  0.1327 0.1319 0.1325 0.1333  0.1335 0.1330 0.1311  0.1309
Scenario 2 (Q permeate= 155 m’/h)
PV length S-element 6-element 7-element
Recovery, Y (%) 60 65 70 65 70 75 70 75 79
CAPEX
Cost of centrifugal pumps ($) 9543 9486 10343 9486 10343 10057 10343 10057 8914
Cost of cartridge filter ($) 8229 7029 7029 7029 7029 6343 7029 6343 6343
Cost of PVs (8) 28800 28800 28800 30000 30000 30000 34286 34286 34286
Cost of membrane elements ($) 126000 126000 126000 126000 126000 126000 126000 126000 126000
Cost of antiscalant & SMBS dosing 4777 1600 1600 1600 1600 1257 1600 1257 1257
packages ($)
Cost of CIP package ($) 6600 6600 6600 5457 5457 5457 4314 4314 4314
Cost of skid ($) 3200 3200 3200 3543 3543 3543 4000 4000 4000
Cost of piping ($) 14857 12000 12000 12000 10286 10286 12000 10286 10286

Cost of electrical, instrumentationand 19143 18571 18571 18571 18000 18000 18571 18000 18000
control devices ($)

Total CAPEX ($) 218143 213286 214143 213686 212257 210943 218143 214543 213400
Capital recovery factor, CRF 0.3567 03567 0.3567 03567 0.3567 03567 03567 0.3567 0.3567
Annualized CAPEX ($/year) 77825 76092 76398 76235 75725 75256 77825 76540 76133
OPEX
Cost of chemicals ($/year) 26595 24546 22795 24546 22795 21272 22795 21272 20201
Cost of electricity ($/year) 19887 18119 19494 18684 18340 19298 18537 18512 19445
Cost of labor ($/year) 10800 10800 10800 10800 10800 10800 10800 10800 10800
Cost of maintenance & repair ($/year) 8726 8531 8566 8547 8490 8438 8726 8582 8536
Total OPEX ($/year) 66007 61996 61655 62577 60426 59807 60858 59165 58982
TOTAL COST
Total annualized CAPEX+OPEX
($/year) 143832 138088 138053 138812 136151 135063 138683 135706 135115
LCOW ($/m? permeate) 0.1172  0.1125 0.1125 0.1131 0.1109 0.1100 0.1130 0.1105 0.1101
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Fig. 5. CAPEX and OPEX as a function of recovery and PV length in BWRO systems
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	چكيده


   N E =    Q P   S E ×  F D


   N PV =    N E   N  E , PV


  R =    [  1  1 − (  Y 100 ) ]   1 n


  SEC =  [  ∑     Q i ×   ∆ P i  36 ×  η i ] ÷  Q P


   CAPEX Annual =   CAPEX   × CRF


  CRF =       r × ( 1 + r ) m    ( 1 + r ) m − 1


   Q F =     100 × Q P Y


   C chem =  Q F × 7920 ×  [   ( C Ant ×  D Ant / 1000 ) +   ( C SMBS ×  D SMBS / 1000 ) ]


   C energy = 7920 × SEC ×    Q P × C E


  LCOW    (  $   m 3 ) =    CAPEX Annual +  C chem +  C energy +  C labor +  C  M & R   Q P × 7920

