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Abstract

Nowadays, lack of water resources has become a crisis in many countries around the world including
our country, lIran. In the current situation, minimizing the waste of water is vital. Continuous reverse
osmosis system, the most widespread technology for water desalination, wastes large amounts of fresh
feed water as high salinity brines. Hydraulic parameters and deposition of salts on the membranes are the
most important factors limiting the maximum achievable recovery rates in RO systems. Closed circuit RO
technology by modifying the operational mode of continuous RO system to a cyclic semi-batch process,
reduces limitations of the maximum possible recovery and can decrease the amount of water waste by
90%. Due to the lack of experience and knowledge about CCRO technology in Iran, the main goal of the
present study is the performance evaluation of CCRO systems in Iran's water desalination plants. For this
purpose, two industrial RO systems, located in central and northwestern Iran, were selected as case
studies. For the first time, according to the real feed water matrix, the maximum achievable recovery of
systems was investigated by changing continuous RO to CCRO systems. The results revealed that
implementing CCRO systems could significantly decrease brine production rate 74 to 89%. However, the
electrical energy consumption of the systems increased reasonably 8 to 36%. For high salinity feed water
(1% case study), the maximum allowable operating pressure of membrane 41.4 bar limited the recovery of
CCRO system to 88.7%. For the system with low salinity feed 2™ case study, the recovery was limited to
96.6% due to restriction in the maximum permeate flowrate per element (1.58 m3h). In this case, the
saturation levels of silica and sulfate salts were much higher than the permissible levels. Therefore,
dosing a suitable antiscalant and high volumes of sulfuric acid were necessary to control the scaling.
However, acid and antiscalant demands were reduced by a decrease in CCRO recovery rate.

Keywords: Continuous RO, Closed Circuit RO, Water Desalination, Recovery Rate, Minimum
Water Waste.

Water and Wastewater oMo 5 ol 0
.

Vol. 34, No. 1, 2023 VY Jlo ) oles FF o000



S8 90 axliao

dx.doi.org/10.22093/wwj.2022.359371.3284

IFA-1DY tazio ) o,lods F'F 0598 oML g O alxo
e} 26w $3395 Ol Blas 4 (Slp By 4 oo wasro jou!
(059 i T Sl>-adai 95 13 (53590 axl)

b pl e

07 Sl ol Abg> 00Stmgly a5 O pwiigs 09,5 (ol
Oyl ey (S olKils
shahram.niazi@guilan.ac.ir

CENNYY 35l VeV il )

1w lo i PIST 3 D yg0 4 dlio ol 4 £l ol (Sl p
(085, ©F aslanhas 9 53 (53550 anttion) sl 55 323583 iy JBlas 4 (5132 (PB1) Ay sl ugSire Joml ) F 4 ¥ (. d (S35
Doi: 10.22093/ww;j.2022.359371.3284 .\ ¥ A-y &Y «(A )T F ol 5 of alwe

o S

- 2

ol 00l Jiamd ol (loyoudS 0329 42 ol EbLe 31 ()lant )3 (g2 oo Sy e @ilio D908 Ly oS 859 50!
PR R lpieds dlgy (sSne jow! Sl 398 0 (bl (g S i O 25595 Pl g (RIS Copen!
S pd Aol l 83 o0y y9ud Yl OB W jg0ar ) (939)9 B O I (a2 B i o I (Sl a8
RO (555555 A RO (5 plaugad 53 (o3l 25 8355354500 Jalse (1 pioes WL 355 52 Wil 5,1 003u0) 5
Ol 2Ll o yd aCydgasw (slas o g Ay dowd (50158 4 Jglite GLRO dhuwgy Malyd pundS b dlun e
Pt )3 08 Jloans d1y2 g IS @ i L s (BB w03 e BTy O 599 fee Wilgi g0 9 0315 IR apunss
ol gabagai 13 CCRO spiwnw 2/, g 3,5Mos b3y (g3 ! (ol Bad oyl ! ;5 CCRO (5l poiwmnst
GLBS! (4l o 5E Jlomnii 9 35 30 43 i O SR Al 13 39290 diwgnt RO powmnnr 93 iy (yaod 53 2399 ¢yl 2]
St i 53 b bl 2o 3 S bl arhanl (ol ol Slael (2bsonss 3IUT bt 52 5 (ol 815 i
RO i 5154y CCRO a1 0300l b o8 315 Wi (g iy o) gl .o (owy 33 (CCRO s 41 3990 RO
L5 A) 5sBbB om0 4 s St 550 (53,51 e 305 AR 6 VF (555 ol o 425515 0018 51310y gy
b il o yisd i (ot o> JSTas o Jgf Wb dniund) 5 j9u (6399 1 L CCRO emus 53 239009 00 sy (3003 Y5
55 ;3 35— FI/F bar bLAS Jood JyB JLEd SSlas (don (b0 Mo yd a4 oliwd (gl 0008 dg05w Jole a5 3g9s ANY
Al gl e Gt S T 93 k) i (5 S5l STyg L s
O 33 g g b Db j SIS s da gl b Jalyud ] 55 4T .3 )5 dguomo AF/F 13 1 ptmans (2 3L o4 <V /A MDY
SIS gy J S yolireds 45 29 jlome 29 51 by Hlowns Slgaw (SS9 (e ELs] M2 )3 iamnsr (2 42 (6399
AL Ly JLo 2 439 (30,55 (63959 @ 2 S 9l sal (3L plosl 5 Gewlie Wgaw 1 03l 392 03Y LaSas (!

bl il Cgw yd 03k gt B juao @l ] CCRO i (2L 50 oy

PEYYIAS k}SL_\.A su.:l_>)l.> S0 )d s\__)T UJL))\_(A: Al )|..\.n U.U}Sszn ).n.uu| A g U-D}S%b ).D.M.\I :,_5'.).51)’,_5'[00/‘/)
—
ST

Water and Wastewater OMBb 5 of O
0N

Vol. 34, No. 1, 2023 VEeY Lo ol FY o5



dx.doi.org/10.22093/ww;j.2022.359371.3284

w945 20090 iy Jilaz 3 sl ool 4y jlbo yusSao joul

Slas Loa g pau i meodhe 558 jhs sl ol VL

@T e sod s 03,5 5350 02 a4 ool (gt sl
.(Afrasiabi_and Shahbazali, 2012, culsl e sas iy

or) »Ls Morillo et al., 2014, Panagopoulos et al., 2019)
o) s sl Dl L 5 gl Olas alS 6l o

Lol Gl T el 2 Sl 03 58 b gaoly
e op dion G RO lapins L5k o s b 5 she o]
RO sladsile 55 o3l doss Liul 53l oaiS gy il l o San
Gos=s 5 Ldis e 53 5 0ud LA 0L 2 oo (RalS e
o=l 2582 RO glad mhav (655 1 g2955 0l i 4y
bolis mhaw 655 5 0550 Jsb o3 0l @osd Sl 58]
0Lz 53 Islre glacSias Clale amiliz 53 00w ad3 ol
W Sed bl S s iy Ll ploslas 5laas Ll
LS n gy Sh g S 53 s mhas (655 g 0ad JSS

.(Van De Lisdonk et al., 2001, Crittenden et al., 2012)

dodio —
i A SO oler bl 5l ol s sj 35008 535 0l
(S DV 555 SalS el O s sliwlie .ol oas Jus
36058 slaclad aan g Cmer 0 55eab Lo X
58S 5l ok 3 Ol 4 0T b 5 S8yl s
.(Madani, 2014, Gosling and <! suis o)l 5l oley 528 e
53 e amo 3 AY Sl iy oS =Ll 51 Arnell, 2016)

ol bam s 55 bl oess S 55 s
s gl s T el s pmee 285 OT s 5
.(Qasim et al., 2019) s 1

U.AJSJJL\_ZAJ U‘-’Js;f)k_gﬁ \U"'ﬁ—i’“f“_‘“ @Lﬂ.& J...i‘).e

\_3‘)) UTJJ}-&QJ&\.@T&‘JJ&—A—! st_: o salial Uﬁ'ﬁJ
c;.'."}‘i“; (5&4;‘3 Haoya ¥ syus s 45(5)324_3 sl
.(Feria-Diaz et s:S o 53kl RO 6L”r:“":"" s 39540

Sl T (S8 e i T 90 2y S5
ot g3 5 SRl blad led pdnad ¢ 5L Sl ol
)bw\jl_..’.)_hb@&‘)ﬁ”)gfm @waaﬂﬁ:‘}or”
EW-RH ambjm&‘}cw_ﬁ\.@nj“él:{o (_J)\.\:.A 6Lmr:.w.:.u
.(Dhakal et ol Lie K28 8 5 J o oS5 o gm, Sl 5L
al., 2014, Warsinger et al., 2015, Greenlee et al., 2009)
melS SLa S s a1 3305 o ST T
2ol o Dlid dS 6 5 w5l Sl e SOl S
0332 FLil 358 Ol e e 61 .(Ferguson et al., 2011)
O oty oS 5 S sl Op L3l sl 5l ol s ol s b

e dols G o )W (imy (S5 pldl e W
el S sazns S5 gl g SV 5 ol 4 4 58]
2SI ,$1.(Antony et al., 2011, Crittenden et al., 2012)
5 eadil o 5l S 81 g el ol s Jsloe sl io
Ol 5 sl Ll 555 a8y Lo 51 550 S 5 5 5L

5 Saturation Index (SI)

Water and Wastewater

Vol. 34, No. 1, 2023

dal e glsd 51 of 5 sme LRO (glagrn ;s al., 2021)

g g laz O Slad o slge 5 a5l O3 ol Ly s
Jslowe slgn a3 oS53 5 CoiS Lt g5l sl w25 L
)"ufﬁl_?.x_.c): 80 )" Jj.l:m a\yad.l: Q\J‘:.o‘(_g.)))) s,j):
see 2l O o> (DuPont, 2022b) el aze 4,5 44
Shadie g5l oS anilodl ST ol 5 Tl 25l 5 Lt e S
Toas b5 5L el Jslmali 5 Jshe gl a3l ool 5

T ol 1 a5 L 13 0l Ols S s o

.(DuPont 2022b) :}i@ aJ:.AL fu_akg‘)t.v Mo 35 (63959

Slotysm iy (Lo sy RO Ul slonzas

Shgaalp sbcossume (50 L olsl b golasl 5 G505
St 53 it 553, T sk 4o 05 330 dlox
3335 21 G35 Olsme kS 4 25 L () JS2) RO Jslaze
ol el 2o s AD B PO 3L Y sams e 4 S
Sl olyen i 4 (§2909 Slae s YO LN s s
ot e g5 i ((Oladi) sacd Bl )5 b

1 Revers Osmosis (RO)
2 permeate

3 Concentrate

4 Recovery

\
VY Jl ) led FF o,y =



dx.doi.org/10.22093/wwj.2022.359371.3284

il Pl

‘ High Pressure Pump ‘

Feed Water ﬁ I ﬁ

Check ﬁ
Valve

3

i

3-way
Valve

A I
B

|—> Waste

RO Modules

L Permeate Water

ﬁ

z"i' ‘ Circulation Pump

Fig. 1. CCRO system components
CCRO e sl =N JS.S

S ed (618 s gLl o Sl G Sl 55 (s
NS L clisn glocSiad ud ¢ LSl 358 5w ax ) 5o
el S Gas 20RO Gt s e ) 1 1 5
o=t ¢85 55 (Hydraunatics, 2017, Ferguson et al., 2011)

atdin |y a5y RO s 5 L5k a3 o iy Jlade
S e
8 Gl s st sl p a3y 5 e ds
sslizal wile (gl Glaens| RO (glantus ) SN gy
sl wslea a5 5 (Salman et al., 2015) woblize olos 3
oS wloas slgei, (Mlias et al., 2002) RO glas3le 5o oL =

T Ly o 3 ctihoati salinal imio ulide 53 (sSb
Pais Sl RO ol gie U a5 5) 55 Desalitech oS s
M&Luwu)\d@‘o};&\;\wua@)é
G,wa do > J:S‘.x_> s gaowe RO L;La\.&.& B 6J\:X§ETJ}‘VJJ
.(Efraty, 2009, Efraty, 2010) s lu5 | 42w 5 RO Sl

S L il 5 s CCRO s o285 ,5 o (slosl golles
AL oLk o g o anl B SO (boas Ll b~
.(Lin and Elimelech, 2015, Li et al., 2020, wl Cews aws s

Werber et al., 2017)

5 Closed Circuit Reverse Osmosis (CCRO)

Water and Wastewater

Vol. 34, No. 1, 2023

ol 3925 NS 5
slel (Sais 5 s I~ RO Sl 5o Y yane
plil pas L 5l ol S eldS e NS0 s 4 Lol 5 550
Shacie PH o(T) Las (olal o LS 5t o ssli ), S5Y
SIS bl 5 oS s Jlain TS Jslos Shials
Sl STLSI ite jlada .(DuPoNt, 2022b) s 45 a censs

ol lsamsgls of et i 5 OF Sus, s
L pds 0l S 2> Sl ol 2ty 5,180 g,
b e GRalS e o LB a5 8l Les (2ul 5 81pH 2ol 5 8
RO (635,55 35 S5 AL G sl g sl G205 L Ol S
s ralST, (Kb S0 sy Jhoas! 5 LSI Jlaie s 55 5pH
L5 5L 2 5 LST oopln i RO sl ol b s
s~ RO lalie o8usLn i .coud =+ /Y spus j30ud
T sa sl g 32555 LS e J =S s pdhe 2ty ol
Sy o3 LS a0 5 53 LRO 53555 ol
oy 54l il 580 VA G LSH lade sl ax s yis
eS8 (b Sy 8 (6l 5Lsn) 50 dad O e 0l 5
.(DuPont, 2022b, Hydraunatics, 2017) b ..
S s Db oSl nlin o gy 3le (55,0 |

1 Langelier Saturation Index (LSI)
2 Total Dissolved Solids (TDS)

3 Total Alkalinity (AIK)

4 Antiscalant

uj)kblé‘,gj 0
\Ye ¥ ‘JLwA b‘)u‘vf 099



dx.doi.org/10.22093/ww;j.2022.359371.3284

it Dygd 31598 Geilasy S 41 (5l o0l) s o u5Seo josl

slin sy s3le b asbizad ayl s s T s sl glacSas s AT ESYERR P PRE
(Hydraunatics, 2017, Ferguson et al., 2011)

Table 1. Permissible super saturation levels in water for dissolved salts in the case of dosing a
suitable antiscalant (Hydraunatics, 2017, Ferguson et al., 2011)

Name

Chemical formula

Permissible saturation level

Calcium carbonate
Calcium sulfate

Calcium phosphate
Barium phosphate
Strontium phosphate

CaCOs
CaSO,
Calcium fluoride CaF,
Ca3(PO.),
BB.SO4
SrSO4
Silica SiO;

150%
400%
12000%
2500%
8000%
1200%
120%
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Table 2. Characteristics of raw water sources and technical specifications of existing RO systems in case studies

Raw water chemical analysis

Technical specifications of existing continuous RO systems

Parameter Casestudy 1  Case study 2 Parameter Casestudy 1  Case study 2
Type Brackish Brackish Feed water type Well water Well water
EC (uScm™) 9368 2586 Feed water flowrate (m3h?) 32.6 55
pH at 20°C 7.61 8.08 Feed water pressure (bar) 19.8 154
T(“,\ﬂfj')ty 0.23 0.39 Feed water TDS (mgL%) 5374 1732
TDS (mgL™?) 5374 1732 Recovery rate (%) 67.5 75
HCO;3 (mgL™) 75.8 228 Permeate flowrate (m°h™) 22 41.3
Ca(mgL™) 477.2 120 Permeate TDS (mgL™?) 59.1 15.6
Mg (mgL™?) 118 168 Brine flowrate (m®h?) 10.6 13.7
Na (mgL™) 1280.34 456 Brine TDS (mgL™) 16294 6913
K (mgL™) 4.3 6.35 No. of stages 2 2
] . 1% stage: 3 1% stage: 5
1
Cl (mgL™) 2480 485.4 No. of modules in each stage 2 stage: 1 2 stage: 2
No. of membrane elements in
-1
SO4 (mgL™?) 690 374.4 each module 6 6
Filmtec Filmtec
-1
NOs (mgL™) 27.8 1.236 Membrane element type BW30-400 BW30-400
F (mgL?) 0.53 0.468 Total No. of membrane elements 24 42
. . Specific energy consumption
1
SiO; (mgL™) 13.3 33 (kWhm?) 1.02 0.72
B (mgL™) 0.7 1.344 Brine LSI 1.48 1.61
Ba (mgL™) 0.01 0.06 Sulfuric acid 98% demand (Ld™?) - -
Sr (mgL™) 17.1 2.27 Antiscalant 10% demand (Ld2) 2.6 4.8
rjbj (.Jj‘ A:JLEA JJ}A 6\.&:4;&}4.:.2..4; 6‘4..: a.x..a @‘JECCRO st\":“"?."“ 6.3 QLAM—Y‘ ‘J}Jﬂ"
Table 3. The simulation results for each CCRO system
Parameter Case study 1 Case study 2
Feed water flowrate (m%h?) 24.8 42.8
Feed water pressure (bar) 16.1-41.4 12.5-38.4
Feed water TDS (mgL™?) 5374 1732
Max. possible recovery rate (%) 88.7 96.6
No. of circulating cycle 18 48
Total time of circulating cycle (min) 125 40
Time of flushing cycle (min) 1.7 15

Limitation for higher recovery

Permeate flowrate (m3h?)
Permeate TDS (mgL™?)
Brine flowrate (m®h?)
Brine TDS (mgL™?)
Membrane element type
Total No. of membrane elements
No. of membrane elements in each module
No. of modules
Salt rejection (%)
Specific energy consumption (KWhm-3)

Sulfuric acid 98% demand (Ld™%)
Antiscalant 10% demand (Ld)

Max. allowable
operating pressure
(41.4 bar)
22
64.3
2.8
46756
SOAR 6000i
21
3
7
98.8
1.1

5.3

Max. permeate flow per

element (1.58 m*h)

41.3
61.2
15
49398
SOAR 6000i
36
4
9
96.4
0.98

178
.3
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Case study 1 Case study 2
System i
Y ContinuousRO ~ CCRO  CONHNUOUS oo
Recovery rate (%) 67.5 88.7 75 96.6
Brine production rate (m®h?) 10.6 2.8 13.7 1.5
Reduction in brine production (%) 74 89
Electrical energy demand (kWhm) 1.02 1.1 0.72 0.98
Reduction in energy demand (%) 8 36
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