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ABSTRACT

Pressure-retarded osmosis (PRO) process uses a semipermeable membrane to produce renewable energy from salinity-gradient

energy. An important feature of PRO process is the application of hydraulic pressure on the high salinity (draw solution) side

to retard the permeating flow for energy conversion. This study used an experimental approach to investigate the effect of

pressure difference, osmotic pressure difference, and draw and feed solution flow rates on water flux (Ji), permeate-to-feed ratio
(P/F), power density (W), reverse salt flux (Js), and water and salt flux ratio (Js/Jw) in a prototype spiral-wound (SW) PRO

membrane module. The dilution of the draw solution by water permeation and the increase of the feed solution concentration

by salt permeation resulted in the dramatic reduction of the osmotic pressure difference along the pressure vessel at high

pressure difference. Due to low salt rejection of the prototype PRO membrane module, a sufficient osmotic pressure differential

across the membrane to produce high power density cannot be attained. Especially, the increase of reverse salt flux at high

pressure difference must be prevented for high water flux and the corresponding power density. Accordingly, the high

salt-rejection membrane module should be developed to achieve high PRO module performance.
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Fig. 2 PRO experimental setup
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Fig. 3 Effect of osmotic pressure difference (Am) and pressure difference (AP) on water flux (Un), permeate—to-feed ratio (F/F), and power
density (W) of the PRO membrane module. Draw and feed flow rates are 10 and 10 L/min, respectively
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Fig. 4 Effect of osmotic pressure difference (Am) and pressure difference (AP) on salt flux (Js) and salt-water flux ratio (Jsi/w) of the PRO

membrane module. Draw and feed flow rates are 10 and 10 L/min, respectively
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Fig. 5 Effect of draw solution flow rate on water flux (Js), permeate-to—feed ratio (P/F), and power density (W) of the PRO membrane
module. Draw and feed solution concentrations are 70,000 and 100 mg/L, respectively

= o 7 U] AR &l 7} FolA]7]
Aoz BAEL HE oFg 2|9 AHE(PRO)S} AAME

g WA & (rejection) HT}
2 A0 H|(Jy/Jn) 2 Wo| AFRFH=T| 00 7he k4l

S~
o
rir
=}
flo
o2

4149 A9 A g T899 ko] BE
10 L/minofl A ¥ Aoy, g F F2E St
G| feke wtngo] gy Jas fEdith fgo] 7
AR Feshe ARW 2o e S F2e P 3
At} geko] AF&stH UEE ols] u mwal WA
FErt HSsiA e B2 AdE gabEs Ao s oA gl
o & oM e FYHE f= §49] ol |
Stle o tRES 4% WIS EAEHTt

70,0003} 100 mg/LY
A7 Qe Ao,

Fig. 5(a) sa8d9 3o

b)
L/min| & o =84 732 5, 10, 15 L/min o2 ¥
[e]
o

AT Aol A
2Fo] 10 L/min¢] %}
L/mino 2 HIAH
AEE 1w fEgoe

Aol Fig. 5(b)& s8¢

o FE8o] {8k 10, 15, 20

7450 42 Aot} 7 gz
ol S7keHH & EY ATt At
B4 Ag dA4fo] Eof

o] UukAlY] vhaf 2

.%.

S=RMDIHEE =28 H20&, Me=, 2017

i



UER UHS S YHXIAME UBE| N5 B4
(a) : (b)
25} 25} 1
Draw Flow Rate =3 Draw Flow Rate =3
o 5LPM o o 10LPM
20 o 1oLPM o 20F o 15LPM s 8 1
= O 15LPM 4 = & 20LPM
£ 151  Feed Flow Rate g = 150  Feed Flow Rate ] 1
E 5LPM g = oem S
o 10 B o 10} 4
E E s
- 05F @ <2 05} " 1
0.0 g 0.0
5 [} 5 10 15 20 25 5 [} 5 10 15 20 25
4P (bar) AP (bar)
(c) 1.0 T . T : . 10 (d) 1.0 - . - T T 4
Draw Flow Rate l Draw Flow Rate
08 o sLem 18 08F o 1oLpm 14
O 10LPM O 15LPM
= 06F O 15LPM 5 06 O 20LPm §
= 16 =
- Feed Flow Rate g = Feed Flow Rate 12
o o
g 04r  5LPM ol € 04r  10LPM PHY
= 14
S 02f g 3 02t g 8 {1
“ ¢
) ® 12 S @
0of @ : 00 @
10
0.2 s L L L 10 0.2 L L L L s
5 0 5 10 15 20 25 5 0 5 10 15 20 25
AP (bar) AP (bar)

Fig. 6 Effect of draw solution flow rate on salt flux (Js) and salt-water flux ratio (siJy) of the PRO membrane

module. Draw and feed

solution concentrations are 70,000 and 100 mg/L, respectively
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Fig. 7 Effect of feed solution flow rate on water flux (Uy), permeate-to—feed ratio (P/F), and power density (W) of the PRO membrane

module. Draw and feed solution concentrations are 70,000 and 100 mg/L, respectively

ﬁg
rr
rut
K
-
[
£
[kl
o

o MI [

15
=

Wi
R
)

N
N

>
fr

fr i o2 2 2 @ o dlo

ol
i
°E$
=
(ol

=
il
i)
H
H

o
]
ob
12

oN Lo

N
-

R

2
£ oot ¥
it
i
i)

[>
o

oOll

o jm

~ do 02
10 o2

Lo 0

(J9E
430z vdse) s

—lrI
RN
o

3R

A

28

Jo
.
op
£

o
T

M ok

=
=)

o 7]

o
olN
N
S
rﬂ.
m{u

M o ofh 2 N g

oft
S

N
=~

R

K.
]

oo o
]

ok

d
—lm OFD 12
W L 2 W

12
Jo Jo Im

ot

o
- T
K
B
2
i

Wi

o] S7tell mhE d EY2e| Ao
A7} 15 baro] el A ¢oMe s5-8
8271 25 ¢ AR Fig, 8(c)¢} 8(d)§
ZY A9 H|(Js/Jw)E HoJFL ¢ 1:}
AT 7 2 20 barlxw

yEZ, WA dYatellA @& Js/Jdw
g3t} 41,283} 4.2, 293} 7o) JS/JW.E_ ok 27}
ol wet 2|4=3k4 AR S7HE
1 a7E o A,

r

=
=
7

£Jl»§l-nm1um

om

[e]
T o

i7ﬂﬁb

LT S o o

o)

=HDHEE =28 M202, M6=,

57

o] H25%

27} mE X,

olo}



W o ofl T op or o Q T B OW B M =
3 Ho By M HR R Al W OBK QD ) T o 3
2 Eeﬂbﬂﬂﬂlw@o AN Xo 3
° J.q}Inzqun]iL._no S
e ‘_lr.ul‘ml,.r_l»A_‘Jd.Adl ~ b~} i o X
© G I - R SRR S o) &
> W= gy AR o gy B B Q Cigs
g T Mo T O oo BT W < g
K BH OT]lcE\)D_'JIMM U_y.._ E._o o o = o =
g LR mE B oD T &
= s S —~ 0 N
. 2. ® ® + & = 3 mﬂwﬂﬁmoa(ommﬁmﬂﬂﬂo%l P o
= _ | E aﬂ%%etﬁn_xiﬁu.uuu N N~ Z
on.v o ﬂl Eﬂ — 2 q WD_| A Ot mr ﬂﬁ il
o & o g 8 - e R R o ~ T3
o R T S < Lo a oy of o ob o o
£ T o = w2 o )
\ <] 3% 0= -y — X ,N@.M ~n _m_du
o' 1 F—o— o M ES mw ﬂ.ﬂ%rwﬁﬂﬂ‘“ﬂl_‘__mou ioﬂul,mnmﬂuﬂ_“/ __o_- -
5 $22 SN ERAYIXpIGITT w
@ s T 37 S or = M H K o) o ; O L}
R o 12280 FEATETH LGSR, e
P N )|
Ll C Lt Tt FEIFELITREELL =2
e _=t= B 1= ELs o L2 G o Wk 7 ™ < o Sl = o
HHE EEEE 32 mogoRH % G K oo T o R S o
Enme ™ i1 [ 3u0i® 8 1° g ool T L mm A E o oy X
£57s £7°8 2% pEwdFTOFWE 0 W ob ar
_ e .y g womwmEw TR MY fliat
w o v o 1w 9 2 ® © % o4 o o = 3 v ol wo= 9% — =
N a v «~ © o 10000w00 WO mﬂl__/IKE,GlszdUHH‘XHOiEOM“IﬂAIE OJI
(u,wjow) °p T (ow) “rrr o=} " oMo o) ' ol o BEE OHo W WK EF W B
L =
< © ~ - o o
9 : _ : — R — _
b £ T WEET mﬂﬁu%% oﬁw_ﬁ@lowﬂ%%
» 2 0 o o= or N O] = o 9 off = N o
] I o e 5 0 o8 e T
2o I8 e P gg N o Fiwml Tegcax EVasxoa
v - g ~ -~ No M o o ) uﬁE%ﬂ ol
Jw L {w 3 Q o0 ~ ~ A2 o pe)a! 2 ol
Og 2 FH o S ! < o ' o A e o o ™ o I B o~
5 555 pEiig¥ NIed gRpeo iy
o Fz | °  Fz =8 mmor & qU e Ty o
9 T 5 5 ath e oo . B OHo T LWy e
2 g ] ] ° 35 ny A oﬁL]t 1 oo J| BE oo XX e o
S=E3F ¢ [ |° [ ¢s:3f= . 1* &° Mool oo Gm e T Mg o B nET - ﬁi
EF 22283 2 5 o A ﬂl.lenM o o Xo . X ﬂle.:.a o
S.oE ™ B o Fe : 2 ® o o i Hy oF B N T om oF o ) TN Ly Hn
Soof $oo0§ - o = AR Moot R RO U or o= wo
k4 & g ~ mh ) oy = . <k 2k 2n w oo X ~ Glﬂﬁev,mn
- N @ P [ B ﬂmqiﬁqquﬁeéo < i P_-l%iE‘zT 2
53 % 2 3 3 =g 3828 |5 : P2 e o T g B
s s S S T N N - )
(u,wyow) < (inow)rf°r 3 of o I omx M Ko £ X oo E s oy B8R
- o bumu%ﬂmmmﬂomﬁﬂ&o%ﬂﬂ%i%%%%@or_ﬂ
o ) ° o T of o o o X ol
o) T o w nllr: T
s TIafTERET@ gkrge o sl
2 WE TN s oo O X Mg o g Wy B
2 MO_EM%A_%;&M%% Qﬂ%%%Amu@
= - J— —
T oo M N G B P x L F GO
© ﬂEV%oz_o;uaﬁ;uﬂwﬁ%lﬁlﬂw A3 ol
o i & T 2 WY Ho R T R
i o of oF Bm T T Mo " A T oo A1 o] ©
9 RFWEFEE O OEFTIH  ONKNX PN KR

29

Optimization

«

References

”

Methods Applied to Renewable and Sustainable Energy:
A review,” Renewable and Sustainable Energy Reviews,
Vol. 15, pp. 1753~ 1766.

(1) Barios, R., Manzano-Agugliaro, F., Montoya, F. G., Gil,
C., Alcayde, A., and Gomez, J., 2011,

2017

=3

S8 202, M6

=
=

=R I IHEE



Z1

(2) Ramon, G. Z., Feinberg, B. J., and Hoek, E. M. V.,
2011, “Membrane-based Production of Salinity-gradient
Power,” Energy & Environmental Science, Vol. 4, pp.
4423~4434.

(3) Helfer, F., Lemckert, C., and Anissimov, Y. G. 2014,
“Osmotic Power with Pressure Retarded Osmosis:
Theory, Performance, and Trends - A Review,” Journal of
Membrane Science, Vol. 453, pp. 337~358.

(4) Straub, A. P, Lin, S., and Elimelech, M., 2014, “Module-
scale Analysis of Pressure Retarded Osmosis: Performance
Limitations and Implications for Full-scale Operation,”
Environmental Science and Technology, Vol. 48, pp.
12435~12444.

(5) Kim, Y. C. and Elimelech, M., 2012, “Adverse Impact of
Feed Channel Spacers on the Performance of Pressure
Retarded Osmosis,” Environmental Science and Technology,
Vol. 46, pp. 4673~4681.

(6) Kim, Y. C, Kim, Y.,, Oh, D, and Lee, K. H., 2013,

30

O X
oo

ol

Ho

“Experimental Investigation of a Spiral-wound Pressure—
retarded Osmosis Membrane Module for Osmotic Power
Generation,” Environmental Science and Technology, Vol.
47, pp. 2966~2973.

(7) Kim, Y. C, Lee, S. and Park, S. J., 2016, “Effects of
Membrane Transport Properties and Structure Parameter
on Pressure-retarded Osmosis Performance,” Desalination
and Water Treatment, Vol. 57, pp. 10111 ~10120.

(8) Han, G., Zhang, S., Li, X,, and Chung, T. S., 2013, “High
Performance Thin Film Composite Pressure Retarded
Osmosis (PRO) Membranes for Renewable Salinity—
Gradient Energy Generation,” Journal of Membrane
Science, Vol. 440, pp. 108~121.

(9) Lee, S, Kim, Y. C, Park, S. ], Lee, S. K, and Choi, H.
C., 2016, “Experiment and Modeling for Performance of a
Spiral-wound Pressure-retarded Osmosis Membrane
Module,” Desalination and Water Treatment, Vol. 57, pp.
10101 ~10110.

=R M IHEE

=24 M202, M6=, 2017



	염도차 발전을 위한 압력지연삼투 막모듈의 성능 분석
	ABSTRACT
	1. 서론
	2. 이론
	3. 재료 및 실험 방법
	4. 실험결과 및 고찰
	5. 결론
	References


