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Evaluation of energy consumption and removal potential of dissolved gas
in gas hydrate and reverse osmosis hybrid system for seawater desalination

Hyunwook Ryu

Department of Civil Engineering, Graduate School
Pukyong National University

Abstract

Gas hydrate (GH) based desalination process have a potential as a
novel unit desalination process. GHs are nonstoichiometric crystalline
inclusion compounds formed at low temperature and a high pressure
condition by water and a number of guest gas molecules. After
formation, pure GHs are separated from the remaining concentrated
seawater and they are dissociated into guest gas and pure water in a
high temperature and a low pressure condition. The condition of GH
formation is different depending on the type of guest gas. This is the
reason why the guest gas is a key to success of GH desalination
process. But, the salt rejection of GH based desalination process
appeared to be 60.5-93%, post treatment is needed to finally meet the
product water quality. This study adopted reverse osmosis (RO) as a
post treatment.

The energy consumption of the GH system is based on unit

process like hydration, dehydration, and dissociation. Also, the cooling



and heating of seawater and the heat of reaction of GH formation is
needed to calculate the main GH energy. The pressure and flow rate
of high pressrue pump, product flow rate are required to calculate the
RO energy consumption. It can be found from simulation results using
commercial RO software. As a result, the energy consumption of
GH-RO and conventional RO system is compared to find out the
competitiveness of GH-RO hybrid system. Also, the gas rejection test
by RO process were performed because the guest gas is dissolved in

a GH product (i.e., RO feed).

Keywords: energy consumption, gas hydrate, reverse osmosis, hybrid s

ystem, guest gas, removal rate, seawater desalination

_xi_



=5 wAZE Az el wEl Ak gEE 9% v
T3t o] MEHA. AFErstE 9 HEAQ
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Pressure Exchangert 202058 dz] H&=3 ow, 7 273
Zo] Rotore= WaAd &Frlw FAol =(Aluminum oxide) Al2b=) 24
24 F e AEle end cover Abelel] 91X3H FA19] tension rod ¥
Wol axial ducts7b &= TEE Ho Utk FedE s 1YY w5

#9A] hydrodynamic bearing &% & roator’} wF&§lo] =1 203]

o
k1
Lo
pr
ki
!
ok,
r>~l
rot
i

ol AR ductsE 1LY FE=FE, 3% ducts

o2 AYAA ®ro} Rotor’t 3| HsHA ducts

Foll ofs] "HewHA sidtEe] s EIR

| rotor®] &&= ARRET] ool

FolA Al HM, 5% AEo £da st dAste ¥

L7F S7ketal Aelao gdo] oty = wilo]
=

2=
Hub Yy A] E&2 96-98%9 M=

= I
= )
24 =2
2 o
ol of
ofl =l
& P
e b
T
po
oip 2
A

Rl
zo
1o
o
o
e

7

@4
Jo
oft
b

oy 2
BN
i

HIGH CIRCULATION
PRESSURE | PUMP @

PUMP A =
| - Ei

A B iIsoBARICERD M

% 2.7. Pressure Exchanger 1%
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(2) Turbocharger

Turbochargerv= 3 2 tgo] o & F FA &5 T ¢FH9 g
=

UAE 343t b2 AR ddsie] HS

A Feo] w2 Aow deA v EF, A8 &l AFA oL F2
2
h

7] Aty d@gHor Law gdt Aldo 2 gs)

Air inlet
\ Compressor wheel

Air outlet

(to engine) v . Turbine wheel

Exhaust outlet

Exhaust inlet (from engine)

%9 2.8. Turbo Charger X2]%(Schwitzer)
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2.3. 7k &sto]l =¥ o] E(GH)
2.3.1. 7k&3to| = ol E AT

AH2EYo]E slo] =g o] E(clathrate hydrate)™= “barrier’ & 21|

ol
-

=820 “khlatron”o A Fdk &2 FA(host) wAEC] FA2ZAT
sl FAete 3o AR xol A Al(guest) A5l 348HA At
| ElA o x8Ho] gle AR stFEclth o] W, FAEAEC] =
wApolH | AR EAE] ARAFS] 7F(CHy, CO: 5)1 A -5-7F 7F2=3)
FE. GHel disiAs 20073 11¥€ SaiolA 2Aa4d o
TR GH HAFToRE Qlaf AAd dux] AdozA Fr FZ45 A
g 19AI715E AFHAR 7 AT gAbet o AYgAHd 8 &
Tulel] ofx g G A A Zgk A olth(AfFE 5, 2008)

GHell #3 @2 d77F 1aso] shArt
AR/ zd, Ad7%, A8 &Y, 55 U
8 So] JrHAZ, 2014). 18 AR F2 ALHolAm Y= A
HopR = o] gRloA e w3l AdS AT s A, AAd HdA
b I, AT 2dst EAe] A E ] fle olatsterA X F V)<,
LNG diAE 98 A7k~ A 9 x5k 283 s @53 5o Ak

(M 5, 2008).

£ e

o

o

o= olER

2.3.2. J}23lolmgolES T2

GH® %+ % I(structure I, S-I), 7+2 I(structure II, S-1I) 1]
I % H(structure H, S-H)9] % 3719 Fx7F & Aoz 93 A
(Sloan Jr et al, 2007). GH= & Ao} AA7F2=7ke] st ZA3jto] of
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T
id
i)
a2
o
iy
ol

filo

(F2AF)E o]Fa Ju FRolth wEtA o] w
Ae(ice)o] Feleh fAtst, AAE w Fodsts AA 7}
webd o pR7E A2 GEA do o] W gA4EHE GHY
= oA E3Ed FAEA A7 Rl SAolth GH 2o WEY

& Jeffreyell oJal] A|gto] = Sar, 7bd 7122l Feiel 57t 1272 o]

07 gas hydrate?] 7%+ 57 FE2 ®7|e) o)9} e Wyor 5
7+ 1270, 67+ 270 FRE 5% B2 ¥/1® F duk(Jeffrey et
al., 1967).

i
ox

o
ol rlr
ETT
2
r1r
5

m

oflt
fuj

1) += L I

Gas hydrate &I 19651 X-A 31 4d &4 (X-ray diffraction, XRD)
o] AFte] o8, e FFEI =3 19659 XRDE ol oa) ¥ra Al
tH(McMullan et al.,, 1965). 72 [ 2709 & o= o|Fo]x S+, 2
2 FF2 209 128AGH)H, & FF2 6719 148AG6)E T4
o] Jdtt. i EAZe] Agle 47 395 A | 433 A otk Fx 1 W
= A 7F2~ 25 methane, ethane, carbon dioxide S °lth. +% 119 4
AA] 2/0e] FFoR o]FolA rh FHE& FFE 16719 129 ()
T TE2 8N 16WAGBPEHR o] FolA gtk Hit BAzke A=
7k7 391 A | 473 A olth. 7z 1IE W= AAI2ZE propane,

iso-butane S©°| Ut}
(1) +& H

Fx He 19879 8 A7) 3d Bayely X4 W Runa



(X-ray powder diffraction)ol] ©]3l ¥4 % th(Ripmeester et al., 1987). -
= He A2 53, 8 58, & 53 37k T3] o]Folxl FHo
o WA e T 39 129AGY), T FEe 29 12w
(4%5%"), & T 17114 209 A (576N & o] ol Slr}. EAite] Bt
Aels 7b7h 391 A 406 A, 571 A otk 2 HE wtEE AA AR
= methane + neohexane, methane + cycloheptane %©°| 9ltH(Sloan,
2003). FxH+ F&I 09= 2 kA A EAs8t7] HsiA«= 2717
gE 5 A AAEAIE ook k. Xe, CHy No 2 HZFE 7lAae
small, medium =719 &&< A3, neo-hexane¥} 2 =A7|7} & 7
A EAEO] large 719 sS MY AAF SR FxE FBI A

T e T8 5, 2008).

iIx]

Structure |

Cubic = Pman
a~121A

46 H,0

Structure
Cubic — Fd3m
a~172A

Structure H
Hexagonal — P6/mmm
a~122A c~10.1A

435663 34 H,0

51268

9 29. 7FAEol =g o] E Q] F-Z(Strobel et al.,, 2009)
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X 2.2 7hxstel =g ol B 3 E4J(Sloan, 2003)

Structure I 11 H

Cavity Small Large Small Large Small | Medium | Large

512 51262 512 51264 612 435663 51268

Descripti
on
Number

of cavity
per unit
cell
Average
cavity 3.95 4.33 3.91 473 391 4.06 571
radius(A)
Number

of water 46 136 34

per unit

cell

2.3.3. 7}23%olEHolE 7|8 &G 5s AF

GH 84922 o848 943 #se GH 94 7129 29 wwolA
A, 54 a8 2ol A
EAsHE NaCLE WAE L w58 2ol oa] 7hs7h 2PEwA GH

FAaHE

D

H7F @457 Aztstd s =+
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Gas: o NaCl : @

GaS 0D © 0 © o ©

srm?
CIe R )

Water
X J I I )
QOGRAL
<Hydrate B¥ - NaCl¥™> <Hydrate %= 258 & H45>

% GH 34 9% 088 945

thFe Al tigk GH IA8A As &del tist A= 58]
g E oy gkth(Sloan Jr et al, 2007). &2 NaClS TAHSZ dFo] ut
GH dH o] ofg A olgst=Add tdt AF7 o]Foxon, d5=

$24% GH/E 948 W o B ¢ o 2 ex 2

T

A
o)
Fo
-
)
rir

Aoz HauxEi Jquh(Lu et al, 2001). GHE A A 7] 7h2ol digh
T ol =A== T2 ey o]itsteka s Ao RE 3 TddvlA
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a9 212, gl e COy AAZF2e] Fhasto] =g o] E

& 4] 4% (Hassan et al., 2016)

GH &% @ a5 das ATl o @4 Wz GH dle, 7
285 Aba W7t 5 Od BN SE 9 e x7lo] Basnw
GH 44 2 sz 549 Wz 7tdol gat olux] Alze H4dskel o

B odpoAE GH 4ol 7bs
& AAze) AREHR Tx 54 detele] AA MAA 2z 1ue
al

ga)e AAse] U 2mFS A4

o
©
o

24. 7}~ A EvfEadd-vA AFdEZWEY

(Gas chromatography-Mass spectrometry, GC/MS)

714 2zvtEadg = 244 (Column) 92 SAHstuAt s+ 714

& EHEY IS 7k LS BYeke IEs ondth & A9
BN E5ES 3A 57HA 2 Y9, Carrier gas — Injector — Column —
Detector — Data Systemo. 2 ¥ &g 4 1 ZtZto] A ES 2 9Fsld
oz} o] AW 4 Ut

- Carrier gas: A& FY oA 7]3td A5E Columno 2 o5 Al A
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- Data system: HZ7]A U= AsgsS Y=o, Azt

o
>
i
K-
i

Ehio] Azvteads ey

ﬁ injector . —— Detector

IR

Column

I—II_I

Carier Data System

Gas
Oven

a9 213. GC #H)e maw

(Basic of Gas Chromatography, Agilent Technologies)

714 ARvtEIYY =

=
2L
2k
o
<N
=
3
58
H
fu
AN
o
off
o
K
by
ol
o
rr
N
B

=, BAstu e ARE FRT FAE neEe] $2, 4F 59
Carrier gas’} A15E Column® = o] FA|AFTIL 7] A EFAFE] Al

507kl A Z1AIe U T 71A9] dAEg&S vaste] HEHh oy



ofell 2 A

)=
RN

1%

71 24 el A

g]

22 ARgE L leh

el

AlE W 3=l

)

Retention time W< o]-&

o]

SERy ole el

Fel (m/z)ol w2}

MS)

’

(Mass Spectrometer

|=] [e)
ARy

o

o
3

& o

il

o
Bl
o}

ojn

)
=

ol

o}

pid

E & (Mass Spectrum)o] 2t

Columne. 2 dAHTY. Columnol A

o] &35 0] BATEI A

u

B
<
o

NV
o

g, o] w 2

-
T

=
=

He 7HAA Ha o] AR

¥ 2.14. GC/MS ZH](Shimadzu Corp.)
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AT Wg L P

3.1 AA7A AA

GH E4olA ofW AA7xs Ausiovhe] weh GH ¥4z0] 3
Aeis Dty ol wel £xe) dEzAS WEAFY] 97 A7l
YA 9 BH ATt e B+ 9li GH AR T =3 2

P
2

del e T Q3% QAo|tH(Lippmann et al, 1995).

()

T 7l wiszel 7t
& 5ol W (CHYY 25 0CelA ¢ 27 bar, 10TCA °F 75 bar ©]
ol kel gE = wbdel], oAbt A (CO)= 6CollM 26 bar 7FEFRE

GHE 34AZ 4 Jeornz ek Hla] gz o st
1 & 4 dH(Qazi Nasir and Lau, 2014). ¥ Aol d= GH o] 7}
Ttk 27 eSS dWHoR ZASY 7 staEe 4EE 54

2 shetdt ¥ AAZtAE Aesiglvh
32. 4% F49 HAA 5 %o
3.2.1 AW

Lee et al.(2016) % RO 3]+&<S dotetr] 918 37H4 dA=
o] AAstdth AdEdE (1) GH-RO €334 Mass balance 3¢t
(2) ¥ RO ¥A 9452 (GH 34 AdF F4) o=, (3) d=%
THdx13% GH 9AIAE, RO 489 348 & vds dAxds 7|8
© 2 Toray Chemical Korea®] &8 RO A7 AXZE oA CSM Pros

7} 2 2 Dow

1

3 AlEEeld AAR Aded ¢ vk & AN =
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Chemical®] ROSA, Hydranautics (Nitto)2] IMSDesign 2015 A3ZE 9| o]
5 &3l Lee et al.(2016)9] 23} dHolHE ¥ o 53T

3.2.2 Mass balance
19 31 9 GH-RO €349 mass balance EAEE eI

= o7l fdld= Fd& RO F557F GH

Qc. GH » Cr. Gl

RO
Q;.GH Qp.a.rf = Qmo
W of I Y > T C
Qf Cf C}I{;” CJLGH= CLRD QP.RO ! P'RG
Q. ror Coro

219 31 ZksstolEdle] E- 4R g3 e A el Mass balance R4 =

(Total Dissolved Solids, TDS) &Xx¢9l

Con= (1= Rey) Crom (1)

Rope GH 349 AAAE, C qpc GH 34 459 TDS =& 9fv|

@tk RO 4 5559 TDS 5529 C i Reyst RO A5F89 1y,

C
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' G (2)

4714, FFHE RO $559 f4a5e EFRANA gn 2 A

A7}y 7h 538kt
(Q}‘ + chgo) CJg GH — Qf C} + QC,RO CO,RO (3)

Qoo §% 2 TDS BEE, Qpt RO 5559 &

_?r
Fe duanh o 4 (D-GAAY B4 B Gt QaoF A @)

CrQ
G orr 3 /- (4)
’ 0,40 Rey—Tro
f ¢, RO 1 — -
1 1
Qro= T Qp,RO_ Qp,Ro N (__ 1) Qp,RO (5)
TrO TroO

repe GH 3789 3¢&S ongtt. o7]A 49 #HF mass balance

£ adste] 4 6% 22 s =T 5 Uk

&), ro (6)
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HA FdEF (el o]2FF= DOW  Chemical®]  Filmtec RO
membrane technical manuals 3x3e] RO AAo| T o3ttt Ady =
olxs& Adstt. o, C oy Cronst GO WE(C o/ Ce C
of A &3slo] AAeldth(Lee et al., 2016).

GH TH9 dAAEL Ad FdxAE T 22 AAE HAE #
Zste] doZ 78%, 84%, 90% 37} A2 AAsIATE o714, Park
et al. (20119 A7 AAE Fz3e] AAL] 8% U W K, Na', Mg”,
B*, Ca?'o]l259 AAE&S 804, 787, 76.6, 73.3, 720% = #-&3 F 2
YA 54l ¢ UHA= 78% H&). ¥ 312 9 WE&S vg
o7 AA 29 7t o] 259 27| FES AAES stk
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F 31 o259 27 T=(C)S} 7txstol=dolE &4 AAE(Ryy)

o W& ol AAE

Rey (%)
Ion ¢, (mg/1) 78 34 %0
Ca 410 72.0 75 83.1
Mg 1,310 76.6 82.5 834
Na 10,900 8.7 84.8 90.8
K 390 80.4 86.6 92.8
Ba 0.05 78.0 84.0 90.0
Sr 13.0 78.0 84.0 90.0
Fe 0.02 76.6 82.5 884
Mn 0.01 78.0 84.0 90.0
Si 4.0 7383 78.9 84.6
Cl 19,700 78.0 84.0 90.0
SOy 2,740 78.0 84.0 90.0
F 14 78.0 84.0 90.0
Br 65.0 78.0 84.0 90.0
NOs 0.7 78.0 84.0 90.0
HCOs3 152 78.0 84.0 90.0
B 5.0 73.3 78.9 84.6
TDS 35,691 78.0 84.0 90.0
3.2.4 Al E#HelA
o AFsgE A€ RO AA AZEYoEe g ke RO ¥4

A4, AHEEH= RO 9 29 9, ofg HAdd So7les 28 7, o
WlAde] wjd, 53 AT, 3l9E o] AtHKim and Lim, 2013). &
ATelA RO 549 34&S dAEd GH s8] 78-90%° AAAE&
3 9tk AFATe] wEl 50-90% HAZR A& HFT AN
T e 99l 5000 m*/day, #AF EHx 1
2% 10T, GH 3749 3482 50%=2 7H4dste] AAlsA .

rlo
=
oo
fo
>,
X
Lo
oo
o
ki
A

o

]

’



o] FHeh A

[e) <R
]:E

ettt 7 2SS
IMSDesign 2015 Al EdolAdA = Lee et al.(2016)°]
Chemical 93 o3t 5 L3 AL

= GH 944AAL3 RO g8 =1
IR= )

el AAE ROSASt

th 3 3.200+=

_I_4

ol
Fee

=

rﬁ

o

>

A8t Toray

e gestel @St

% 3.2 RO A&l Ad AgH 9 T/ 2 ALY
Toray Dow chemical Nitto
RO chemical (ROSA) (IMSDesign201
(CSM Pro) 5)
BWRO RE8040-BN BW30-365 CPA2
P t ; )
S 36.0 m¥/d 36.0 m’/d 37.9 m’/d
flow rate
Nominal salt
e 99.7 % 995 % 99.7 %
rejection
Effective
membrane 33.9 m? 34 m? 33.9 m”
area
SWRO RE8040-SHN SW30HR-380 SWC4B-LD
P t
ermeate 227 m¥/d 230 m*/d 24,6 m*/d
flow rate
Nominal salt
ominat sa 99.75 % 997 % 99.8 %
rejection
Effective
membrane 344 m® 35 m’ 371 m®
area
AlEH ol AiE T3 d& A= dolHE Ak A 3

drds otk o7]A,

Aok TDSOF BE &%
St30] 500 mg/1¢t 1 mg/l °olat7k ¥ A 2+zh x4 3t
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)
xy
2

=
=]

flo

2 (7)S o] &8t RO ©9 A & A8 HAH JdyA=
4= At (Park et al., 2015).

r
o
ok

QurPup+ D1 Qup Loy

n=1
E.,(kWh/ton) = (7)
o 367)@1),30
Qup, Pyp, Qup, Ppp= Z77F 3198 X (High Pressure Pump)<} §-2=€ 3

3 (Booster Pump)®] %% (m¥/day) 2 = (barn)S gu|sta, n= H

Zo 28(%)e AMBH(E dTolM = 70%=2 7HY)
3.3. 7txstolEdolE F49 A8 UAF

3.3.1 AR

UAR BRsgor, doluxs GH 44 2 slee Bad Wz
e oA, e ouAE WE wEzas 84 @47, A0l8 %
A 5ol oluAelth. Al GHRO §@¥del AAFw 2 AUL
Fushga, AAALRE B b o Mg e, 3gelA GH 9

ol 7Fs3 Rl3da 7F2=& o] &3k thH(Makino et al., 2010).
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3.3.2 &y A

GH AL #duwrgolu sg]es FEWkSol7] wtol(Nam et al,
2008) AL dleld =

A 7F A stk AL Ridda AALAE o] &8 GHE AA T w 71~

, WhednkEel Wk 8 ke 5 1Al ey

&3 A, dE9(Enthalpy) %S vtgo=
GHe &9 A4 3 vk (kcal/m) & AMbatint. 03714 A3 & 2
Aol dgy = goa 7hgstgnh aga Had e s SxE

GH B==7HA w357 Ad @243 & ol % sjgA717] A3 7t

AT
E . ¥ T
‘cooling, heatmg( I/Vh/ m ) 860 Qp, - (8)

fo
A,
rlr
i
10
oS
-
©
>
7
K
o
[
o
10
ro
=8
g
N
a
il
10
=
ol
H
=
o
&

333 &9 1A

O Al
WAH A " o]

of

HLo] elyx] 2mFe A (95 F3 Artetl

feicch
[

By (Wt om) = 3&% ©
', RO
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4@ kAR Qsh P BEEe] $EF(mYday) T ¢ (bar) <,
pe W BEO)S M AR E&S T0%E Y

4714, A71E AR A% AdAFE DU R AL Fa 44

o P wuso] sioh g WAHow AN E 330: A
Me wos 94 @479 A9e Aesd YA o Aus G
AAFFE ol g3te] 20 UL AME Aol
¥ 33 dAdE wE Zyx g2 27 gAY
C it
Capacity Ail/pei(:gz Power
3/h kW
N (m*/hr) (W)
05-35 2.0 04
D A} 1.5-5.0 3.25 0.4
3.0-7.0 5.0 0.75
0.5-35 2.0 0.4
Y A+ 15-45 3.0 0.4
3.0-6.5 475 0.75
05-35 .5 0.4
J At 15-45 3.0 0.4
4.0-75 5.75 0.75

Y2AY 44T FAE BF 2

RO Adol= fF=AY RO FAd w& FE F=2 22 1y RO
Aol dxlste] Hsdrh. AbEE 22 Toray ARl RE4040-SHN
(SWRO), RE4040-FEN (BWRO), Dow A}¢] LCLE-4040 (BWRO)e]t}.
Dow®] BWRO 2 491%] AHE 2] vg Eafate] ARgsklaL,
Toray 22 A|ZAF SolA A3 AZE2 v F9 Feo] s A8

o 29 32 @279 RO #X 9 RARE U Aot 95t &



xRS o83 20CTE FAAL w55 TS 15 L/min, &9
=
[}

2% GH-RO9 AAZ7 20 L/m*hell 3o

Hloll = AL FEAZE A7) wiimel AAAAR Ado] & F S
A FAste]l 2827 20 L/m'hrt HE g ow Adeste] 49S A
et Ad FTole 959 2x7 dATA FAHEA AIsH7] 9
a 2x=oF dAAE S 9 AUHEEE SAsAu. SA-dd=

Milwaukee A}F9] MI-180< AF&3td o, M= 2 (-)20-120T
A7 AEEE 0-2,999 wS/emo]th

Permeate
| High Pressure
Gauge
- v Pressure
] 3 P —] = Pump RO membrane Cell g
S 9
s =
EE Raw water —
5 ——pot—'  Tank
Flow meter
(0~7.5LPM)

I Concentrate

O 32, AL FaF A ] BAE

RO 94+ oA Ayt d5e Ridda 7t=5 A3 T8t A9

Atk olw, 7h27F AjojurtbAl A &
AsHA BEsto] of 2413t &k F9ste] R13das EIFAIA FATE E3
GH gAAES dxAi7lesd 799 AP A (Korea Ocean Research

Development Institute, 2015)¢} Park et al.(2011)¢] A2 3E 7|vto 2

Hom xR AxFE AHES

-

T ARE F=xste] e RO sAHAA w5571 34

rlr
Mo
2
BN
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A7A aelste] el B

i
it
o
ol
ol
2
v

3.5. GC/MS £4

A=A RO AFA A= 04, 60, 1202 AEHES sk, A
2 60+, 90+, 120+ (RE4040-FEN 9H2 302, 60+, 120+3)] A&+
= AAEH. F SRS 2T 7hA £kl 25707F EHlE AT S
Aol AFEH GC/MS AHli= Shimadzu A} (Japan)9] GCMS-QP2010
Ultrae]t}. A7 (Column)< DB-5MS (30 m x 0.25 mm x 0.25 um)E A}
3193, 97 A (Carrier gas)® A% 9 Hed A&kl ofu] &4k

71419 %€ 091 m/mine® YAEA A 39T}
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AT A

4.1. AR AA7LE

O 418 £FE o|€3 Ri3da 7129 A4EHE g zE UERH Ao
tH(Korea Ocean Research Development Institute, 2015). H= GH, G&
7174 A7 2, W o] & L2 d4fo AA7F~E xde Flolrh
°l+= (1) G-W, (2) H-G-W, 3) G-W =+ (1) L-W, (2) H-L-W, (3)
L-W S22 GH g3 A o] d9d - du. A& 50,
AA7F2=7F 283 K, 0.2 Mpa =4 U& uf 71739 A7~ s
(G-W) ZH& EAgt. 255 279 K 714 357 =¥ GH 4o
AlZHE A A GHSE 71738 AR 7L, sl s Al EA(H-G-W)sHAl |
o Whgo] EH I Y Fo 2=E oA 283 K A SHFA HW
GH7} afgl=aA AA7Zb=st g2 E2(G-W)EH. o714, AA7F=
2 7)ol A Aol ofyel 7hze] 540 whel A o

5
GH #4%=7 o mg & glomnz 4% ®: EdRAES F3 A4
1

rr

=
oo
B
o
N
rlr

_40_



H-L-W

-
-
-

Hydrate

—
I
T

G-W

Pressure (Mpa)
o

0.1
Degasification

" i i i i Il i i
273 275 277 279 281 283 285 287 289

Temperature (K)

I

o
N
[—y
iy
-
il
o,
oo
ot
=7
—
w
~
QO

N
[>
lo,
o
o,
ofh
I
fc)
K

E 412 THERAE FEl e B AAVIEEY U 22X
ek FAAHE S A Aol (Ripmeester, 2000; Handa, 1989; Dyadin
et al., 1997, Kawazoe et al.,, 2009; Sloan and Fleyfel, 1992; Mohammadi
and Richon, 2009; Barrer and Edge, 1967; Sugahara et al., 2006;
Lederhos et al., 1996; Shide et al., 2013; Nixdorf and Oellrich, 1997,
Morita et al., 2000, Kang et al., 2001, Anderson, 2003; Bozzo et al.,
1975; Liang et al., 2001, Akiya et al.,, 1999; Eslamimanesh et al., 2011;
Miyauchi et al., 2010; Sugahara et al., 2004; Mooijer-van den Heuvel
et al., 2000; Sugahara et al., 2011; Kubota et al, 1984). A 2=+ 4

L2709 275 K, 280 K & 72 AASAY. Pyt 5 (Pure

ot

water, PW)Zd o of A4A% P2 GHE Y + = AL
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= Rl134aE

=4
o
A

R14lb 7}227} 7bg $-
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LLel -

1
1=,

=
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AT AN eATtEE AL A
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=
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T 41 AEE g ZE Nto g 2AlE AANAES HdE exx
Ao st 9 e
Pu,pw Pusw Pupw Pusw
Gas at 275 K | at 275 K at 280K at 280K
(MPa) (MPa) (MPa) (MPa)
Kr 1.7-1.8 N.A. 2.9-3.1 N.A.
N-O 1.1-1.2 N.A. 2.0-2.1 N.A.
Xe 0.13 N.A. 0.13-0.15 N.A.
SFg 0.13 N.A. 0.36 N.A.
H-S 1.2 N.A. 2.2-2.5 N.A.
CHy4 3.0-3.3 3.6-3.8 5.0-5.7 5.8-6.0
CoHg 0.5-0.7 729 1.1-1.2 14
CO- 1015 14-19 2.6-2.9 3.4-35
R134a 0.060-
0.17 0.2 0.33
(CH,FCF3) 0.080
R32
0.19 N.A. 0.36 N.A.
(CH3F»)
R14
2.8-4.3 N.A. 50-11 N.A.
(CFy)
R141b
0.010 N.A. 0.03 N.A.
(CIoFC-CHs)
R152a
0.080 0.10 0.16-0.17 0.19
(FoHC-CHs)

4.2. A EY A 23

¥ 42% RO Al&YolXd Z3}E 53 mass balance Ho|HE A
#olty. GHe 995 TDSE GH f9AA & =&55 daste A& g9
gt = At} o] RO v=F9 FYaF7

GH Axk7F = RO d<70]7] wZolth. RO 3|¢&°] S71E o s5

o}
X
ot
)
i)
2
)
o
(o
-
N
n
M

it
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52" 31904 Crom Coom Copo)d FE/F F748HE AL 35gol

=TS U s5d 997F GH 952 3557 wEolv. i3] 4&o]
B

¥ 42 RO A EH oA Z3}E F3F mass balance o] E

r R Cicu Cocu Ce,ro Q¢ Qtcu Qpcu Qccu Qcro
RO G (mg/D) | (mg/) | (mg/D) | @¥d) | @¥d) | (m¥d) | (m¥d) | (m%d)

0.78 | 30,080 | 6,617 | 13,235
0.50 084 | 29,090 | 4655 | 9311 | 15000 | 20,000 | 10,000 | 10,000 | 5,000
0.90 | 28,180 | 2,818 | 5,636

0.78 | 31,083 | 6,838 | 15196
0.55 0.84 | 30,069 | 4811 | 10,691 | 14,090 | 18181 | 9,090 | 9,090 | 4,090
090 | 29,120 | 2912 | 6471

0.78 | 32,086 | 7,058 | 17,647
0.60 0.84 | 31,039 | 4966 | 12,415 | 13,333 | 16,666 | 8,333 | 8333 | 3,333
0.90 | 30,059 | 3,005 | 7514

0.78 | 33,088 | 7,279 | 20,798
0.65 0.84 | 32,009 | 5121 | 14,633 | 12692 | 15384 | 7,692 | 7,692 | 2,692
0.90 | 30,998 | 3,099 | 83856

0.78 | 34,091 | 7,500 | 25,000
0.70 0.84 | 32979 | 5276 | 17,589 | 12,142 | 14,285 | 7,142 | 7,142 | 2,142
090 | 31,938 | 3,193 | 10,646

0.78 | 35094 | 7,720 | 30,882
0.75 0.84 | 33949 | 5431 | 21,727 | 11666 | 13,333 | 6,666 | 6,666 | 1,666
0.90 | 32,877 | 3,287 | 13,151

0.78 | 36,096 | 7941 | 39,706
0.80 0.84 | 34919 | 5587 | 27,935 | 11,250 | 12,500 | 6,250 | 6,250 | 1,250
0.90 | 33,817 | 3,381 | 16,908

0.78 | 37,099 | 8161 | 54,412
0.85 0.84 | 35889 | 5742 | 38,282 | 10,882 | 11,764 | 5882 | 5882 882
0.90 | 34,756 | 3475 | 23,170

0.78 | 38,102 | 8,382 | 83,824
0.90 0.84 | 36,859 | 5897 | 58,975 | 10,555 | 11,111 | 5555 | 5,555 555
0.90 | 35695 | 3,569 | 35695
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¥ 432 3 ZEade] RO AEdUeA ARE Sa dojn HF A
A A gze o dolEEe Fitrghs Astel ek 7
prEge] BF wRd 4TS Jehly] Wi Figtow dmaiginh

RO 3]4&0] 60% °]4<Y w single-stage Wogx AA7 E7% 89

o1 2 multi-satgez AASte] wAS EHjstATE oAA7IA HE AL

] TDS % HE s=& %37] 98 BWRO 9 #7F ofyet SWRO %

= P o® ARt BEZ e ¥ RO 34&2 SUkstal GH 4
a

ol met S7reke A & 5 glew, ol RO Ut
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Product ' water 1P BP1 BP?2
PV quality
rro | Reu 2
array TDS Boron Py Qup Pspy Qsp1 Pgp2 Qsp2
(mg/1) | (mg/D) | (bar) | (m%d) | (bar) | (m%d) | (bar) | (m%d)
0.78 45:0:0 67.84 0.62 19.65 | 9999.65
0.50 0.84 45:0:0 47.48 0.47 17.34 | 9999.65
0.90 45:0:0 25.42 0.30 15.04 9999.65
0.78 45:0:0 74.69 0.70 20.23 9090.58
0.55 0.84 45:0:0 51.56 0.50 17.56 | 9090.58
0.90 45:0:0 28.57 0.32 15.18 | 9090.58
0.78 45:0:0 82.92 0.75 20.95 8333.02
0.60 0.84 45:0:0 57.10 0.53 18.03 | 8333.02
0.90 45:0:0 31.74 0.37 15.34 | 8333.02
0.78 30:15:0 92.19 0.78 22.82 | 7692.03 1.00 | 3760.88
065 | 084 30:15:0 65.64 0.60 20.12 | 7692.03
0.90 45:0:0 35.33 0.40 15.62 | 7692.03
0.78 30:15:0 93.83 0.82 19.93 | 714264 | 10.00 | 3937.34
0.70 0.84 30:15:0 71.73 0.64 20.44 7142.64
0.90 45:0:0 40.73 0.43 16.08 | 7142.64
0.78 30:15:0 97.38 0.82 17.99 | 666646 | 17.00 | 3962.30
0.75 0.84 30:15:0 83.38 0.69 21.46 | 6666.46
0.90 30:15:0 46.40 0.45 17.54 6666.46
0.78 25:15:5 88.66 0.73 29.67 | 624978 | 8.00 | 2058.75
0.80 0.84 30:15:0 100.14 0.75 22.68 | 6249.78 1.00 2163.05
0.90 30:15:0 15551F2 0.49 18.22 7249.78
0.78 25:15:5 98.93 0.74 28.89 5882.18 17.67 1935.41 11.00 907.28
0.85 0.84 21:13:11 128.27 0.80 23.33 5882.18 4.33 2729.07 5.33 1402.19
0.90 28:12:5 64.94 0.55 16.76 5882.18 7.00 2563.75
0.78 25:12:8 69.99 0.30 51.20 5555.39 7.33 1833.64 14.00 760.68
0.90 0.84 23:14:8 75.11 0.56 25.83 5555.39 12.33 1810.97 14.00 923.59
0.90 24:13:8 94.38 0.63 19.29 5555.39 5.00 2160.49 5.00 825.82

a) 45:0:0 (BWRO), 30:15:0 (BWRO:BWRO), 25:15:55 (BWRO:SWRO:SWRO),
25:12:8 (SWRO:SWRO:SWRO), 21:13:11 (BWRO:BWRO:BWRO), 23:14:8
(BWRO:SWRO:SWRO0),28:12:5(BWRO:BWRO:BWRO),24:13:8
(BWRO:BWRO:BWRO)

9 42+ £ 429 RO AlEdeld AyE vtR o= RO ggeo w
2 RO °UYx& GH gAAE& = vebd Zolth. g =ol= AHEH



AEES O FH W2 RO &8 dux e REAAE 73 ZAA L,
RO dlyYA o] AA AelubA] &= 3& ATt

GH 9AAEo] wet RO ovA7F Hx7F 5= 24 RO 3|52 7
7t 60% (Rep=78%), 15% (R=84%), 80% (Ro=90%)% ). thut,
Toray®] CSM Pro &AZEgo]e] A9 GH @AAEC] 84% o o <&
g Aoz RO 358 80%°1A HAHE detldth o714 GH dA1A
& 78% 274 RO 3 F&0] 90%E 9S w, RO oyA7t F7tshe=
AL 1 mg/l2 AARdE BE 58 257 918 Aoz Addn. 38y
3tH RO HA oy A+= GH @AIAE] 78% A 90%= F7kstell uhet
1.35 kWh/m’slA 0.86 kWh/m® (CSM Pro), 143 kWh/m’slA 0.93
kWh/m? (ROSA), 1.38 kWh/m’ 4 092 kWh/m® (IMSDesign 2015)%

skl

3
B «~ Reg=84 %
§ , L Ren=90%
<
s
o0 w
T
g 1 B .\w
@
@)
=4

0 1 1 L

40 55 70 85 100

RO recovery (%)

a9 42 7ksslel=dolE w4 AAAE ¥ QAT sl w

il
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4.3. 7tEstol = olE 49 &8 JuXF A 23

O% 432 GH A9 EAEE Yed Aotk 15T 7H8e A
B)7F ™l AA7Eze wey 28 = GH 348252704 2HH =+
918 WzHCooling)o] AL 3A B} o714, AA7t~2 Ridda’l A&

7] wtol] AL 2% ES 6T, 3 bar®, My FHo=RE

LS

HE
¢

14T, 7Ite 2 ARt (Makino et al., 2010). o] FAZAL A
AlEATdol A Rl3da 7F=E o] &3] 7txstol=dolE A4 AF
gk 2321 5C, 3 bargt FAF A A F UAtkLee, 2015). ©]
F ke 234 e AR GHE 14C7HA 714 (Heating) 3ol &f 2] A]

A Hm AFHor AALt FRAAPE RS 9 = 9

o

Feed
seawater

-

6°C
GH
‘ Refrigerator 736
g reactor T\ concentrate
— |Circulalionseawaler Dehydrator --------- g
—

Guest gas

7°C

-
‘ Electric heater, . . 14°C GH

Y 43, Fbzstolmdele 349 mAE: A7) AUA AE
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w79k el 2 A7 A= WA AR F
A& B F Ak ol = GH AR L dgds sjdstr] 9l A=A
GH A7 sl2 Aldles vbed(AAdd 9 dlgd)o] wAsi == o
23 GH g4 2 dlgds daire gexg delexs dAs)
AlA Fofokstth, mwE R WYrhyh vhgoe]l whEAl Ha st MEel
NI A LS ARkt wde 2224004 AHE WS J|uto s
oo BAS T AHg =S R13das A7t
o] Hl&o] 1:117(Makino et al, 2010)2 HA¥=g GHe &3
2 1709 Ri34a 7k29] EAZH3 17709 & B3-S 3 408.03 g/mol
o] ®t} 7|4 GHSF &9 H&2 07652 S F derv= & 1 ton B
GH¥ 133 ton XAt 35 & 5 ATHAA 72~ 033 ton L), ©
w AA7t~e) B AEy 2AE 3E o838 32679 mol/tono
AA7 s th, R134a2] &3] gk 142 kJ/mol (Makino et al., 2010)°]
B g Aag @ GH wS9e 111,015 keal/m’ o2 ©Z 5 A HTh

¥ 44+ a9 43 EAEY gig olyA A8 A#E vErd Aotk

AdHRE oAt dEHor =2 AL & F i, FHAUAE A

fus

i
rr

rl

[>
fu
rob
)
an!
(F
N
[
1SS
il

A U] 2 Gl gl Ao WY I5CE FUHE 542 GH
AReEe 6TAA Wres A7yl g4 olF 7Ce GH 93
2 FYerd M4TAX AdAAE AZlduRe] Fol ov @&
SWRO 274 djvl ok 5uj7} %t} tSo] GH wgdo] 4as] 27| Wi
of ol @E AruA 2avt CalAEA ol o] SojuA i
Aolth, Azle GH 24e Aolux7t d%e dw welo] ofys] u
o] o] alAsE Aol £ GH 49 AANL Fgat Aol Bt
A},

M
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F 44 7taspol=dlolE wA o oluA 4RFF b Ak H7] oY

) AHg
Energy
) Energy )
Unit process (keal) consumption
(kWh/m?)
Cooling 31,320 15.2
Heat Reaction heat 111,015 129.1
Heating 21,840 10.6
energy Di iati
issociation 111,015 129.1
heat
. Energy
Electric power consumptio
n n
(kW)
(kWh/m?®)
Belt dehydrat
elt press dehydrator 04 04
system
Separator system 1.1 0.2
Dispersion pump - 0.2
Total energy consumption 284.7

Fo A¢A(Kim et al, 2012)% ol §3te] NUAT Aus YL A

A8l B ke

A5 s B dEAE GH 34emd 6074 wHE
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&

o A

=
-

]

o 7

g

s

Mo

of ouv# =9

=
QLN

F371 o

[

g = A

0]

el

e = —

v
2
]
bl
-
=
L
<
=
s
o

De-
hydrator

A A Circulation seawater

reactor
gasification

Guest gas

TP,
uc

E

5°C

[

e

t| o]

=

tol

Heat
)

exchanger

Heat

exchanger

4°C
TG
T

15°C

&
€
&
<

a9 44, 7F~

o
4

o)

vze)

Mo

e
Lo

B

-

=
"o

B/
B

wK

&+
o

Al
=

e deluvA= S

£ HEY

U A]

_51_



AL F

I

OHT
mlo

% sk
pump, T.P)7}

HUAE 1.8 kWh/mPe 2 A7 A S o] &3ste] ALA

.

o]%H X (Transfer

AuA FrsIe A A%, GH 49 A% ol
€ Astsh vlas o

& 45 ZtzslelEgolE Ao oA AR A Ax oA A
7 ek 48
Energy
. Energy .
Unit process e consumption
(kWh/m?®)
Cooling 0 0
Heat Reaction heat 0 0
Heating 0 0
energy Dissociation . "
heat
. Energy
Electric power o s
con ption
kW)
( (kWh/m?)
Belt dehydrat
elt press dehydrator 04 04
system
Separator system ol 0.2
Dispersion pump - 0.2
Transfer pump 1 - 0.7
Transfer pump 2 - 0.3
Total energy consumption 1.8

2 GH-RO §#274e
Ye A9 Ardde AL ASE Yol A4
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RO 34&& RO 28 odUA7 A&t HE 4 I5&S A &3,
o] AgQ ouA= ZF AZESJo] AdEo] A AolE HolA g%
7] wjitol FwtS T AFEsHAh

719 @= SWRO 4 &8 oluA= 214004 A9s RO A&
ol W&y U IFEE 50%2 e (NS B ANEHA
a1, oA 347X (Energy Recovery Device, ERD)S AF&3F SWRO
a4 AR Aol A (10)e] AFE-E ST

nERDQc,R ¢ RO

Eopr (KWh/m?) =
o ( /m?) 360, 0

(10)

Q.o RO 5FF FFmY/d), Q, zoE RO BT FFmY/d), P, zE
RO 5359 ¢&(bar), nymps= ERDS &8(%)S oulstn], 82 90%
= b st

AR, A7y AE AR A9, GH dAAE 2o wek 2861
kWh/m*( R ;=78%), 285.9 kWh/m*( R ;=84%), 285.6 kWh/m’( R ;=90%)
2 A Eo] Ade] =2 oluAFS BEATh AN W sdel 2o
T A7duAE deddezs AT 49, 319 kWh/m’(R;=78%),
293 kWh/m*(R;784%), 2.70 kWh/m*(R;790%)% Aol wls] ofZ
Azret = JATh ol v SWRO A9 ol x|l 456 kWh/m® 1t
2t ERDE AF8-3 SWRO oA <l 274 kWh/m® ¢} H]alshe] =

U
w3 AA4Ee A gle olux Folel ek
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4.6. 2AL IH4F dd=d 2 23 dHoly

461 F=AL 4 9 &= 4F

a9 3194 GH-RO gd&Ae RAES YeElAAT. RO A=
GH AAbret sdaitt. webs, RO 949 FA(lesr)s 2443
AaM = g ol FEet GH 349 o|2AAEALS 1ok st
e o]2%FXi+ Dow Chemical® Filmtec RO membrane technical
manualS Zxste] AA4s 9 H(Dow liquid separations, 2015), GH 374
o] o]2AA EAL FuFTHA(Park et al, 2011)& FHi2 o FHFHo

2 ¥ 46 22 GH AA4F(5, RO 99)¢ o2k #hs A4 o

£ 46 S5e) olewE % AndolsdolE Y QUG £ (R

80%)

Ion Seawater (mg/1) GH product (mg/1)
Ca 410 74.80

Mg 1,310 230.12

Na 10,900 1947.70

K 390 105.98

Cl 19,700 3,394.60

SOy 2,740 402.75

B 5.0 0.63
TDS 35,455 6156.58

2% 45+ GH-RO 83 A4dA T RO E# 7% (Mass balance)
S Yl a2dgolth. 3 gde TAE FREE 2 mY/dE AAsH

(Korea Ocean Research Development Institute, 2015), RO &4 F=<
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g T FFEeR T3 GH ¥4 A= 3537 93 RO 34
S (rp))s 80% = AAstItHLee et al, 2016). 2 m*/d TFREol 34
&

P~
nn

& 80%=s ddst7] el RO v5o< d-daz 3shs WA= A
A

ahsieh.

9% 450H @yt G ThestelmelolE ¥ A fu
mY/d3 FEmg/L), @, Cf= UFHaAA WMZH: A5 f3
(m¥/d) T FE=(mg/L), Qppo Crao=Cp o F959 &FHmYd)H 5

=mg/L), Q, Cx s%F, @, Cr BAFe fFEmY/dit s=

(mg/L)E 9mgd. old, T59 FT=(C)= T F59 =9
=

35,000 ppm= B A ¥=

l Q.|c.
Q
Q. cu : Feed Qi ro : o,
CD,GH tal'll( Cf,ﬂo HO C,,
Q4| Cq4
v
% 45 7txsto]l =Y o E-YAE T A AAE I

Mass balance 2%

AAE ROS Q7 2 mYd, rpp7t 80% ©]7] WOl Q, oy A (1D
of oA At 7153kt

Qp,G’H: — (11)
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(12)

Q, cr= A (DS T3 25 m%/d, C, s & 469 A3E T3 615658
mg/L, Cx= ¥ RO AAle xxdA AWaid W&z Hd s=<
35,000 mg/L, Q/= Q, xt QF WFol 05 m’/delth. A7IAM, @ pos
75 mYdE ZAHFA(IYE SAEY HAAH uFHZ FFS 17

1S W), QE 55 mY/d7t HA HAdh o] A& T A (128 A4tst

=

| Cpe o 26000 mg/Lol €tk 2B £ AFold f#xAd RO A
Fol 29 dFE AFAFAL ZZFo|ZE o] &3e] FTEE 26,000
ppm O & rEo] A xd F Rldda 7t=E FHsAh b= FY AL E

%(Sealing)s 43 sto] EA AT

46.2 F2Ad 4343
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T 47 Y2AY GAF 2F A5k BT B @ AAAR, T ALY

Mol AAAE

Average Salt rejection
Feed
Membrane Average salt essure by
type flux (LMH) rejection P (bar) specification
(%) . (%)
18.8 97.7 33
RE4040-SHN 181 976 20 99.75
RE4040-FEN 18.6 92.6 25 99.70
LCLE-4040 13.7 97.2 55 99.20

47. 42 AAE B4
4.7.1 GC/MS A "oy &4

62 292 RE4040-SHN A& o] 4 60+, XAk 607 AY
2 3}, Shimadzu AFe] GC/MS #4

>
B
e
m
‘_‘\_29
2
o

EORS sy A¥dARE ging olfE uUmA H 5& o] &% A
A gk a9 463 Zo]l dFY ARV 7P =i AT 2eTe
ALy Apol7b gle AdS BHA7] wWEolthGE 48 Fx). Tz A xF
< Aujo] AlRE FYsta A ZHE FHE FES WA dele Al
ZH(retention time)
intensity) S eI woF st AvE FJEJqetA 7 Ao w1

o]
-
Aol wz} retention timeo] ©Ebd o)== JFA| Al Peak =40 th

o
o
=)
_O‘L
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<
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=]
-

Al z¥ 26,000 ppm & =]

-
.

Aol A

O
1l

p=h

7] wj & 1% 469 retention time 1.50

73 °]

p

[€)
g R134a

ek 7t

<]

e

T o "W o) o
JAT\n S| T
G B E o = g o
M ol ~ W o B o
T o % WA B
O g B %O &
HM F o E £ g M A cm s
o =t u N
¢ T F g 135 w SL%W
W X Q R A ) H M Mo .
ﬂe mmm v.rl 9] ' : — z.L @) i ,UI ,LIW
%o - N =l S X % B
—_— = o - mt _ ~X
T 84 E N T T A g
° T —_ o E » Aﬁ <@ p mi_
i FON =N 2T L
O# AT._ mw.w 4 ,I” — X
= \n__/r.A - #E = X ﬂuL
R £z P XA
s A4 . X T wK°
3 w RGN g o X
=R O S ooBE %
—~ = B o Mo 9%
o & m._ S % 0 = o hm Ho
g ke = 5 Fedy
g o ow w . R
N of W < S
Ex 1 RN (]
F ¥ T M TR o
% . M_.uﬁ_ M_Wll O#E m. 1 1 1 M ‘AE W ﬁO
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¥ 48 9 ZHo ©E GC/MS 4 A3} 29k Retention time,
Height, Area
Sampling Ret. .
Type Group time (hr) Time Height Area
0 1.544 0.921514 1352350
Feed 60 1.544 1.081993 16427706
120 1.553 1.536619 2181994
LOLE-4040 60 1537 | 0.953446 | 1462210
Permeate 90 1.544 0.939299 1402278
120 1.548 0.938600 1412313
0 1.554 8.364783 8894753
Feed 60 1.555 2.77183287 3416537
120 1.546 2.194915 2925167
HEAQAOFEN 30 1551 | 1470735 | 2111891
Permeate 60 1.550 1.295893 1896310
120 1.549 1.326380 1925733
0 1.553 3.166321 3901511
Feed 60 1.550 1.364314 1999834
RE4040-SHN 120 1.548 1.172430 1772876
(N 60 1.547 0.943853 1432651
Permeate 90 1.542 0.908928 1374986
120 1.550 0.972461 1438307
0 1.543 1.117667 1716356
Feed 60 1.546 1.073559 1640926
RE4040-SHN 120 1.546 1.046817 1605951
(2) 60 1.546 0.945881 1410864
Permeate 90 1.546 0.942199 1405456
120 1.549 0.964843 1415361
DI water - - 1.551 0.999961 1476481
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