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Evaluation of energy consumption and carbon emission from
a forward osmosis and reverse osmosis hybrid system for

seawater desalination

Jongmin Jeon

Department of Civil Engineering, Graduate School
Pukyong National University

Abstract

The population growth and climate change result in the global water
shortage problem, which increases demands of seawater desalination.
However, seawater desalination is generally an energy-intensive process and
causes a large amount of carbon emission for both plant construction and
operation. Osmotic dilution using forward osmosis (FO) can be a good idea
to decrease the energy consumption and carbon emission by seawater
desalination. Wastewater treatment plant (WWTP) effluent can be used as
feed solution for FO and seawater is used as draw solution, which is
diluted through FO and enters into reverse osmosis (RO) process for
desalination.

One can easily expect that the introduction of FO results in the decrease
in energy consumption, which is related to less carbon emission. However,
the construction of FO process to reduce may cause an increase in carbon
emission. In this work, we estimated the FO-RO hybrid process for seawater
desalination in terms of carbon emission from both construction and energy
consumption.

In order to evaluate carbon emissions, it is necessary to be able to design

- xvii -



the FO and RO process. The RO design program is provided by the
manufacturer, but there is no design program for FO. Therefore, in this
study, a novel design program for FO with a prediction error of 10.01%
was developed. As a result of calculating energy consumption with the FO
design program and RO design program, it was calculated that the total
energy consumption of the FO-RO hybrid system can be reduced up to
24.7% compared to the RO process.

As a result of calculating total carbon emission(Operation+Construction)
for the 1,000 m’/d scale desalination plant, in the case of generating power
using fossil fuels, the carbon emission of the FO-RO hybrid system was
lower than that of the RO process. However, in the case of renewable
energy and nuclear power plants, the total carbon emission of the FO-RO
hybrid system was higher because the amount of carbon emission generated

during energy production was less.
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QG = QG+ Q.C 2.1

_ 4
) (2.2)

sR0 sMFED =MSF =sED =VC = Other

Fig. 2.3 The contribution of each desalination process to water production
(Alkaisi et al., 2017).
Notes: RO(reverse osmosis); MED(multi-effects distillation);
MSF(multi-stage flashing); ED(electro-Dialysis); VC(vapour compression)
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Fig. 2.4 Schematic of the FO-RO hybrid system
(Jeon et al., 2016).
Notes: Q: flow rate; C: TDS(total dissolved solid) concentration; f:
feed; p: permeate; c: concentration; sw: seawater; ww: wastewater; we:
WWTP(wastewater treatment plant) effluent.

o%
o

A AFd%e] FO A4S E=dsto] shaA el gl A 7]
= T= A}

o
<
=
% FO ¥4 FEGGOR Aol A5 FNHA RO F

ofo
Ot

L

N
lo
rﬂ
I
_O‘L
it
ok
4
it}
uls
QE
RN
i
N
|
oy
@)
ok
ol
(o]
o

_13_



o

(2.3)
(2.4)

st + Qp,FO)

st

st + Qp,FO

Qf, RO
G X
Qf, RO (

Cr.ro

AelA7] we] Al

ool

Bl

94

= FO "o

I
Ho

O% 7] }\:I Qp,FO‘O’]

o
-
4

H

©

[e]
<

Al Al ol A

T

T

oz A

d5 Al

1= RPN
=

AT

—

X

PN
T

—~
o

72}

S
=

ol

Fob fES

4 9

3L
[}

Sohn et al.(2018)<> FO

152 g

S 2.5 kWh/m®

3l FO-RO

S

9

ol

!
J)J
B
Hr

B

—_
fite)

B
Hr

oj

o

w|
=)
K

A2, fouling & &

floF ==

9|

9 A 17

ZHE

_14_



(2) An optimal design approach of forward osmosis and reverse

osmosis hybrid process for seawater desalination

Jeon et al.(2016)> RO &9 343 FO +AHY FHhs%F
ZHstA FO-RO @& BolA HAe 15 e AFE A
gol s Fal F38 Tk Fig. 2.5 FO 349 F342(0,r0)°l

ME RO 348Y 3|5E&(ro)dt AUA LR (Ero)e HEFH 1H O]
. FO 34 FEdAE dwd] FH-Ey soluAy 4743 S
F3l RO 34 959 v5&5 ZAAL RO T4 RO A xA
off A AlFote 34 AA Z2aor AT
80 8
+ rgo
- ® Ey, (5T)
O Ego (25T7)
i ..' \.. .. RO 1 P _
.0 0. "’E
¥\ ‘e =
= te, =
=~ 40 o, 14
S Ze <
& o%,
Pl °3e ]
033....0000.‘ ES‘
20 ©®0o0o0000000 12
0 A A L L AL L 0
0 250 500 750 1000 1250 1500 1750

Qp,Fo (m?/d)

Fig. 2.5 The effect of the FO permeate flow rate on the optimal RO
recovery and the RO energy consumption(Jeon et al., 2016).

Fig. 25014 & 4= Sl5%o] FO &4 FHFHOpm) 0914 1,600
m’/d7HA] MEA 7] RO &4 352 38.3-66.7%% WE A7 A

X

RO &4 dUAL~EZFS 21t RO 54 dUA AR ALt
Al 55 5,25 C F 74 A$E 18HdeH, 5 (¢ o RO &4
UA AR W= 241-3.86 kWh/mPo]L 25 (Y uwj= 1.86-3.49

KkWh/m’ 2.2 Alaks o] H A o YA AR 1.86 kWh/m® o] th
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(3) Comparison between Forward Osmosis-Reverse Osmosis and

Reverse Osmosis processes for seawater desalination

@
=
@)
oo
i
o4
o
tlo
of
2
o
b
it
5
oy
)
o,

Altace et al.(2014)> F

A FO 49 FESY FRE WEANUA 45 FAse o

Hek e ads ARgslTh Fig 262 =84 FRe w2
2 RO 3F4& Wsh(%Re)ol mWE A o YA LEZFEst)Z FO &
A oy A] Aol H| & (%Es-FO)S YERH Z o]tk FO-RO &3+

ol A RO T4 YA LRFS 3]5&dd wet oF 3-11 kWh/m®
°of Mz AN FO A2 oA LR o] FO-RO § &
g AA U A 2B Fel M A st HE2 24%=E AAE AT

12 ——10.0
— & —FOonly
—&— FO-RO-1.2 Mol NaCl +9.0
10 \ — & FO-RO-1 Mol NaCl
! ——&— FO-R0-0.65 Mol MgCl2 T80
@ %Es FO-1.2 Mol NaCl
+7.
& 81 \ -0 %Es FO-1 Mol NaCl 0
E | | i AR A %Es FO-0.65 Mol MgCI2 160 o
-E L
= 6 +50 o
< * o ¢ 3
= Bop +40 ©
Z - N, Sy S
4 1 ~O-.g Aa W —a- g
[« TN o g (| o - T + 3.0
(3% o7 120
5 Soe N
+ 1.0
0 : RS 8 B-n-g =g 8.8 00
0 10 20 30 40 50 60 70
%Re

Fig. 2.6 Energy in RO and FO-RO hybrid systems at different
recovery rates (Altaee et al., 2014).

(4) Indirect desalination of Red Sea water with forward osmosis and

low pressure reverse osmosis for water reuse

Yangali-Quintanilla et al.(2011)> FO ¥4 95 FE89& 7
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. AlEHOAE B3l RO T4 AUAE 2.5 kWhm'7HA] 7HA
AL F e Aoz AREY AMEE FO o WA 139 em’e

29D A¥e 149 T APE A3 FO TelA TedE
Aol WASHA o F7IA A (air scouring)S F3 Z7] FO &

g4 T vl 988%E 35T 4 vk d¥E HoHth

4

(5) An optimization strategy for a forward osmosis-reverse 0smosis
hybrid process for wastewater reuse and seawater desalination: A

modeling study

Seo et al.(2019) FO 34 95 FE=&9S 47 st-AEF,
= AHE3St= FO-RO &AM vhdkst W=l ot WA
= 435S wdgg 53 A7A FO BHEER £l #9)
W 5 &Ho] PP Hol(F, FO BE Zo] E+ 74, distance

4} 4
from FO inlet), RO WEEZ f o] FdH F o] 1ayw 2
o](Z, RO E%& #Zo] & 74, distance from RO inlet) ¥ 3}ol u}

Z g EdolAd sttt 1glal RO 3 & ¢+™
S WA HA FHA UAALLEE(1.37 kWh/m))S ALEsS

it

(6) Hybrid forward osmosis-reverse osmosis for wastewater reuse and
seawater desalination: Understanding the optimal feed solution to

minimise fouling
Volpin et al.(2018)& FO &4 A4}
ol

%, #H5+= AHg3E FO-RO 854

H -
# ATE QWAL A5S WHFEA FO 9
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com ATt e &4 F(active layer) W ol
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Fig. 2.7 Schematic diagram of concentration polarization effect across
FO membrane(Loeb et al., 1997).
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Lee et al.(2016)S FOS 7}¢tals thale]l FO Ao FHE 3=
g2 @FHEY ) olaste] vy A 22 H A5

EAZ ZolWoaxn FORe AeS Hriste
Minimize f(A)= NSTD(K,.p) 2.8)

A7IA fA)= AARE F7] A% FFEJEUA I e,
NSTD(K;cp)= B A (Kiep)o  Ats & ZFAA
(normalized standard deviation, NSTD)¢|t}. Fd 3 =823} FO
= AT Kiepth S dBER Kiepdl ZEHA F= HAT
Hojok &l NSTD(K,pp) 7ol Y wjo] 4gko
2 AR AKFig. 2.8 F). HA3} A=

=
Excel 3l2t7] 7152 Z3}(evolutionary) &gl 55 AF-&3F3At}.

oyl
o
=
lo,
oX
or
r o
5y

100 0.3
)
< F 02
- = R* = 0.9059
= 10 =
=
= E
- 0.1
; = & C AT = 462 molim?
Z
A=1.69 x 10" mis-Pa
1 a ]

1 10 100 0 10 20 30
A (102 m/s-Pa) J,, (LMH)

Fig. 2.8 Determination of (a) water and (b) salt permeability
(Phillip et al., 2010).

oJ4A Agtel AAHW the £42 Fd BRe 4T + At

(Kim, 2014; Park et al., 2015; Phillip et al., 2010).

J,
B=— (R, TA (2.9)
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232, o]} FA O eAvlE A A Al

(1) Reducing the environmental impacts of reverse osmosis

desalination by using brackish ground water resources

Munoz et al.(2008)> 71521 A&}
g A= o] g A& Ptk RO

=2,
o
r
2o}
A
ol
o,
AN
N
~~
=
oK
o
<
c,
o
o
w2
w2
&
w2
w2
=)
o
5
\’H
—
@
>
p—

(2) Calculation of carbon footprints for water diversion and

desalination projects

Lo
gu

Liu et al.(2015)2 UAE(United Arab Emirates)®] T2 HE
culEFed didt d7E AP FFEEFUE
flash(MSF), multiple effect distillation(MED), RO ¥ A 0.2 H+Z A
AbshE 3709 FWME giafjA A5 Pkt T AT

= AAR =AY A89HE VNoeR duX s e ei)
EFS A, Ade] Ui gamEFe oy aRge o

o] 10%% 7HAdste] A5 X e3Ath. MSF, MED,

— multi-stage

ot
au)
2
e
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RO FA4oA A= F eShvjEw2 27 2988, 1.280, 2.562

kgCO,= A4k Lok,

(3) The carbon footprint of desalination(An input-output analysis of

seawater reverse osmosis desalination in Australia for 2005-2015)

Heihsel et al.(2019)2 &5 W RO &Ao] A&w sl-dst =

HES ©amjEdel Wt A& . Table 2.19} 22%
7tz & 9 A A BAE e BamEEY &5 U RO T
&9 gt ZAEY] &FS AT Aotk o]& &8
AReE 1 mF FAsE gaETES 0.55 kgCOym* o2 A4k
HAow, o= & RO FAANA HAH = Aiydol we g il
=@olgtal & & v

Table 2.1 Carbon emission due to opex and capex of desalination in

Australia

COse effects caused by capex | CO,e effects caused by opex

Year Direct Indirect Total Direct Indirect Total

effect effect effect effect effect effect

[kt COxe] [kt COe]

2005 21 20 41 0 0 0
2006 50 48 99 8 5 13
2007 100 95 195 17 12 28
2008 158 141 299 19 13 32
2009 286 309 595 58 30 89
2010 375 445 820 155 62 217
2011 311 397 708 229 88 317
2012 159 216 375 544 215 759
2013 16 15 31 882 356 1239
2014 0 0 0 854 353 1207
2015 0 0 0 845 349 1193

Ref: Heihsel et al., 2019
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Table 2.2 Capacity, location, award year, online year for each
desalination plant

Desalination plant Cap? iy Location Az (O i

[m”/d] year | year
Victorian Desalination Plant | 444,000 | Victoria 2009 | 2012
Port Stanvac 274,000 South 2009 | 2012

Australia

Sydney Desalination New South

Plant(Kurnell) 250,000 Wales 2007 | 2010
Kwinana 143,700 | WS | 9005 | 2006

Australia

Southern Seawater Western
Desalination plant 140,000 Australia 2009 | 2011

Sino Iron Ore Project, Cape 140,000 Western 2008 | 2012

Preston Australia

Southern Seawater Western
Desalination plant (expansion) 140,000 Australia 2011 1 2013
Tugun (Gold Coast) 133,000 |Queensland| 2006 | 2009
quwse ‘ downstream 10,560 Westerp 2011 | 2012

engineering processes Australia

Agnes Watelr) Ir}tegrated Water 7,500 | Queensland| 2008 | 2011
roject

Bechtel thatstone 7.500 Westerp 2012 | 2012
construction Australia
Ontlow 7,500 | ‘vestern | 5513 | 2013
Australia
Western
Gorgon 7,000 Australia 2010 | 2012
Curtis LNG Project 5,000 |Queensland| 2010 | 2011
Jabiru 5,000 I%Iort.hem 2006 | 2007
erritory
Bechtel thatstone 4,500 Westerp 2011 | 2012
compaction Australia
Onslow 4500 | western | 5513 19013
Australia
Onesteel Whyalla Plant 4,100 South | 5415 | 2011
Australia
Penrice 4050 | South 15505 | 2006
Australia
Forescue Metals Group Port Western
Headland 4,000 Australia 2011 | 2012

Ref: Heihsel et al., 2019
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371 Y= 2 AT AAQ] FF I = (water permeability, 4), I &
3} %= (solute permeability, B), XX 52 &4t A3 (solute resistivity
for diffusion, KICP)%/{_% Tot= Aol Aol o] Al 7HA e
A= FOO FFHZH=U)e o #Ejv“/—\‘(tjs)% o5&
THKim et al., 2014). 22284 <
27194 FO Ado=m AR

T ATl M= olE Faste]l AedAE

rUE

|
i

o
A

i

o)
Moo

o] Lee et al.(2016)=

A grak g,

Hool

it
ol
rlr

=
oL
o

fllo
=8
i
ol
3
i)

FOuol A4, B, Kiep)E ToH7] S f2Ad A2 F
5)

=
E(coupon) o2 ko, FEUL ArAY FE A

A4 AT EE<Q] Toray Chemical Korea Inc.AF2] FO8040
7 Fds AEH AFE, A ES JHA = HE AEE ST
AF G BAEolr), FEHO] AXH=
FO cell> 543t A7]¢} =ol& 7H F 719 Ad(Eol 52
=)ol den 7t Adwict FSof DS7F Z2k = FAdEo gt
Adel Ao, yYu|, ¥oli= Z+7zF 0.11, 0.06, 0.001 mZ AIFZ
(crossflow velocity)S AI2F3E7] €3k @A L 6.0 x 10° m*o] T},
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LA A FEE 243t DSEET DI water= A7 AA F
A e X2 A x5} DI water AlF yAH o2 E A EH(AISH
of o] I(F) Y] A ErZE), RO(Dow chemicalAte] TW30-1812-50),
o] 233X (Dow chemical*te] MR 450 UPW) A= 459
At FEFS FHF7] AR F FA7F kA st HE DSO 7
= FAS A& (A&DAFY FX-6000)% =74 3te] J,5 At

1 AEES 58 1A 078 =A3ste] AAratsltt.
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m/sPaZ A= AT BRE2 22249 424 299 93 (3.87 £ 0.90)
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Fig. 3.2 The comparison between the experimental and modeling data:
(a) water flux and (b) solute flux.
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c, dd= Z+7ZF FS, DS, 5% FS(concentrate), 3% DS(diluted DS)
E oust FS9} DSe = A& (mass balance)> the 43
=3

Q—J,A, =G, (3.1
Qd + ']wAm = Qdd (32)
G t+JA, =CQ, (3-3)
CQy—J A, = CuQy (3.4)

A7NA, A, FEHAZ(153 mHolw REO HF vgnEHE
U3t o] yetd 5 ol

C.+C
¢ =——% (3.5)
2
G+0
q=—"% (3.6)
e P, + P
APNG NP 2 f2 £ d2 . (3.7)
G (@rQ)2 (g+Q) .
FW¥ A pwH, 200 H, '
. — st_ (Qd+Qdd)/2_ (Qd+ Qdd) (3.9)
R SN (537 ¥ )77 |
71X, AP, U, A, ¢, HE ZZF FS9t DS Apolo] wzhxp<t
(transmembrane pressure; TMP), 2ld Ul %, Ad U F=29 o9
Z (cross-sectional area), g W = o]A 7} AA|3F= v &, A =
°|(Hy = 0.81 mm, H;, = 1.62 mm)°|t}. 18|31 FS¢ DS HA+= 7}

7 FS ¢k DS A2l Mo Hi & vebdch FS Ao vnlE
vE Ameldd RE #ve FdFee] whel yule Ba=



w(1.255 m)) DS A2 Holx= BE Zole Huk= //2(0.508 m))°]
UHFig. 3.4 Z%).

9o} o] REe] i FetuHE]
o]2] 3t W9l ICP, ECP 2dS 43}

FiEZEay)s Z2AsE Aot S5 A 3.10(Park et al, 2015;
Kim, 2014)¢} Zo] F& 27 (Am,,)% TMPS = vehd

o]
A
J, = A(Am,p+ Ap) = Ay — 7, + AP) (3.10)
od71A AT A AFSH 5 (water permeability, 4)°|T. 1
3 APZF EAGTR ARGE L= 4 3019 ge] BT

——_(J/A—AP) (3.11)

oA7|A B, B, R, T ZF7F FO 2] ¢ F 3} (solute permeability,
B), van't Hoff Al (4 : NaCl®] A5 8 = 2, 7 = BRI, 71 A%
g, A Eo|t ICP(UIFEE e 4 3.12Q2.27389 4 2.5)

2 498 F gk

1 B+ A7Tc4
Rier = I B T T an, (3-12)

A7 Kiep= AAZS A8 A e YEr (Kiep=S/D, S+
A A F 2] FZ A 9(structural parameter)©] 1 D= EAFAS(18(Y W)
NaCle] 7% FabA¢E 128 x 10° m¥s)olth) A(GFF3%), B(Y
FEamyghe 3180 AFEel Zh 18C 71+ (1.59 + 0.23) x
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10" m/sPa, (3.87 + 0.90) x 107 m/s®] #HS A& o S 280
+ 35 um©]th.

A ECP( i@ ded mEW o BT Wil oF ¢
B} =om2d9 Fig. 2.7 #FXx) ol 4oz YeEhH 44
3.13, 3.14%} #th.

C
ECP in the DS side: .J, = —kdlnc—4 (3.13)
5
C.
ECP in the FS side: J, = k‘flnc—2 (3.14)
1

| T(dy = 2WHI(W+H)E HYEd = o wet He 7
ZF Ade] Y| ep golojth)olth A9EgE EH 35S

A8 HolE2F(R) FHIEF(S)S dHEn. a1
FO RE @l 2d o7 A4 T

]
W (turbulent flow) T2 & AF-&3FATHT2 (3.16

o N
2
L

(o
ot
rok
-

N
Y

Sh=0.04Re" " 5% (3.16)

oA7]1M Re= dolEZ2FRe=pUdy/p= HEFE & dow pibu+e
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b7 wEsh FHAASE uEdtholm S FuESRES,
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Fig. 3.6 Experimental setup for FO module flow diagram.
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Draw solution
0.162
50.8
95
12
93.81

Feed solution
0.081
125.5

60
12
73.19

The number of channels
Cross-sectional area (cm?)

Void fraction (%)

Thickness (cm)
Width (cm)

Table 3.1. Dimension of FS and DS channels for the FO8040
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Table 3.2 Operation conditions, experimental flux(Jy,e), modeling
flux(J,m1), and NRMSE for each FO module experiment set
Set Q ' Qd AP C f C d Jw,gxp Jw,m 7 NRMSE
No.| m/d | m%d | bar |mol/m'| mol/m' | LMH | LMH | (%)
1 45.36~| 6.62- | 0.33~ | 1.91- | 999.73- | 24.31- | 15.16~ 34.06
4277 | 720 | 0.37 | 15.63 | 100.01 7.84 4.82 '
) 45.22-(13.39~| 0.15- | 0.30- | 992.52- | 26.93~ | 18.82~ 27 46
4349 | 13.82 | 0.18 | 5.33 209.73 | 1490 | 10.28 '
3 44.64-120.88-|-0.13-| 4.15~ | 1003.3~ | 22.48- | 20.50~ 17.89
4277 | 22.32 | -0.07 | 53.24 | 101.09 5.88 2.89 ’
4 30.67-| 7.20~ | 0.04- | 2.03- | 996.18- | 21.31- | 15.41- 20.95
2894 | 720 | 0.06 | 8.70 100.04 5.69 5.51 '
5 3470-{12.96~| 0.65- | 0.78- | 990.98- | 28.63- | 18.49- 35.30
3038 | 13.54 | 0.86 | 1442 | 20143 | 1542 | 8.66 '
6 45.94-112.67-| 0.10~ | 8.27~ | 998.76~ | 24.58- | 17.45~ 26.50
4291 | 13.25 | 0.15 | 47.27 | 100.58 6.14 291 '
7 45.50-112.96~| 0.08- | 44.55- | 1000.6~ | 20.92- | 14.15~ 1261
4248 | 1411 | 0.14 | 13496 | 158.04 | 0.65 0.72 '
3 21.02-| 720~ | 1.28- | 0.73-» |1000.80~| 31.37- | 15.42- 50.19
1526 | 7.20 | 1.32 | 847 107.70 | 10.98 | 542 '
9 33.84-| 7.20~ | 0.90- | 0.66- | 996.49- | 28.62- | 15.64~ 45.49
29.66 | 7.20 | 094 | 5.99 100.10 | 13.07 | 5.83 '
10 44.35-(24.77--0.11-| 6.82- |1002.18-|21.44~ | 20.89- 1977
43.34 | 26.06 | -0.07 | 92.86 | 202.35 7.45 4.17 ’
1 14.83-| 7.20- |-0.13-| 4.40- | 990.66~ | 18.43~ | 14.18~ 7887
14.11 | 7.20 | -0.12 | 70.72 | 200.03 4.58 3.07 '
12 29.66-|13.82-|-0.03-| 0.15- | 995.87- | 19.61~ | 18.94~ 471
28.22 | 14.69 | -0.01 | 27.14 | 99.52 4.31 4.47 '
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Fig. 3.7 Comparison between experimental and modeling flux data.
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Fig. 3.8 Factors affecting the modeling error (NRMSE):
(a) FS flow rate, (b) DS flow rate and (c) transmembrane pressure.
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Fig. 3.10 Effect of transmembrane pressure on water flux in the spiral
wound FO module: (a) water flux data as a function of DS
concentration with/without transmembrane pressure, and (b) the
comparison between water flux difference (=AJ,) in (a) and pure
water flux due to transmembrane pressure (AAP).
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Fig. 3.11 The pressure differential (A27,) in the DS channel as a

function of the average cross-flow velocity (Uga,) 1n the channel

(Exp. and Reg. mean experimental and the regression model data,
respectively.).
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Fig. 3.12 The conceptual schematic for the effect of positive
transmembrane pressure on the permeate flux
in the spiral wound FO module.
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Fig. 3.13 Effect of trans-membrane pressure on water flux of FO 8040
module with comparison between experimental and modeling data: (a)
Set No. 12 (-0.03AP¢0.01), (b) Set No. 4 (0.04<AP<0.06), (c) Set
No. 1 (0.33¢AP<0.37), and (d) Set No. 8 (1.28<A P<1.32).

The unit of pressure is bar.
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Fig. 3.14 The prediction performance of Model 1 and 2: (a, b)
Experimental sets No. 1 and 4, (c, d). The initial four data from
experimental sets No. 1, 2, 3, and 10.

Specific operation conditions are described in Table 3.2.
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Fig. 3.15 The number of trained data affecting the performance of
Model 2 in terms of prediction accuracy and variation: (a) Mean and
(b) Normalized standard deviation (NSTD) of NRMSE obtained from

the 100 randomly produced train groups.
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Fig. 4.1 Schematic of RO process with ERD.
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Microsoft Excel 7]%¥FS]l Power model®] 2= X =2 13
3lal QA th(Fig. 4.2 Z=%).
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Fig. 4.2 The Power model program(7Z &% 5, 2017).
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Fig. 4.4 Unit setting window of ROSA (Dow chemical).
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Fig. 4.5 Feed water quality setting window of ROSA.
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Fig. 4.6 Flow rate and module arrange setting window of ROSA.
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input cell and mode setting in the FO design program.
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Fig. 4.14 Comparison of experimental results and model results of FO
system with 3-stage serial arrangement.
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Fig. 4.16 Results of RO process design.
Notes: Q: flow rate(m’/d); C: TDS(mg/L); P: pressure(bar)
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Table 4.1 Summary of CO, emission rates in gCO,e/kWh reported in
the literature

Fuel type
., |Natural | Solar | Hydro . Geo
Reference | Coal | Oil s PV | electric Wind | Nuclear thermal
1) 1006 | 742 | 466 39 18 14 17 15
750- | 500- | 360- | 43-
2) 1250 | 1200 | 780 | 73 1-34 | 8-30 | 2.8-24 i
518.8- | 26-5 203-| 22.2-
3) 975 | 142 607.6 | 3.4 1.3 29.5 24.2 15
949- | 519- | 485-
4) 1280 | 1190 | 991 79 3-27 | 14-21] 8-11 -
5) 1004 | - 543 90 41 25 - 170

6) 1005 | 212 | 43296 | - - - - -
9.4- 18- 16.5-

6) ) ) L 300 | 74.88 [123.7 ) )
7) - - - 1479 - 16-55 | - -
485-
8) . - 100 - ) - 5-12 -
sample | ¢ | 11 | 11 9 12 9 3
S1Z¢€

Average | 1023 | 780 | 6059 | 70.8 | 254 | 31.1 14 66.7

1) Meier et al., 2005; 2) Noutchkov et al., 2011; 3) Hondo, 2005;
4) Dones et al., 2003; 5) Evans et al., 2009; 6) Varun et al., 2009;
7) Fritzmann et al., 2007; 8) Dones et al., 2005

= AFelM = &= RO 43 FO-RO &34 Al oy~
avlgs Adtstrl f& oged 22 7HEE Stk
Voutchkov(2018)el ¢]3}tH RO &4 -2 & A 2] (pretreatment), RO A] =
H(RO system), A4H5 o] F(product water delivery), 3] 5(intake), L
2] Al A (other facilities) 522 /F3alal Atk 2 AFoAN &= o
RO 5749 oA+ Fig. 4.18% o] RO A 2Ho= 71835 <
U A FEAE oA o gs dom ALSEAT o7A FE
Aol #F Fig. 418914 RO Al&dlS A3 e Ade 23k

&

FO-RO §&3& 4o+ RO 349 ZEE /4RO EE 80717t
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Fig. 4.18 Energy use breakdown of typical SWRO desalination plant.
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Table 4.2 RO process energy consumption and carbon emission

Product
RO Other
RO system Pretreatment | Intake dvslf‘flter facilities SUM
elivery
Energy
(kWh /m3) 2.87 0.44 0.21 0.20 0.31 4.030
Product
Ca.rbf)n s lst(gm Pretreatment | Intake | water fa(c)itllill:eilés SUM
emission Y. st
Coal 2.9360 0.4466 0.2192| 0.2068 0.3143 | 4.123
(kgCOym’) |~ ' ! - - -
Oil
(kgCOz/m3) 2.2386 0.3405 0.1671| 0.1576 0.2396 | 3.143
Natural gas
(keCOL/m’) 1.7392 0.2646 0.1298| 0.1225 | 0.1862 | 2.442
Solar 02032 00309 0.0152] 0.0143 | 0.0218 | 0.285
(kgCOym’) | ™ : ] - ~ -
Wind
(kgCOz/m3) 0.0893 0.0136 0.0067| 0.0063 0.0096 | 0.125
Geothermal
(keCO,/m’) 0.1914 0.0291 0.0143| 0.0135 | 0.0205 | 0.269
Nuclear
(keCO/m’) 0.0402 0.0061 0.0030| 0.0028 | 0.0043 | 0.056
Table 432 FO-RO &g &4 AA dUALvZFS A8 A
At d5 H BAnEHS e Aot 44 ©WE RO A
NUAE 2.16 kWh/m'2 AlArE 9 om, oda AFglso] FEHAA
o] A LHHFE G5 RO A Fdsdn HAeA. ga
HlZ o] 71 =2 49 Ae d5& AlSste d™Hs AAksH
= %oy o w e©iuEFHES 3.393 kgCOym’S 2 A4bE At}

gamEde] /Mg e AeE 9x4E dHow HAHEHE AAstE
74g-olm o] uf AAFH T eErulEHFS 0.046 kgCO/mM’ 2 7
AE T AR5 TR WE ghAmMEFS 95 RO ¥4 FO-RO
T AT FS ARSIV Wil A HES A sdE
Aolt}, AT Mgk A8 AE Al FO-RO 334 d@amE=
< 3393 kgCOym’eZ ©Wx RO FAo wAavEE2 4123



kgCO,/m Bt} 2F 0.73 kgCO/m’ T & S Hgow, x5 w
Aoz Hd™E A Al FO-RO §F34e w©amE=2 0.046
kgCOy/m’ .2 ©= RO &4 wiujE=el 0.
°F 0.01 kgCOy/m® T & s BT 5 Hl&

olx| x| wk g F/{7F vty e AujE% =HolA] FO-RO &3

ol AzhE = olux2u el & ov7t fle 7he A

N o
o
ol
ul
offl
me
ol
ol
X

N

olf N

Table 4.3 FO-RO hybrid system energy consumption and carbon
emission

Product
FO-RO 1;‘(;1;;) Pretreatment | Intake | water fa(c)itllilfi:s SUM
Y delivery
Energy
(kWh/m3) 2.157 0.44 0.21 0.20 0.31 3.318
Product
Ca.rbf)n E(;l;g Pretreatment | Intake | water fa(c)itllilfil;s SUM
emission Yy delivery
Coal
(kgCO, /m3) 2.2066 0.4466 0.2192| 0.2068 0.3143 | 3.393
Oil
(kgCOz/m3) 1.6825 0.3405 0.1671| 0.1576 0.2396 | 2.587
Natural gas
(kgCOz/m3) 1.3071 0.2646 0.1298 | 0.1225 0.1862 | 2.010
Solar
(kgCOz/m3) 0.1527 0.0309 0.0152| 0.0143 0.0218 | 0.235
Wind 0.0671 0.0136 0.0067| 0.0063 0.0096 | 0.103
(kgCOz/m3) : . . . . )
Geothermal 0.1439 0.0291 0.0143| 0.0135 0.0205 | 0.221
Nuclear
(keCO, /m3) 0.0302 0.0061 0.0030| 0.0028 0.0043 | 0.046
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CO,e emission by desalination inputs
1000 ® [ntake/Outfall
B Pretreatment
® Hydraulic devices
800 m Piping. High-grade alloy
® Membranes
m [nstallation services
600 ® Legal and professional
Design costs
400 # Equipment and materials
B Civil costs

carbon emission(ktCQO,)

200
_—A
0 .
2000 2005 2010 2015
year
Fig. 4.19 COe emission by desalination inputs.
Table 4.4 Details of carbon emissions by process
RO FO-RO
Intake (kgCO,) 1,774 1,774
Pretreatment (kgCO,) 39 39
RO process (kgCO») 461 461
FO process (kgCO,) 0 922
Other (kgCOy,) 889 889
Sum (kgCO,) 3,163 4,085
Carbon emission per day
(keCOv/d) 962,861.5 1,243,531
Permeate que;ntlty per day 1,735.910 1,735.910
(m’/d)
Carbon emission per permeate quantity
(keCOy/m’) 0.554672 0.716357
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ol odF3 MHES 7Wte g WE RO ¥4I FO-RO €8+

g Q3 oo ik ghiv]Ee AMESke] Table 4.59F %
of YEMH. &= RO &4 Aol tidh gHAnjE T2 Table

kgCOYmM*E AAbE ey, 2g]ar oyx| Ln) e wE ghrwEds
Ag 7o ulg} Table 4.2, 43904 Agldk &S thA] Ayt

Table 4.5 Summary of energy consumption and carbon emissions by
process

FO-RO
RO
Sum FO RO
Module No. 80 242 162 80
Carbon emission by
construction 0.555 0.716 0.161 0.555
(kgCO,/m’)
Energy consumption
(kWh/m?) 2.87 2.16 0.167 1.99
Coal 2.94 2.21 0.171 2.04
Oil 2.24 1.68 0.130 1.55
Carbon | Natwral f - 7, 1.31 0.101 1.21
emission by gas
energy Solar/PV | 0.203 0.153 0.0118 0.141
3
(kgCO/m’) | wind | 0.0893 | 0.0671 | 0.00519 | 0.0619
Geothermal | 0.191 0.144 0.0111 0.133
Nuclear 0.040 0.0302 0.008 0.022

Table 4.59] "o E #8319 1,000 m® FR9 A|HS 7tz A
Ao 7pdste] 7 e A4 oy v el whE wa

EFS A7 FHEE Fig 4207 o] JehAT
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