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Evaluation of energy consumption of gas hydrate and reverse
osmosis hybrid system for seawater desalination

=1 o1 1 =42 =13 3 A SH*
_IC_>I_54 .I7=!I:I|k1 o) ot | .7|_7.<;_o|. OI_JIC_% 7:!'!'?_}
1

Hyunwook Ryu'-Minseok Kim':Jun-Heok Lim?-Joung Ha Kim’+Ju Dong Lee’-Suhan Kim'"
ststn E2Es), AR As Sataat) ERMAT e

'Department of civil engineering, Pukyong National University

’Department of chemical engineering, Pukyong National University

*Korea Institute of Industrial Technology

ABSTRACT

Gas hydrate desalination process is based on a liquid to solid (Gas Hydrate, GH) phase change followed by a physical
process to separate the GH from the remaining salty water. The GH based desalination process show 60.5-90% of
salt rejection, post treatment like reverse osmosis (RO) process is needed to finally meet the product water quality. In
this study, the energy consumption of the GH and RO hybrid system was investigated. The energy consumption of the
GH process is based on the cooling and heating of seawater and the heat of GH formation reaction while RO energy
consumption is calculated using the product of pressure and flow rate of high pressure pumps used in the process.
The relation between minimum energy consumption of RO process and RO recovery depending on GH salt rejection,
and (2) energy consumption of electric based GH process can be calculated from the simulation. As a result, energy
consumption of GH-RO hybrid system and conventional seawater RO process (with/without enregy recovery device) is
compared. Since the energy consumption of GH process is too high, other solution used seawater heat and heat exchanger
instead of electric energy is suggested.
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1. A.I E W1} JAEH(Reverse osmosis, RO)T}F 78 af Bty
o= Erlselth 9 TS 485 4ol o8

A AAAAdez & 75 ZA7F dzsfdol wet 4~ B e wE st 5ol $45kARE ROY

A SRE 9ok vhket WAl Awtast B0l A9 Ha ofuA Ameo] 35 kWhint (1 m THAl

= AT sieErsE e el 3= AR die] A ansh= A 712 A AHgt

oo Z A SeH(Multi-stage flash distillation, MSF), Abejoltt o|y3l EAIA-E A5ty el 7129 7] 3

o} 8 -8 (Multi-effect distillation, MED)¥} Z+& 24} ST A oY A AnEF A7 o8] BAg= %
AF7N o] A= QThKim et al., 2009; Kalogirou, E
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SirEret SYE fIE 7t

Stol=2olE-ciie 2ol oflufr] A22F B}

M2 Fest A = AAE(Forward osmosis, FO),
) ZHFH(Membrane distillation, MD)-2 o] U X] A&k
TAIE 2l & ¢ U Aol Ve wE
2719 AE 9wl Bl A} S AaE L gl
Zo|tH(Cath et al., 2006; Khayet and Matsuura, 2011).
7}~ 3to] =) E(Gas hydrate, GH) FAALHE o]&
gt st 7lee AR glo] ddFE o= Co,
o} RI4lb 7hAE ol§a19e ] §28 oo A7)
ago] ztzh 72-80% (K', Na', Mg*, B¥, Ca®),
59-70% (K', Na', Ca*", Mg’ & Ueh} 7|29 w43}
3359 digtel E 4= Q= Vs E e E Al Qlek(Park
et al., 2011; Karamoddin and Varaminian, 2014).

B oATe 9N aE ARe 9E 34 % o
2 AT o = GH @03} 7|e& szt g
th GHE= 842 o|Fo|xl AR ol A7} &=
HEA Fp2ot mAEC] BAEE du A8 §
ARRE AGY] EERN AL, oA FA4H
th. GH 4ol &3 B Bapel 4| Exjgto] wh
ol Tofstu =, siE o8 Aol & & &
Ao} AA7bavrom GHYL HAEA B ol a4
EHE AR ) e, ALz o] Tl
kg2 EeEA Hoh o]EA GH @41} s 2|2t of
A AAA-A G AEE AN Ho] GHE o]
B3 st 712 wAYSel= & o Qo) S
G BHE AANAe F5ol uiek GH B4 el
2Lo] et bk, A2, Aol 7Hhe &
Sre 274 whe
G e ARTAE AEsls Aol V&)
?:i_._ 4 th(Park et al., 2011).

TAAL] W2 st GH 5749
e AL 0N GH A R Qi
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e ke og-:% %s-%— o) Mo] 3
ol AlA 59 A4S
A7l AoltkPark et al., 2011;
Kang et al., 2014; Han et al., 2014). 3| Ao A=
Gt B0l A= AEGL T S0l 48
O ¥4} dAA st F53 AAAS

4 ohaeh, welm, 54e) 9l B4
AA LmEe Aol 2, AAAs Aol T
2 Qg x Ao uwle} 1.58-47.9 kWh/m®
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Javanmardi and Moshfeghian, 2003).

2 7= MEA AAIE GH-RO §8540] 7]&
o] RO sfl-Er3t 34 vlus] FAde 7H &
A=Al gk oEdS AlFte s AGE AT WA,
() GH 17“94 FAAES BARA] WE A2

7Hg % RO AlEEoldS AAIske] RO S| A7} 2|
27} H= 24 RO 34&2 Tofsqinh 18al (2)
GH 5749 adidolet & 4= Q= A=, g, aly &
d& SHEE GH I3t 34nte] w9 g4k g A
g ouRFE AH 4gste] A 3eg 27olA

e sorsiget. 2

2. g+ 44
2.1 SIS 3ol 3A S92 T}
211 £P8EE

Lee et al.(2016)2 %% RO 3|4&5 wotstr] 93
37HA] A2 UYiro] AAJsEich At (1) GH-RO
8574 9] Mass balance T}2}, (2) T RO 549 ¥
SAGH B9 AR £ A5, ) A
4203 GH QA7) 4, RO 24| 548 5 chorat
AAZAS 7|HES. & Toray Chemical Korea.J A8
RO d7A 4ZE9[o|?]l CSM ProE &3l AlEdolA
AN AT S Atk B AToAE Fxom
Dow Chemical 2] ROSA, Hydranautics (Nitto)2] IMSDesign
2015 AZEQo]E E3] Lee et al.(2016)9] A1} djo]
% W o Azt

2.1.2 Mass balance

Fig. 19]== GH-RO &35 2] mass balance XA %=
= Uetidth sid 3489 & e %0171 <13h
M Fok ROQ| %2471 GH BA 9 Y4 =0 3
GE]ojof St(Lee et al., 2016).

GH 34 A9 5827313 E(Total Dissolved Solid,
TDS) 5% O, o= A (DI Zo] BT 4= QUck

C;u‘GH: (1*RGH) Cf,GH )]

R(;H‘IE‘ GH 5'0_78]9’] dﬁxﬂ}]%, Cf,GH"E‘ G %L O']‘l"—’l
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Fig. 1. The mass balance of gas hydrate-reverse osmosis hybird system

DS =2 & 9u|gtcl RO 34 =49 TDS % Filmtec RO membrane technical manual2- Z+=%35}o] RO
=

ol Cpole ReySt RO B8 12 olS3to] kg AAlo] Zasihy Behes o]e5g Aesigit
I o] yvepd 4= it olt), Cran= Cran® €9 HIR(Crey/ NS Cpol
Z-g5to] A TtHLee et al., 2016).
— Cp.cm _ L= Ry 6] o o o ba e = 20
C'Ro_ - ¢ GH (2) GH 3 6"‘] UX"AE’C__ /\}-ﬁ Tg—l—/\}'é‘ S OH L=
o L=7xo 1—rpo | ¢

A& M2 Fxeto] AOI= 78%, 84%, 90% 3717
o714, 3E+= RO 554 f-all4 3t Aoz AR5kt of 7] A], Park et al.(2011)2] d7+2
el A vkt e WAL 7hs st o5 Fzsto] AlAgo] 78% U W K, Na', Mg™, B,
Ca*' o] £52] A|7&-2 804, 78.7, 76.6, 733, T2.0%E
9 Bao) o™ G Ot BuoCono O Aga 5 agsseksl 54012 o drixk T8%
Qo G el FF L IDS BEE, Qn 8 Fig 1 9] WSS Higom dAd 29l #
L RO 249 S ofulaitt. 9] 4 ()-G7re]  °le=d 2= AAES Festaltt
e W Can®t Quros A @2 () 2ol E

3 2= 9t} Table 1. The ion concentration of seawater( c)) and removal
rate by gas hydrate system(ZR;)
Cron= Cf}sz r 4 Ton Cy (mg/l) e U8
O+ Qro ﬁi RO 78 84 90
"ro Ca 410 72.0 77.5 83.1
1 1 Mg 1,310 76.6 82.5 88.4
Qero= @QP,RO_ @ro= (@_ 1)@, o ®) Na 10,900 78.7 84.8 90.8
K 390 80.4 86.6 92.8
re= GH 3749 g4g&g oulgich o714 54 Ba 0.05 78.0 84.0 90.0
9] ¥ mass balanceE 113l 4 (6)1} T2 A& Sr 13.0 78.0 84.0 90.0
&3 4 Qi Fe 0.02 76.6 82.5 88.4
Mn 0.01 78.0 84.0 90.0
Q= [1+%(%GH_1) Qo 6) Si 4.0 73.3 78.9 84.6
cl 19,700 78.0 84.0 90.0
@m—t— HE A, Qo GH 249 555 SI?‘* SOUNE BSOS IS e
T Qo Qons OH Apeh Al s 2 Br 65;.0 78:0 84:0 90:0
7 omdHLee et al., 2016). NO; 0.7 78.0 84.0 90.0 3
HCO; 152 78.0 84.0 90.0 %
2.1.3 GHE IHY fppH B 5.0 73.3 78.9 84.6 E
‘?ixi %?JE‘H—’F(Cf)-‘DJ ]%i L DOW ChemlcaL/] TDS 35,691 78.0 84.0 90.0
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2.1.4 AlEd|0|M

o B2 RO TS A, AFHE RO U 1
B, 4w Sol7k= BE 4, oY Y wi g,
B3 YA 31928 So] Yrk(Kim and Lim, 2013).
£ Qo)A RO B9 8l4-g-2 A el GH 34
o] 78-90%2] FAAES 7HAAL Uth= AG-A At
w2150-90% W AL, HF AR gl A
§3 A9 §F W92 5.000 niday, AL B2
17 LMH, 2% 10C, GH ¥A9 3482 50%= 7}
gsto] ANkt olnf, ok E5 W e,
dHE= GH gAIAEY RO 34& 1lof wet ¥st
b2 gl stA d=selet Table. 20= A& 0]
00 A wtel B59) Ak ek 271 4
29 93| AAJ3F ROSAS} IMSDesign 2015 A] & o]
A of| A= Lee et al.(2016)0] AF83F Toray Chemical 2
B Hoha FUT ALY B Agstel astat,

Aol 7:'4* EoH A& o Sl dolE = 2F
A 22T 49k o|t} o] 7] A, A2l TDS2}
—’Fé‘ |=oll BE5=0] 500 mg/l2} 1
mgl ol3l7t 517 17k 2sgiet el otz U
QP2 4] (D ol§3ke] RO TS| WAk T 402 A
ANHYAZ AHAE 4= QIth(Park et al., 2015).

IR |

QHPP HP+ Z QBPn BPn

> @)

ERO(kVWz/ton) 3600
'p, RO

Qup» Pups Qppr Ppp= ZFZF 119138 2 (High Pressure
Pump)$} - AE| F Z(Booster Pump) 2] 4-2-8-2K(m’/day)
W b E RIS, ni BEY BRCS JHT
th(E 7oA T0%= 7H)

2.2 71AGI0|=H[0|E SH| 49 OfIX[Z
2.2.1 APEUY

GHE| -8 T9I3 o]t BTsl GH A4, B,
sle] B4, GH (A4 E 42 9% BAEE 19
3 B4 GH 2| T ol B o
AUAZ APtk APEE JuAE DofuAet
5o o AR BReIOH, FolA GH 4 9

sieloll dast Wzt 7 olyA e
Hz, HEZ L g4 g7, XH7l§} A 59 o
HAoltt. Aitelli= GH-RO k549 AAFE 9
AYE Fastdal, AAZFARE T2 744 dib] b
WA g2, Aol A GH /o] 7Hsdt Ri3da 7tAE

0]-8-3} ¥ ti(Makino et al., 2010).

LB U

2.2.2 Eol|AX]

<l

GH A4S wrdut-gola djg]= S Yukgo]7]
Zol(Nam et al., 2008) 3/ Gx} sfj2]d =, w3t
o ¥t 9 71g 5 7™ Ay A|7F B astich
Hl2od o Ri3da AA7IAZ o] & GHE AT )
ThAEAQY & A ¥Rl EAbE, Qg
(Enthalpy)gt-2 vl © = GHO| ©9] Atk & kg4
(keal/m) 2 AALSIATE o714 AT sz Ao
gl dohar 7Hgskich 1A v A =2 {49
¢ 2%5 GH Y2711 I357] {8 d2-a
g o5 s Al7]7] fIRF 7HEe] FrHA o R iy

sojo} @tk ol 4 (B2 APk

em AT

£ 860Q, ¢ ®

‘cooling, heating

(kWh/m?®) =

c Y] H|A(keal/gC), m-2> AAFFS v

Table 2. Selected membrane type and instruction in this simulation

RO Toray chemical (CSM Pro) Dow chemical (ROSA) Nitto (IMSDesign2015)
BWRO RE8040-BN BW30-365 CPA2
Permeate flow rate 36.0 m*/d 36.0 m*/d 37.9 m*/d
Nominal salt rejection 99.7 % 99.5 % 99.7 %
Effective membrane area 33.9 m? 34 m® 33.9 m?
SWRO RE8040-SHN SW30HR-380 SWC4B-LD
Permeate flow rate 22.7 m¥/d 23.0 m¥/d 24.6 m¥/d
Nominal salt rejection 99.75 % 99.7 % 99.8 %
Effective membrane area 34.4 m? 35 m® 37.1 m?
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2 o TRl AawE o) ke, ATE
A o] LEdsi(C)E olulshul, kealoh kWh
IS 915 8602 o] ik

o
10 ox

AFE|GITh Table 3ol QAY WEZd s g4 P4
719 AUE Helstel e gick. of ARet GH A
AfFS olgdtel 28 oAz} A4kE Holdk

Table 3. The information of belt press dehydrator by

manufacturer
FEARHE 9 o] FHIO o2 ARERS A (9)F Capacity Capacity Average Power
ol Aitstct (m?/hr) (m?/hr) (kW)
0.5-3.5 2.0 0.4
By (KW ton) = QP ©) D A 1.5-5.0 3.25 0.4
361G, ro 3.0-7.0 5.0 0.75
i i 0.5-3.5 2.0 0.4
A 9 TR Q9 P HEESY $EAE Y A} 1545 3.0 0.4
(m’/day)i}t ¢Fe(bar)S, n= HIZO (%) Yu|3t 3.0-6.5 4.75 0.75
oh npR7 AR 582 70%= 7Hgstach o 7]A, A 0.5-3.5 1.75 0.4
75t AAe] A4S AHdejrs douAE Alst F JA | 1545 3.0 0.4
2 AR9e Bxet BekEo] 9ok 2 WAoo A 4075 5.75 0.75
Table 4. Summary of RO simulation results: Mass balance data
TRO RGH Cf,GH Cp,GH C(:,RO ?f QféGH Qpa,GH QCS,GH QCB,RO
(mg/l) (mg/l) (mg/l) (m*/d) (m*/d) (m*/d) (m’/d) (m*/d)
0.78 30,080 6,617 13,235
0.50 0.84 29,090 4,655 9,311 15,000 20,000 10,000 10,000 5,000
0.90 28,180 2,818 5,636
0.78 31,083 6,838 15,196
0.55 0.84 30,069 4,811 10,691 14,090 18,181 9,090 9,090 4,090
0.90 29,120 2,912 6,471
0.78 32,086 7,058 17,647
0.60 0.84 31,039 4,966 12,415 13,333 16,666 8,333 8,333 3,333
0.90 30,059 3,005 7,514
0.78 33,088 7,279 20,798
0.65 0.84 32,009 5,121 14,633 12,692 15,384 7,692 7,692 2,692
0.90 30,998 3,099 8,856
0.78 34,091 7,500 25,000
0.70 0.84 32,979 5,276 17,589 12,142 14,285 7,142 7,142 2,142
0.90 31,938 3,193 10,646
0.78 35,094 7,720 30,882
0.75 0.84 33,949 5,431 21,727 11,666 13,333 6,666 6,666 1,666
0.90 32,877 3,287 13,151
0.78 36,096 7,941 39,706
0.80 0.84 34,919 5,587 27,935 11,250 12,500 6,250 6,250 1,250
0.90 33,817 3,381 16,908
0.78 37,099 8,161 54,412
0.85 0.84 35,889 5,742 38,282 10,882 11,764 5,882 5,882 882
0.90 34,756 3,475 23,170
0.78 38,102 8,382 83,824
0.90 0.84 36,859 5,897 58,975 10,555 11,111 5,555 5,555 555
0.90 35,695 3,569 35,695
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| BiERE} BHE 2IBt TIAGI0IS2I0|S oS B L] 282 B}
3. Zn} 4 go WA= ealolet & 4 IARE, AR @ Qom

3.1 AlZglo| Zat

Table 4= RO A|Ed 0|4 Z3}S E3l mass balance
glolHE A2t #olth. GHE| ¥4 TDS= GH 97|
A&l #24E Hhst= AS AT 4= otk o=

RO %554 %’%’JOHT7P £ilso] Gl 947} sl

GH A7} &

24:0]7] wolth RO 34

A A e

smgle—stage ok
, multi-satge = A

Fqon

#5+%Th RO 3]5280] 60% o] AF
ogL HA} BIls 5

o| 7+ uj %é?‘é(Flg. 1A C o Cam c,H()) St S £ o}_oqq 714 HE Yare) DS
o mrsl ZIGL AL Sigo] mose o wa D HE FES B 93] BWRO U vk ofye)
947k GH 42 8457] uhioloh malggo]  SVRO HE FEHSS AESAH. WES GHe
Table 5. Summary of RO simulation results: Averaged value of product water quality, pump pressure, PV array.
Product water quality HP BP1 BP2
TRO Rer PV array® TDS Boron Prp Qup Pgp1 Qgp1 Pgp, Qgp2
(mg/1) (mg/1) (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
0.65 0.84 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 7142.64 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 6666.46 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 6249.78 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 55.12 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

2) 45:0:0 (BWRO), 30:15:0 (BWRO:BWRO), 25:15:5 (BWRO:SWRO:SWRO), 25:12:8 (SWRO:SWRO:SWRO), 21:13:11 (BWRO:BWRO:BWRO),

23:14:8 (BWRO:SWRO:SWRO), 28:12:5 (BWRO:BWRO:BWRO), 24:13:8 (BWRO:BWRO:BWRO)
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P GH A7 & 78% 2Ao|A RO 51580 90%Z 4
§ | = Reums0s 912 ul, RO A7 S7hsHE A | mgl A5
= FREE =5 957 S Ao s wddn A28t
8 w RO 2 oUAl= GH FAIAE] 78%ClA 90%
2 1 e 2 Zskglo] wet 135 kWhimoll 4] 0.86 kWh/m'
g (CSM Pro), 1.43 kWh/m*o|4] 0.93 kWh/m® (ROSA),

0 , , , 1.38 kWh/m’oj 4] 0.92 kWh/m’ (IMSDesign 2015)& 7+

40 55 70 85 100 23 TH
RO recovery (%)

Fig. 2. Effect of RO recovery on RO energy consumption 3.2 7IASIO|=H[0|E B2AO| AQ O|LX[2F AP Zin}
depending on rejection of gas hydrate system (Rgw)

Fig. 3= GH 749 2 =g vehd Zlolt 15T
o2k PR A(Eie) 7 A EE AR 7] et 2
& 785 GH 422714 w3571 sl {2 (Cooling)

7] wjgolc}. o] WeslA Hrh. o714, AH7lAR Ri3Marl ALE
Fig. 25 Table. 59 RO AlBello]4l 272 wigo  =9l7] o] Y420 28 2 ¢S 6C, 3 bar
2 RO gJ¢&of W RO oJHAE GH gAAE ¥ =, sz 2Ho=2s 14T, d7jdfe= "”*3}@“4
2 Yehd Aotk IgjZol= AFRE ATZEY 0] & (Makino et al., 2010). o] FAZXAL =A<
Fol WE RO 48 oA REHAS 7o) EA  FLoIA Rida FAE 0|43 7}*o}°lcl‘ﬂl°lE 3
[T, RO o] Aol 27 Zolupx] gk A 9 AL AW 249 5T, 3 bare} SAKH A

o
S

ol
m1o .Ik?l o

4 o

3ol o}ME} Ak 4= QAthLee, 2015). °]F vhg-7]} 5‘4%

GH A AEol w2} RO AU A7F a7} B 22 A%l GHE 14CT71A] 7} (Heating)dlo] sfj2] A7) 7]
RO 3582 217} 60% (Ryy18%), 75% (R 84%),  Hal HFH oz AA|7fAel (i) 2els)
80% (R ;7=90%) Sl ct. That, Toray®] CSM Pro A E of d& & A =k
gJole] A9 GH GA|AL0] 84% A w A3 2}o] w3719k sie] W A7IE; Aol WA AIer 7t

GH 6°C
‘ Refrigerator reactor L ¢ concentrate
~— rCirculationseawater Dehydrator _________ g
—
Guest gas
7°C
.
o 14°C

Fig. 3. Flow diagram of gas hydrate process when using electric energy
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(gmol)y& 1709 R134a 7}20] Baepst 17709] & 2
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Unit process Energy (kcal) Energy consumption (kWh/m?)
Cooling 31,320 15.2
Heat energy Reaction heat 111,015 129.1
Heating 21,840 10.6
Dissociation heat 111,015 129.1
Electric power (kW) Energy consumption (kWh/m?)
Belt press dehydrator system 0.4 0.4
Separator system 1.1 0.2
Dispersion pump - 0.2
Total energy consumption 284.7
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Fig. 4. Flow diagram of gas hydrate process adapting the energy saving method
Table 7. Result of energy consumption of gas hydrate system: Energy saving method
Unit process Energy (kcal) Energy consumption (kWh/m?)
Cooling 0 0
Heat ener Reaction heat 0 0
8y Heating 0 0
Dissociation heat 0 0
Electric power (kW) Energy consumption (kWh/m?)
Belt press dehydrator system 0.4 0.4
Separator system 1.1 0.2
Dispersion pump - 0.2
Transfer pump 1 - 0.7
Transfer pump 2 - 0.3
Total energy consumption 1.8
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