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0smosis system

JIANG Aipeng, CHENG Wen, WANG Jian, XING Changxin, DING Qiang, JIANG Zhoushu
(School of Automation, Hangzhou Dianzi University, Hangzhou 310018, Zhejiang, China)

Abstract: It is of significance to reduce the total operational cost of seawater reverse osmosis (SWRO) system
through the system engineering approach. In this work, based on the formulation of the full flowsheet model
including process equations and total operational cost equation, an operational optimization strategy with time
varying parameters was proposed. First, according to the solution-diffusion principle and variable parameter
characteristics of the whole system, the RO process model, storage tank model and related parameter equations
were established. Then, based on full flowsheet of SWRO process and composition of operational cost, the model
of total operational cost was obtained as well as the full flow sheet’s cost per cubic meter water. The optimization
problem was formulated with the objective function to minimize total operational cost, and with the equations and
various bound constraints. And then simultaneous approach wherein the differential and algebraic variables were
fully discretized leading to a large-scale nonlinear programming (NLP) problem was used for the solution
technique, and interior point optimizer (IPOPT) was used as the large scale solver. A case study was then
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performed to demonstrate the effect of the proposed strategy; computing results demonstrated that the proposed

strategy could largely reduce the total operational cost of the SWRO system. Through solutions of the

optimization problem, the optimal operating pressure and flowrate curve as well as the key performance profiles
p p ) p p gp yp p

were obtained under different environmental parameters. This work is of significance to improve the performance

and reduce the operational cost of the SWRO system.
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Table1 Feed condition and tank information
Feed condition Tank information
Concentration Feed Pressure Area of liquid ~ Max height ~ Min height Initial Initial water
/kg e m™ temperature/C /MPa pH level Sy/m? limited/m limited/m  concentration/kg ¢ m™ liquid level/m
30 20 59 5—8 150 15 2 0.430 4
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Table 2 Discretized model information
Model condition Value
total variables 70901
equality constraints 70853
inequality constraints 25
non zero in Jacobian 246408
non zero in Hessian 104450
finite element along membrane 40
collocation point 3
finite element along time 24
Collocation point 3
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Table3 Comparison of field data, ROSA9.0 and our

model
Item WR/% SR/%
field data 41.6 99.37
ROSA9.0 42.7 99.58
model 42.1 99.52
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Table 4 Comparison of operational cost and cost

composition
Ltem Case A Case B
ValueX 10/CNY  Ratio/% ValueX 10™%/CNY Ratio/%

OCyp 0.1873 6.7 0.1362 6.7
OCpn 1.6146 58.1 0.9943 48.8
OCcx 0.3341 12 0.2636 12.9
OCye 0.217 7.8 0217 10.6
0Cp5 0.32 11.5 0.32 15.7
OCux 0.108 3.9 0.108 53

ocC 2.781 100 2.039 100
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Table 5 Optimal operational costs and their composition under different seawater feed temperature

Temperature/’C  OCppX 107*/CNY OCgy X 107%CNY OCc X 107*/CNY OCypX10¥/CNY OC X 10*/CNY OCynX10*/CNY OCX107*/CNY

16 0.1373 1.3426 0.2676 0.2170 0.3200 0.1080 2392
18 0.1357 1.1322 0.2656 0.2170 0.3200 0.1080 2.178
20 0.1362 0.9943 0.2636 0.2170 0.3200 0.1080 2.039
2 0.1371 0.9277 0.2628 0.2170 0.3200 0.1080 1.973
24 0.1335 0.9236 0.2601 0.2170 0.3200 0.1080 1.962
26 0.1295 1.001 0.2591 0.2170 0.3200 0.1080 2.035
28 0.1259 0.9466 0.2573 0.2170 0.3200 0.1080 1.978
30 0.1281 0.9392 0.2558 0.2170 0.3200 0.1080 1.968
32 0.1267 0.9395 0.2545 0.2170 0.3200 0.1080 1.966
HFLPREELWBIEK. W& S ETUFH, 12 reSIe
IRLREK T 24 CIN R B 9 AT BT 30, 32 BNy 10 e
Y = 4 WA N —= N S 9 3
BRI m A s E R e m, N T EK 3 U
JRESR, TR R ISR, XIS RERE A g;
AN —EMRE . & .
Fh T 52 o e 8 KRR E A B 2 3 4 3
/E{’K'?Ejtf Egﬁzwmﬁ?&jﬁﬁiﬂy ﬁﬂﬁ(l)ﬁ[ﬁ 20 |2 ;1_ 6I é 1|0.1|2 1-4 1I6 1I8 2-0 2I2 24
Q)R . I BT 52 IR AR IR L T R E A oo time/h
foo AHTA AR, HEAHE ., £ FERML - scwe STV,
5 N o N =L I e N A case-
AR DY MG o X DYAE L B R AR R A 2 AR 900 xcase-WTV, b
g5 RUNER 6 Fos, AH R Ee it ds A 5 i 2 DL L o 800
WK RARIERE I & 8 Fs. MR 6 HEH, §Z$
1 15 CIHR A ERALRAE 2 KK & TAE 22 Cief i 00
B ESR . B2 TO0 R PGS e 5 o . e
v . s e s 0 2 4 6 8 10 12 14 16 18 20 22 24
T ER T, SR IT SRR time/h
ﬁ'f@%ﬂi?ﬁ‘%ﬁ}&&% ° 16 * case-STC
14 ¢ case-STV
%6 TRIBESHTHSMEBIERR o S
Table 6 Optimal operational cost under different ;_ 3
temperature 6
Case Temperature/'C Optimal OC X 107/CNY ;
STC 22 2.1031 e
0 2 4 6 8 10 12 14 16 18 20 22 24
oo o
: 0.70
WTV Eq.2) 2.5084 065
0.60} 4
MIE AR MR, EAFBRIERIRKET e
HFRIEIE S, ARG R e <0 \ { e
N D y S S N ! I * case-
FEAR, R EAR R R I E A, 7E 0.40} scaeSTV.
N e S N A case-
S T7 TR, AR A AT LIS AT 8 hy, B 2= T 0.35] x case-WTV
. o \ N o0 . . . .
(] i 6 L T A 2 5 T A FELA/T A X 45 v 1D B 1) X 0 2 4 6 8 10 12 14 16 18 20 22 24

EAR IR A RIE R, (B ZE T R
R T EZ; XML S L FRAKhE
JIRIRERE RO XU R A A %

time/h
K8 AFRNREZHCT R ERAERUIRE S HE
Fig.8 Profile of optimal operational and status variables under
different cases



54 L% A B E R KR R * 1341 -
43 HETUTHREMAS RHUMACE N 0.75, REREIEAR 0.9, HALERIE
WK R BB SOBEE RE HB B T, SHIYAZ, ELRAREG RS F RN RS

XK REREAR MR Ko 1X B R K & Eh A
30 kg + m™ HHITB BN BRI S B . (B8 m

®7 TEEKSREFHATHRMBRERRER

Table 7 Optimal operational cost under different salt

concentration
Salt concentration/kg * m™ Optimal OC X 107*/CNY Bias/%
26 2.003 —4.76
28 2.050 -2.52
32 2.235 6.27
34 2.407 14.43
¥ & 26kg.m™
3 * 28kg.m™3
A 32kgem3
& . % 34kg.m
3 :
4
2
0 2 4 6 8 10 12 14 16 18 20 22 24
time/h
1100 + 26kgm )
500
400 I 1 I 1 I 1 1 I 1 I 1
0 2 4 6 8 10 12 14 16 18 20 22 24
time/h
0.70

0.65r

v T A R

0.55¢F

050}
045} o 26kgem
0401 * 28kg.m">

a 32kgem
0.35¢ x34k§m3
0.30

0 2 4 6 8 10 12 14 16 18 20 22 24

time/h

100.0
99.5¢

99.0f
985t [\
X L
<980 Y . A
@ 97.5}
97.0F # 26kg-m™
* 28kg.m™3
96.5F a 32kg+m
96.0F x 34kg-m™ 1

95.5 : : :
0 2 4 6

é 1I0 1I2 1I4 1I6 1I8 2IO 2I2 24
time/h
B9 AFEIEEEET B A A A AR F R bR 1% L
Fig.9 Profile of optimal operational variables and main status

variables

BRI R R .

WEIK B EhRAE 30 kg o m I AR AR AR AR &5
RN 2103, LU ZIE B B AR 45 R sk 7 A
9 FioR. WULE H: bl e O fh 25 1 2 F U
K, HAEMEDHREE . 5530k « m™ #K
AL, 26 kg m™ (RiEK B T4 4.76%11)
FRAVE A, T 34 kg » m™ IR S B2 U 4548 1 B
ARHEIN 14.43% . WRIGBIEY BT, BEKSHE
FARIEWRR, HhE (HIEHhE) i nEiEy
W B R BUSE TR EBIER, N T wRiBE
Emﬁm,ﬁWEﬁﬁﬁﬁE%ﬁﬁ%%E%%%
FEAREAKBR R ZE R T INE 9 FEH.
EE BT, ﬁT%ﬁmﬁyx PSRN
MR R IR BN 96%. TEULIE L NI KR AR R
T, 9 G REIR: RN 34 kg e mT HEKIN
it 2k T = b oL, AN 28 kg e m” Y
WK, HBEFRIA R N IRERIN M &2 . BT &k
Jit 5 26 1) 08 3 B AR AL, (E 15 BN PR K 1 B B Bh
K, B KR AFAE W] DL — 52 R FE b 1 55 3 P
Bl. AT VAT ECE S R ERETR,
A LUK A Al /K % e i, 7T 58 A R PR IR X
P30
4.4 BERREMETUTHRERLSIT

o R 2R AN i 2 [ RO L O AR B R B R
GLReFE. I 10 M IE A0 Ab SR A 15 21 1 2 T 2R A B
O B AR SRR E AN L R, WNETE
BB RS B AR S B AR AR 2 ] 23
IEIERPESR R, AR FIOSCR R B S A1
JAS B S B A o T 7 R 2R OISR 5 e B 1
AREIAELER R, HIBECEM 0.6 7] 1 AR{LIT,
FRAE A KR FE PR, X BRI N AL 77K B
FERIRIR B BRRTE . W AES RS, SRR
P BE ARG 3% R B AFAE A A )

5 & #®

HE K IRAL R G0 5 70 2 B A 1S AR I8 AT
AR 2 B R L TAF R, 7 Bl S E S
I AR AR SE PR R B . A ORI A
IR ARG SE R REAs 1, 57 T A SWRO &
G Eh A AR RN AR ST, JF4
BAE R BN B AR B BT R N AR
FRIC A fi i S LA SR g S, o J 8 L S Bl



T % ik

65 %

* 1342 - 1,
Z 25
224
1 4
S 23
X
022
821
© 2.0
£19
218 . ‘
S 06 07 0.8 09 1.0

mechanical efficiency
(a) optimal operatinal cost vs mechanical efficiency

S
Z 2.10
O
=~
5 2.06f
X
£ 202t
£ 1.98¢
s
£ 1.94}
5 3
1.90 . :
0.7 0.8 0.9 1.0

energy recovery efficiency
(b) optimal operatinal cost vs energy recovery efficiency

10 BEFEIC A& RN iR LR R A 1 520

Fig.10 Profile of operational cost vs equipment efficiency

M T ASFEIESL T B EAR A IS B o S 2 AT 2 B -
(D 5HERBEHEBKENRFEREMLL, A0
HH AR A AT R B2 PRI R G AR A AR - (2)
SEBR B IE KR R GIET SRR A
WA R AR E),  HG LA AR FAE 5%
PERES SRR, DAL ERE vl LA R4 B AR A
PR, SEHK AR S 2 A I18AT
AW FE B 1) 732 DARORE B P AR S 40 Ve e 5
Wi 73 BT 0T S SWRO RGP RE. X SWRO
RGN IR T AR A E R
G
Ay—EE KRS, mes! - pa’!
Awo M A EKZE, mes' - Pa’!
B— B REL me s
Boy—MEEFEL AL, mes!
Co—— I RLBIE R KIKIE, kg » m>
Cr— PRI, kg m™
Co—EERMHIEE SR, kgem™
G, BIEKME &, kgem™
C—IRERKIKE, kg+m™
Dig HAEE, m?es!
do— bR RIK I ERS, m
hi—% i NMARTHKE, m
hy——BERHR T IEIE R, m
J—FEE, kgem s
J,—— A7, kgem?Zes

K,—&W%SH
ke—AERAE, mes!
L—ROBEMKE, m

n,——RO JEEH F £ 2
Npy }:Ejj”/'_é{%gﬁ/ﬂ/l\%&

P,——HERHEIE KL 7], MPa

P,——IF# RO JEIE K /1 #H12%, MPa
P,——BEKMIET], MPa
P——AEE PSS #EKIE YT, MPa

R—S AR, T+ mol™ « K™
Re Reynolds %
Re.— KN, %
R,— R REL %
Sc Schmidt %
SEC——H /K BERE, kKW «h e m™
Sh——Sherwood %}
S,—hilE REL %
T—iKBERHEE, K
y— @I A Rl AR, moe s
W——RIBIEEE, m

ay, 0, ﬂl jj%%ﬁi&
An—Bi%E ), MPa
p——BIEKEE, kgom®

u—IEENEE, kgem o5

A—BER R
§—WERABH

References

[1] Semiat R. Desalination: present and future[J]. Water International,
2000, 25 (1): 54-65

[2] Greenlee L, Lawler D, Freeman B, Marrot B, Moulin P.Reverse
osmosis desalination: water sources, technology, and today's
challenges [J]. Water Research, 2009, 43(9):2317-2348

[3] Yun T, Gabelich C, Cox M, Mofidi A, Lesan R.Reducing costs for
large-scale desalting plants using large-diameter, reverse osmosis
membranes [J]. Desalination, 2006, 189 (1/2/3):141-154

[4] Cameron I, Clemente R. SWRO with ERI's PX pressure exchanger
device—a global survey [J]. Desalination, 2008, 221 (1/2/3):136-142

[5] Ettouney H, El-Dessouky H, Faibish R, Gowin P. Evaluating the
economics of desalination [J]. Chemical Engineering Progress, 2002,
98 (12):32-39

[6] Akgul D, Cakmakci M, Kayaalp N, Koyuncu I. Cost analysis of
seawater desalination with reverse osmosis in Turkey [J].
Desalination, 2008, 220 (1/2/3): 123-131

[7] Khawaji A, Kutubkhanah I, Wie J M. Advances in seawater
desalination technologies [J]. Desalination, 2008, 221 (1/2/3): 47-69

[8] Fritzmann C, Lowenberg J, Wintgens T, Melin T. State-of-the-art of
reverse osmosis desalination [J]. Desalination, 2007, 216(1/2/3): 1-76

[91 Scrivani A. Energy management and DSM techniques for a PV-diesel
powered sea water reverse osmosis desalination plant in Ginostra,
Sicily [J]. Desalination, 2005, 183 (1/2/3): 63-72

[10] Kim Y M, Kim SJ,KimY S, Lee S, Kim I S, Kim J H. Overview of



B 4 1]

L% A B E R KR R

* 1343 -

(1]

[12]

[13]

[14]

[15]

(16]

[17]

(18]

(19]

(20]

(21]

systems engineering approaches for a large-scale seawater
desalination plant with a reverse osmosis network [J]. Desalination,
2009, 238 (1/2/3):312-332

LuY Y, Hu YD, Xu DM, Wu L Y.Optimum design of reverse
osmosis seawater desalination system considering membrane cleaning
and replacing [J].Journal of Membrane Science, 2006, 282 (1/2):7-13
LuYY,HuYD, Zhang X L, Wu L Y, Liu Q Z. Optimum design of
reverse osmosis system under different feed concentration and
product specification [J]. Journal of Membrane Science, 2007, 287(2):
219-229

Zhu M, El-Halwagi M, Al-Ahmad M. Optimal design and scheduling
of flexible reverse osmosis networks [J]. Journal of Membrane
Science, 1997,129(2): 161-174

See H, Vassiliadis V, Wilson D. Optimization of membrane
regeneration scheduling in reverse osmosis networks for seawater
desalination [J]. Desalination, 1999, 125(1/2/3):37-54

See H, Wilson D, Vassiliadis V, Parks G. Design of reverse osmosis
(RO) water treatment networks subject to fouling [J]. Water Science
and Technology, 2004, 49(2): 263-270

Villafafila A, Mujtaba 1. Fresh water by reverse osmosis based
desalination: simulation and optimization [J]. Desalination, 2003, 155
(1): 1-13

Wilf M, Bartels C. Optimization of seawater RO systems design [J].
Desalination, 2005, 173(1):1-12

Wilf M, Klinko K. Optimization of seawater RO systems design [J].
Desalination, 2001, 138(1/2/3): 299-306

Gao Congjie(75 M), Chen Guohua([:[E 4£).Seawater Desalination
Technology and Engineering Manuals(i#f K ik fb $i R 5 T F
#H[M]. Beijing: Chemical Industry Press, 2004

Wang Shichang(F ttt ). Desalination Project (7K 1k TFE)[M].
Beijing: Chemical Industry Press, 2003

Xia Yan(X¥ #t),Wu Lianying(fi k%), Lu Yanyue(/7 E k), Hu
Yangdong(#ifI1#4), Gao Congjie(#i MI%). Progress in researches on

[22]

(23]

[24]

(23]

[26]

[27]

[28]

[29]

[30]

optimal design for seawater desalination process [J]. Technology of
Water Treatment (FKALFEHA), 2007, 33(11):1-5

Wu Lianying({fiJt), Xiao Shengnan(i :4#), Hu Yangdong(#1
1), Gao Congjie( 1 M ). Optimization and design of hybrid
MSF/RO desalination system [J]. CIESC Journal (¢ T.21R), 2012,
63(11): 3574-3578

Lu Yanyue(/ Zjt#). Study on the optimization design of seawater
desalination processes by reverse osmosis membrane method [D].
Qingdao: Ocean University of China, 2007

Wang Chongwu( T 52 ). Study on the optimization design of
seawater desalination processes by reverse osmosis membrane
method [D]. Tianjin: Tianjin University, 2008

Wang Jian(E#1), Wang Xiaolong(E/NE), Niu Zhiyuan(4:Eiz),
Jiang Zhoushu(Z% i), Jiang Aipeng(¥T.% /I1). Design of monitoring
and scheduling system for a large-scale reverse osmosis desalination
plant// 2013 32nd Chinese Control Conference[C]. Xi’an,2013,26-28:
2480-2485

Jiang Zhenjun(#% 1% ). Research and development on optimal
operation and scheduling system in desalination [D]. Hangzhou:
Hangzhou Dianzi University, 2012

Cervantes A, Biegler L T. Large-scale DAE optimization using a
simultaneous NLP formulation [J]. AIChE Journal, 1998, 44(5): 1038
Biegler L T, Arturo M Cervantes, Andreas Wichter. Advances in
simultaneous strategies for dynamic process optimization [J].
Chemical Engineering Science, 2002, 57(4): 575-593

Biegler L T. Nonlinear Programming: Concepts, Algorithms and
Applications to Chemical Processes [M]. Pittsburgh: Society for
Industrial and Applied Mathematics (Cambridge University Press),
2010

Biegler L T, Zavala V M. Large-scale nonlinear programming using
IPOPT: an integrating framework for enterprise-wide dynamic
optimization [J]. Computers & Chemical Engineering, 2009, 33(3):
575-582



