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SUMMARY

Reverse electrodialysis is a technology to harvest renewable and clean salinity
gradient energy through ion exchange membrane by mixing two solution
streams of different concentrations. From an economic point of view power
density(obtained power per total active membrane area), energy efficiency(the
amount of energy produced from specified volumes of river and sea water in
relation to the thermodynamic maximum) and pumping power are important
stack performance evaluation items. These are complexly influenced by stack
design parameters such as linear feed velocity, residence time and flow path
length.

This work experimentally investigate the effect of linear feed velocity,
residence time and flow path length on power density, energy efficiency and
pumping power in RED stack. Experiments were conducted at fixed linear feed
velocity ( 0.5, 1.0 , 1.5 and 2.0 cm/s ) with a stack of 50cells ( 7.2 cm x 10,
20 and 30 cm ). The parameters affecting the trade-off relationship of
performance items are evaluated by multiplying two performance items.

As a result, the trade-off relationship is confirmed experimentally. Optimal
stack design parameters when the pressure is not considered are the linear
velocity ( 25 cm/s ), the residence time ( 8 s ), flow path length ( 20 cm ).
But considering pumping power, the optimum design parameters are linear
velocity ( 0.44 cm/s ), residence time ( 23 s ), flow path length ( 10 cm ). The
linear velocity is lowered, the residence time is longer and the flow path length
1s shortened. And these optimal stack design parameters are similar to that of
paper performed cost—based optimization by modelling. So it can be presented as

an optimal parameter and these values are verified experimentally.
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Fig. 1. Increase in fossil fuel energy production[1].



Global GHG emissions for 2008 by type and source
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Fig. 2. Global warming gas emissions for 2008 by type and source[2].
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Mﬂfr%ﬂmmgﬁ%%ﬂéﬂmr
— ol al [n}
B oo o om oo o T ol :q,_.ﬁ %or me i F
xR o BT o M i Kl 2
N O F ® W 4 ¥ o~ N o =
Ny oE Ca T H e Now ¥
5 e do  TF (S~ N " o Ko g O
oH 3 < iop- my Woomo B o} E] il ~ ° ..WJ d \
. —_— ) CO 0 . +
W T BT Mg Py E P
KT X g T & W o & ° &z T =
iy N ~ No — X 9 = & & e
- °F b oF R W T % TN v o
o = OE - ~ —~ Ay X/ FL X o i
— X o= N2 JXI % w00 AR = o ol il - 4
= A ° B 20 o B oy 2 = ) ®
o~ ) < 9 ~ - X b
N i N oo = o X Tk ® o o
P LT E oo o ¥ P = o
< a & ooy ™ "= o
B R o W OOE ™ L — = o2
o ® & . o NN v 0= A e
a HF A g g e Bow o g s ©
do O T L o SR T on oy B ol =
m_wﬂ Eo L H__H ~ ,ul -~ ‘_lﬁ_ﬂ _— ° To N_l m [a}
Vo= ¥ o5 2 B oo P oo oW o = o
O oo T o 2 "X . s
wﬁ]%%ﬂwwmﬂ%m_ﬂﬁkMﬂ = =
I o s K =~ T 0
K ) N X 0
Fooar o C T =m0 O o
io 3 Eng — ,: J 5 HT OE ﬁa = m_mv w @
ooy F XNy R ° s e 2 -
i DR 2o Mo® Y | AW
BR Ot ‘UF ,Q > X EE OE Ea — EE 1_ﬁ| “ |
T EA TRz I2T i
Pl ~ oo Ho N o oy 2 M 1) aly olo o = “ md
= BN g TRT T 2wy " ox | %
o] | L X
% L T LN TR T T TR o T m =
i IR re S O - S |
S e T NI R T i |
X N MR T oo X R OWOMH T TR

released
Fig. 3. Schematic representation of the salinity gradient power.



ol

=

o Wbt =

ki3

o]
L

=l
B

o

o2 FHAZIY Fig. 49k o] o] Zulghutd

Z7F v

o Apolo] FE

9

3

-
fu

o 7]

RET
gz

MNa*

HI| 2
GHaMEEY
Fig. 4. Electricity generation process of reverse electrodialysis.

o2 A7l A

ko)



o] <l

N AR R N R~
= o X TR g
WoRom o2 P50
Mo < o M I " 7o - /
TR R I T AN

o — a KR I T S avavaa T .
OE 0 w Iy ol g
= v ny o 1l = Mﬂ ) ) g
) G S ~

do ¥ ° R -
ik S T

™

‘UI _L Ot —_ —_—

— Woow op X 0

M U ™
SR e I 7
I T -

— M o
T S T I
Ho o & I

Voo o oA T
WO g D o T ) nuun A

U 3 < )
Do D S *E

KX -
. jnl — o) oo
@ oz 0 T oxr o
T T S A
" = 1 o T < ol
ol Ho o ™ g0 ET %
=T MO B ooy TS0
o ol W ~ d]w_ X
I VR g Moo - Wﬁ G
- s
ﬂ_1m ,UI oﬁe 0o ox ‘UI 1 ‘mu_.uu )AL
= = e .

TR TR Ry T 4
T O
i Fo.T W T od T
X N W w3 M om o odo

Fig. 5. Electricity generation process of pressure-retarded osmosis[4].



2 W (Power density)’} B =4 =

7hA 2t

=
=

S|
o] EjHle) A Ay

Aol

]

il
A
Al

9
yal

}-

ol ¢]
AHE

50%

40%

30%
Energy recovery

20%

10%
pressure-retarded osmosis and reverse electrodialysis[5].

do W o) T T P
<~ ~ % o o B
$ T ox oz P
T oo T B o
oo w T °
)0 S
¢ v A NE o .
X -—
W oo B g o= i /
oy N B Mol T o 9 [
~ N B0 Bo oo KT 28
K D - _ o " o H
% B Mo 2 | T
ST A O 28
o S ° ™ W =%
~® B W R
N o — El OT :
C‘.# ﬁE )] m ﬁo ' ‘
Ho  mn = o T N “
X - Towm % ' |
o o % % H o : I
Wﬂ JJ 2 AF = W / !
D] ToR A ' I
BN e /i
4 L 2R 5 LE / .
T % = W o I,Ul_l \ I _
—_— E,._ = ~ n_P.W — fite) i
I O T v
o & W ST _ : | A
W oo B o B R o o o o o o
e < _ 5 oFf — @ i -+ L] o - o
X7 g = g © 7 (Lw/m) Ausuep temod ebeseay
A @ B ¢ .
~ ok F T OE oo™
Fixzreil
~ T o 9 n
W e T M W E

Fig. 6. Calculated average power density and energy recovery for



i

O
R4

1=

A 25 9
mevil6l, Fig. 7

' ]
]

o

o] XA FQkA|n
1}, 2000%1’4] o
=7

HAd =]
o‘j"—I‘Lﬂ- %

=
-

o

O‘j:fL7]— o]

[e)

I =z ur
xo]_;siﬂ U;HU
el

o) -
| 7] &

o

|

IR
2 1954d Pattlel
e ] 9]

~

2
+3]

71 5

4

S
L

[e=]
=

Mwm M T o
O = o A
0 [ OL S Tx
T g T = W & K N8
k) S
2 J Nlo il
gﬂongmﬁ4%ﬂ@@
Gl W_.ﬂ T =W X o Bl i O o B
ey m° " N K o N o r N =
r Somom T > oo 2 S ST A
® T C G ) T @ R e T o o rowr
. I o) A -~ I =0 ol B T = ©
Y oo W if xF <0 R S g M e i now (RN W o 5 =
ﬁg% f.w; a@ocgggowaﬂﬂ;ﬂwam
ﬂ#geﬁg#@]%ﬂﬂgagqﬂE aam_@mm 5
° - " Hlo = ey x S B ] X aM o A B 0 %) w. (Y
ﬁﬂMnWH %%@%ﬂwtmﬁgamﬂuéﬂ@MW
Limgﬂw; o %awﬂmn_zgi
0 — _ ) _— == ) ol ) 0
o T 5 3 i Pon < T 5 c T o o Fowor”
o) o) | H <0 e Jo 3 N e 1 —
— YT 5 one ST ) s 4 g 2=
s °F W o T % N = T - a BKoF mm o o gul m
o s ~ 0
WW ,m__._h < HE MM_ HWH or _,:l Zo o b ] ,: J \W .A,f m_#.a ﬂou _ ,_.,_Amw WM & mﬂ T ﬂa Egl
Tt %%%Aé o éﬂ%v B B oy o8 © o
° T S 4 W B ~ o3 ~ T * 7 Ao o L
W A N w ® A S - 2 5 o1 e X s D W
.5_g1;gqo © < s e = o A_foazma
Mﬂ \Ol © q O#O — ‘»NE —_— Z#O JIIH 7 . — -~ OT_ ﬂyﬂAO m )AL ~o ﬂA!L O#E
_ - < M o4 iy B Wm o o® T 8o — = = ofn
) do BT L 5 b o o o= o o
s * I ARG a0 do = - TN el
) a s X X o} IR < o = - ~
fgﬁﬂ%ciyﬂha%%ﬂug Aar;gc — I
o &M - o = ) o = = 2 w Tw g B
i - o = s > w9 o P ™ M S do do
SRS b = &= ® g . S m o E . oy o = =
Gl m Ho 5 W = o o iy D M w0 T o - X0 T
) o ﬂoovﬂ%ﬁw@tlvﬂﬂaqugg@
iy L do ™ e 5 A e T o o0 T pog
T m do o B + T - g v ol < s = X do = so 8 5 3
S oo & w oo T g R e @ S o
oo T ow G3 ™ N T ny X s ~ o E T i 2 B
e Ex ) o i T o og T o W
ﬂ:n:no}g hnab;ozogzaw%1a, W o
Eo bmo Hl U]L m. o ,DF o &o = | o Ml © mu juy ﬂl &M
SN < 5 B s Wy ~3 ™ N N 3 _~ ~
du o = B o —_ — o) o S ~ O~
o s T B ~ = ¥ T 3% N3
E o = m ) R 5 T . g 8 il
= o il g A b X ® 9 == g
0 Q X A
o 90 m w T = T m g W
o B =)
" o
N



d, Moreno 52 10 yme] ¢2 g5 oA 29 W/m'e #8 HrZ dojud
tH(Table. 2). Aol & F7A5 120 um= sto], Hud A3 A% 5 /M =

2 net power density ( 1.5 W/m' )& At Fsh A Agre] @we FEE2S A

)
311 Bl gtk ®e] g Ask o9l Nat, CI % ot AA)
Aol A = Mgt SO 59 vt ol &5e] EAF, olHF trh ol eEe A
o [e)

Ae AT AFS SVAA AR 2EE AAAY "] A4S ol

, 571, CO2 345 2o ST WHE Juf g AA &9
ilot scaledll Aol =8 Az 7] o st A543{3233]= K

o &AA pilot scale?} 7] Mo Ta|AE 1kWH scaleZbA] Hal

ftlo
>~
>,
ofo
rok
o o

AL o 570 ot A& A7) A& F38 power loss §lo] b AH O

A9dE  qadd w2 oewnd o
dx A
(W/m’) (crf) 7 (um) a} 7 (um)
Veerman FAD,FK
2009 0.93 100 200 82
et al. D
Vermass FKS,FA 5
2011 2.2 100 100 30740
et al. S
Kim et
2015 ) 2.4 19.6 100 KIER 26727
al.
Moreno FKS-10,
2016 29 100 120 10
et al. FAS-10

Table. 2. Power density increase trend.



Power density (W /)

=
o
I

0.0 R

R.E. Pattle [6]
Weinstein and Leitz [7]
Audinos [8]
Jagur-Grondzinski and Kramer [9]
Turek [10]

Suda [11]

Veerman et al. [12]
Veerman et al. [13]
Dlugolecki et al. [14]
Veerman et al. [15]
Dlugolecki et al. [16]
Veerman et al. [17]
Vermaas et al [18]
Vermaas et al. [19]
Guler et al. [20]

Guler et al. [21]
WVermass et al. [22]
Guler et al. [23]

Kim et al. [24]

- | X+t ByvaAdd

"0

T
1950 1960

Membrane

T
1970

T T
1980 1990

Year (yr)

T
2000

Moreno et al. [25]

4 b

T T
2010 2020

Fig. 7. Power density by year.

Compartment

I [ Thickness

Profiled Profiled
wt AEM Gasket CEM Gask

(R ™

Dlugoleck et al. (2010) [16] |

Fig. 8. Factor affecting power density.

_‘|O_



Main characteristics of investigated redox processes. 5

Redox processes (V vs. SHE) AV(V) Stability of redox — ?Lij\lv?;‘gs M
species and electrodes g 4 vl s
H,0 = 2H +0.50,+2e (099 V at pH 2) 24-25 Very high E
HO+e — OH +0.5 Hz (-0.83 V at pH = 14) o 3F
E
. 295 9350 , g 2}
CIm—=05CL+e (136V) 225-235* Very high =
HzO +e — 05 Ha +OH™ {—0.83 V at pH = 14) '
il
Fe¥ +e~ —Fe* (E=077V) 0.4-06" Very high for pH <3-4 P
and in absence of air Q.
» 0
(1] X
[Fe(CNJs]?~ +e~ — [Fe(CN)s|* (E=0.356V) 0.2-04" Very high in absence of =
air and light [11] =1 L L 4 L L

concentrate concentration, Cygy
(mol/l)

M. Tedesco et al. (2015) [36]

0. Scialdorne et al. (2013) [35]

Fig. 9. Factor affecting power density.

]

48 Ao GFL

3) 28 4% Wa 29
=

=1 T

I ol de "o JFS Foh WA 9 A3

deugen, B Age] wess AY WEE FAeT ot 9 A uhe

fgol B55 FE PUE A 44T £ Aol F B A
Folth fA7k 52E #2 FAE As vhaAR AY Awel ois) Fig 12
of dEglon, f2 AL $ess A8 WE: FAss 3@ nelh
ot FE FAY Fe5F 29 AFo] volAm

9 AP frREe AAsE B F2O 4GS gAY gl

_‘l‘l_



16

1.4

Gross power density (W/m?)

0.4

Fig.

1.2
1.0
0.8

0.6

'a
s 3 5 2
fiﬁ ‘9
2 .__.l-;#m
B 10, -
13
- ""4 =
- ‘15 -
[ |l.|"l_l‘ L
0 15 80 100

120

Area resistance {v‘lﬂ" ﬂ-mz]

1 SPEEK65/PECH B2
2 FKS/FAS

3 SPEEK 40/PECH B2
4 CMX/PECH B1

5 CMX/PECH B2

6 CMX/PECHC

7 SPEEK 65/AMX

8 FKD/FAD

9 CMV/AMV

10 CMX/PECH B3

11 CMX/PECH A

12 CMXSAMX

13 SPEEK 40/AMX

14 Qianqui (CEM/AEM)
15 CMH-PES/AMH-PES

10. Power density function of membrane resistancel[21].

25 4 B Vemass etal [18]
- & Vemass etal [19]
® Vermass et al. [23]
Az_u. ° ¥ Guler etal [23]
3 3
P!
> 45 ] :
=y E
= L
a g Vv
@ 1.0 4 L]
-= -.. ¥
pu X ¥ 5 -
2 Wy AL .
05 i *
o - "
0.0
0 10 20 30 a0 50

Flow rate per cell {mL/imin}

Fig. 11. Power density function of flow rate per cell.

_‘|2_



B ‘Weinstein and Leitz [7]
& Turek [10]
Suda [11]
s ] ¥ Vesrman e al. [12)
# “esrman et al. [13
=25 4 Dlugoleckietal [14]
= : B Veerman e al. [15
E’ @ # Dlugoled:ietal [18]
::_.Z.EI- il * “esrman et al. [17]
= | W “Vermass etal [18]
2 @ Vermsss etal [19]
L5y + Guler stal [20]
L % W  Guler etal [21]
210 1 i % Vermass et al. [23)
g @ -  Guler etal. [23]
S o I Kimetal [24]
0.5 F b B Moreno o al [25)
" (]
0.0 ; P : ;
0 200 400 600 800 1000

Compartment thicknes s {um)

Fig. 12. Power density function of compartment thickness.

AR o
A eobol] glow, o= & dyA 4= ofox]7] T Tast

ofof gt} mEkA M Lol FFS T 83de T Al 2T oA

==

yAs &7

Ho
%
Ho
—_&4
it
ot
A
N
s
[>
)
Mo
2
A
o
K-
>,
ins
1
P>

>
rlo

l'UE

) net power #©°] EA3cHFig. 13). FHF L3 F2 FAL} nlRsA 2 Ao
A= AuA| et ke o3k oYX EAd FEgFS Foh FHo] =25E =2

SR THE fAS] g A= AuAE AN, el @ A &

rlo

Z7tstr g 1 zpol7t H7F H = net power A Aol A& tHFig. 14).
|5 2845 ¢ 2 oUuAE A2 5 AAT o o3t oy x|

steg f2 FA 9 nR7EA & net powerZF HU7F HE A o] EA4

fr
1)
o]
b

i1t
k1
ol\
)

ol
-

_13_



m  Vermass et al. [16]]

-
%]
|

-
-
|

Net power density (W/m’)
S & @ b

o

o
L
|

T . T E T i T T
100 200 300 400 500
Compartment thickness (um)

o

Fig. 13. Max net power density function of compartment thickness[19].

1 B Veermanetal. [10]
14 - @ Vermass etal. [15]
1 Vermass et al. [16]
- 1.2+ W Vermassetal. [19]
E & Guleretal [20]
= 1.0
=
203 wy
2 \ 9 4
g 0.6 - .. HE o
S04l ¥ oe® m .
s | & v
<02 ; ®
00 @
T T T T T T T d T : T : T
0 5 10 15 20 25 30

Flow rate per cell (mL/min)

Fig. 14. Net power density fuction of flow rate per cell.

_14_



) T2l shetE S ol

< Bl

o
— =

s

o]

]

Z!

oW o 2 E RO AE T E FOE T MY
Wc -~ 7 o JI —— = g ,O H ] < E
sh CFERUEETE g5 oW oy
= G S~ B w T = R I I~ B S =
g o8 E SN o TF N M = = T D e
= = 0 B8 N o B — T 5 o T = 3 3
: w o N W Loy s N oE
Z o w5 oMo oy N o me % i W g N 5o
Z ol 2 8w W < z B o=
5§ o o £ = 2o ) e oMo T
T o 100 = m ) E ™0 o) — Lm o Bl om &
Q ﬁE HE Z_O o 0 O ﬂﬁ p—
T o T g g R T T O - Y
2 r = 8 E QT Vg g HE W F
ERERE R S R -
. 8o kL T TR B }
2z W B B F g T Fox ?
- X i~ e NN g % K = — T~
LB Y = T 9 = M T 3 =
Mo Py X ox oo Lo 5 = = = 9 X
jod v 7 XK & @ E 8 P & = B
_ S o a T W W B o= 7 B o X
< 7 £ U By ERER T OE ML
JZI N P e M NR o N = X Q- @ = o) X
- o) 4 ) C - & 0 =
= o ) o 0| o ~ £ w B %
A I L - S - B
2 G Mo oW 3 B o e
W T X F N o T WM o= AR lnw T’ g o 7T i
~ N o 2R ow = owowm o 2 o o W
(o TR RN = L, B % o B OB s
oy = Njo oo (L I of T -
do X gy BH e MR gy 4
T N T o b, X = Do r2 NE o o o
) I R R o =
TR Y ow EeonT R ow RN
(il T ~ im 5 K = NHORT do W X o % i) No N
< R N - - - T< SR TR
o7 A I o & " T g =~ B o
Woom do o H® oap 0 o o w PR E
T g T M T w0 Ar CilG e et - .m MH T I+
1 - M ) ° J roﬂ
S S oW ®F 2T g T = E I
O OA W R RTOE oA T W BT M K

= 3= ATH40].

H( 10 cm x 10 cm, 25 cm

AN
=

=
ozl #eu Y T shubol ™, scale-upd

10 cm x 10 cm 27|29 2="o A o]

o

2R
_’|5_

ks

Al
=

S|
ax

715

4

S
L

A

< BN
— =1
o o

Z

R

Fo] 5 2™ [12-14,20],

x 75 c¢cm ) =¥ A7}



o= 10 cm x 10 cm, 20 cm x 20 cm F 2" A9 £ T AEE

o
Lro wE geFs B3 A3 pilot scale( 44 cm x 44 cm )ol Aol A€l A
& HJhe Ag o] JAHATH34,36]. AT scale-up sH=Hl Ao F L5}

= Aol e IFE AES gloem, 29 Av|)7h e AE

2350 27| e 4 =%

X,
R
A%
oo i,
R
o

i)

| =gt 8N T Fo A
59 A¥E vlusty] offgo gy = dolE WA A AL AF A
of ™3l net power density$} net energy efficiencyS 3$H7 13t 238 A=

ol gtk e B ATt §2 doloh, AEEE B WMAAA 28 A

Small V;

& ==

High
concentration
PUI'HPhﬂ polarization

Small 7 Large 7
High Low Low High
Power Energy Power Energy
density efficiency density efficiency

Fig. 15. The primary trade-offs about stack design parameters[29].

_16_



T

It

1M AAY 7Y U N Y

A Al2~"lE Fig. 1949 60L tank 270, 500mL H|#A, 95 H3EZ(Head -
Model 77200-690 Drive: S600, Dong Seo Science) 370, $F# A(S-20, Wika),
FA(KTM-800, KOMETER) Zt7t 271, Sx7]54] 29 DC loader(M9711,
Maynuo)Z TFAAT. 29 a4, 2o T4+ ZHZF NaCl(Sodium Chloride,
Daejung) 053 M, 001 M ¥E2 £NS APt oA BEojx gHLe
60L tankellAl & FEZE F3 2" o= ZHFAT A58 HE2ZA ofr}o]

T [Potssium ferricyanide(Daejung) 50mM + Potassum ferrocyanide

trihydrate(Daejung) 50mM] 50mM ® X2 &S A Fslo] HiE Fa =g
200mL/min® FHo 2 FIAA SHFAT o] W Ry, RoHTE S
T TS AR sUsHA st 7o F R fEe] 2d9E SAHIAT

DC loadere= 2tatd =3} sdd o] AAste] AaS WMIA|A OCV, I, V, P 3

o] mAY FFA Ao HF7F 3EA &= OCV AHZE ¢rAst= 98] 30

Bk EAFL OCV #e 24 5 AL dolFAUh o W AL 7} 1%
Tk dojFaon 302 F AR, el HgH M U 30 B LV, PE F
Qo] Wake AstAnh

_’I7_



Distilled water + Sodium Chloride

(Dagjung ) : 0.53M T S —— :
_
Stack |
_
Electrode solution ( K3Fe(CN)6-50mM ) :
Dilted water . Concentrated water | Potassium ferricyanide SOmM ( Dagjung )
Concentratad comparbnent | compartment + Potassium ferrocyanide trihydrate S0mM ( Dagjung )

circulatio

Wika ($-20) Electrode

[
[
[
[
|
|
[
[
_
| «
[
_
[
[
|
[
_
_
|

— Pressure gauge |
. Feed “
entrance _
pump drive $600 ( DongSeo Science ) "
pump head Model 77200-60 u _ Pump
i Flow meter N _
N KOMETER ( KTM-800 ) /. pump drive $600 ( DongSeo Science )
~ W | pump head Model 751800
Pump | |
_ _
i |
Diluted water _ |
IS IS SN
N~
Distilled water + Sodium Chloride DC loader - 7\_03_._“0_._3@

(Dagjung ) : 0.01M

Maynuo (M9711 )

. 16. Experimental system.
- ‘|8 -

Fig



2. 28 FN 4

a9

AR AgE GAVEA Ade 50uz TASAT. 4w &%

[e)
o
f=2, gole wdvow AT AlgE Fo]e wdhuh

o%
rlo
e

ol waT, B

S )

ol
o] w9 FUJIAFS] type 1 CEM, AEMeltt. #+#=, @FFEc
o]

dlo

gasket (PTFE, 100um), spacer (Polyester, ,100um ,DS mesh)® ©]F
Fig. 1691 YelNATE gasket> &fo] Q{2 FEHA &1 I F=

=

o
3 A R 9 BE F YEE i g2 TR §9L 598 & gl

at

Fig. 17. Spacers and gaskets.

_19_



el

o A

Fig. 19. Stacks used in the experiment.
- 20 -

.

T R
i
=y .
oo Y - T
ER= £ 2
my 5 !
7 E oo £ B
n © R ..:._ ._ Ty ) S =
v 5 < “{. W . : § 3¢
- ! : N = P
— ._... f .*.. .,5 g § Sis
o Q ! T
B KRR : ~ E8¢
w S5 __::.E:h.“:#_..“"a“““ - B Eop
-8 ,.9. KK é.:: " : Bia
ERAE ;“.#..5__ OO .:¢ < 28

5 B f Y ..__: d__._,:v 1. Lk
T T e oo r: # ..m. .. @ ERESE
SRR S _a. OO £ e
282 \

.~

OC N Lf M mII
ulm ﬂ ~ 1:.@ & - 00__-_.
) 5 e~ S
¢ © = —m
%= 5 9 —
W o W oW s
2L o e




w
(=}
rh
i)
i)
rd
0X
I

1) Gibbs free energy of mixing
A2~ A Al A (Gibbs free energy): AlolA] do]d = gl o Aoj o]
oMol A Af duAE A (D= Uekd & Ao G= H2 A4 ol
UA(J/mol), pi= €9 & 429 dtehd RA(J/mol), ni= & & i

= otk o7A gehd xRS 4 (2)9 2ol vEd F glon

G= Zﬂi L (1)

1y = 1+ V,Ap+ RTina, + 2 FAp )

2 (2)0A e iR BE 3etd XA (J/mol), Ape o+ Wa (Pa), V

rr

B BRI (w/mol), RS 71A 448314 J-mol K ), 7= Al &5(K), z,& i
wol &
9 Wsh(V)olth, T gelo] 41 ) otel W et o]FL glonz A

(2)&= TA 2 3oz YERd 4 o

o,

&, 2z, & o2 ¥x7H-), Fi= Faraday constant(96485 C/mol), Ay

rr
N

W = ,u? —i—Rﬂn(zi) (3)

Fig. 209} 2ol 5% A7k v F golo] 4lojd oux7t BEHT) ol 4
o

o7 A 7t gole] A A% U FlA, A9 £he] U A AR
wstkolw 2 (4)9F Zo] vERdT
AC:miaz: = Z(QC I/(‘Rﬂn(xz,c)+ Q,d %Rﬂn(xz,d) - C;,b I/17}871”(:1721))) (4)

(3

_2’]_



Concentrated Diluted
solution (¢ ) solution (d)

Brackish solution (b))

Fig. 20. The mixing of a concentrated and a diluted solution.

2) OCV (Open Circuit Voltage)

OCVE AF7 32% &S wo] ~elo] A

lo
[
hia
o
fr
[>
=
lo
N
24
)
o
N
iy
2_‘(1

qe 3 vz 4 QAR Fole wa

_22_



>
o)
o
ol
i)
X
&
o,
it
o
fr
T
Au)
=
K
=
ero
1=
;l>
2
rlr
X
)
k1
g
D
g
<
<

i
il
o
iy
2
u)
bt
s
o,
rfo
&
r (
=)
Ao,
J|m
o,
ofN
_O|L
g
o,
v
i
)
o,
rfo
o E
riet
=)
rlo
o
1%
_O|L

A eg7) Wl ol wATE Tl Folo] ofd AR Fol E
oo, ol& YE gholth & 59 107) o&o] olEatul &ol&o] 37
7} ol Bt MEEE 070 €k RS

rlo
~
—_>‘4—9
>
’
(0]
=2
N
=
[
S
=)
rfo
i
b

Faraday constant(96485 C/mol), yi= €& % 7l (activity coefficient), C&= ¥%=
(mol/L)elth. A77F 524 %= AHdAA= FA7F 521 o]o] o]Fdto] &
T oale WSk witel OCV @t wWstsiH, 7] F9 &4 s Fujo] )
Tt OCVETE #Aasit) weba f2 Aoy fafol wel s=wWst ol
GeA 7] "ol F2 % T o] OCVel 93 F+ F a<lo]

Na Cl
Ysea * Ysea

| n
/ Cl
7ri1;e7’ * Cier F Vriver * c.

rwer

ReT
Eocy =Ny * [aCEA[ Ia ln(

3) A= A% (Power density)

A Wes 2] F WA & de dUAE YEUT o] o] ST E
o oA g 28 H|R WHolA Ao, 2Ee] Fes Hrletes AEE A (6)
I o]l AL AqUAE AREE 2=®" we] F WA A(m') o ® vro] F gholth
A7 PW)= A3 A7 wom yekd 4 L, A2 Al A7k A7

P,=P/A (6)

A A 83 2ol OCVe o5 A% R, a(Q), W5 A% R’ . ( Qo=
vt = glen A (Dol didetel Aelstd 4 (9™ OCV, R

external’
‘Rmternal 'C_)‘ = Ll_ﬂ 1‘/—]- E}

_23_



P=VI=(IR)I=I’R 7)

- ocvV ®)

2
(chtcnral + }zmtcrnal )

P= OCV2 . Rexternal (9)
(R + R,

extenral inter nal)

= ( at R= Remternal Rmternal ) (10)

’

MIA EEE 28 Aee A AT E e FHOR, FEA}
3]

2
Bhilth, 880 o5 4 S99 9 B2 JuAE dojirz =9

v, A Wlg wol SloiA AalA el Ao vEhlw 4 (113} 2o

n:§x1oo(%) (11)

3

X'= ol2Aom Aol £ e duAW)elr 4 (12)H47 debd 5 gtk

_24_



QRI,[ iner+ C Q(Ja] 12
¢er rwer C}t[ ¢sea sealn CYM' ( )

A7IA R 7IA A, T Al 2%, & F&(m'/s), 5 5 %=(mol/m)e] v
A2 seat™ NG, riverv BF4E 5SS O HE =2 4 (13)3 ol uE

faass

Civer T P00 O

C}t[: T‘ZLC’I“ ’I“Z’UC’I“—I— CSCG sea (13)

’I“Z’UC’V‘ sea

5) Net power density & net energy efficiency
Q7] T4 e edsted oA e TelE o Y Edo] WA
Al HH olE args] Folopgttt o] w Aule SfHe os] EAHH= dyA|d

pumping powerv 2 (1) H =€ FF9 o2 e

Ppumping = Qsea ¢ Apsea + Qriver ¢ Apriver (14)

Oq 7] }\1 Ppumpinq - pumpmg power(W ] Dﬂ AP’E %LE_d' 701_ E":I‘(Pa) O] Tjr

kA A S A BoF =

density, net energy efficiency= WELE 4 lom 2] (15),(16)2F 2T}

ftlo
)
>
2
L)
I

ShAl 31213l net power

Pd net (P Ppumping)/A (W/mz) (15)
P_Pum in,
Thet — %X 100 (%) (16)

_25_



6) R, & R,,., 3 45 H7F ¥4
trade-off #Aol U= AHe FHEL F FES #F #<d R (response
product) & AF-&3te] H7FeTH13L[38]. R F A5 d&5S sAld H7tsl7]
ok dEog WA ALEH =M= AE WE9 thermodynamic efficiency(

259 ol qUAE ;EF BT Fael T B FA Frlskg

A PHow R 0% dehlol Frhsgth 1 ke 0|24 Agdtel B
A Rkt R, & Fokel i, EAssin,

12X B S AEE HES d ik A (517-29)

WA OCVE 8] 948 Ao

Cl
Fyse(l ° C:;e(l/
V2 ln(ﬂw e )l (5)

river

Na
R A Pysea, * C;ea, R o T
Eocy =Ny * [O‘OEM Ia ln(,yzva . C )+aAEA1

river

Debye-Huckel 225 H g4d &5% A+E YHeld 2 17)

—0.512° V1
1+(4'/305) VT

y=expl (17)

L= o7 kol A'S F& T3 o2 v (pm o= Zf o= 1 ghe o

- =450pm, A’ ;- =300pm [30]

o] = A (18)3 2ol 72 + Ut

I= %Ezm —C (18)

olZA FaX OCV el xd€e AF7F 22U E,.,

Y
=2
=
o
[
it
[
i

_26_



AAUNV)IE 7HAA sl=d A (193 2ol vebd 5= St

U=Eocy = Nac™ Mpr ™ Bopmic * J (19)

AN V) FAe Ha wx9 ®Wsle] & def A aflelw, gy
(V)& AAZAAY vx Watg 23 A 74 aclolth j&= AF WxE(4/m)

ol R, & WAL B2t A% a9ow uz oM thA dsA.

A 8le A

S g9 WAL W24 = non-chmicdFoletm Ret},

U= EOCV_(RoIzmic+RAC+RBL) * .7 (20)
HA 5o HAS wEs R, .. AT A CDAR = A F= A,
g A= Agew ved 4 9l

‘]Vm (RAEA[ RCE]IJ hsea + hriver ) +R
ohmic o _ 9 9 electrodes
T3 18 Zen. Zen

rwver

(21)

N, & 9o & Ry Qe m'), Ropy (Q o m')& 747} S0 ol nsghul A
ol h(m)eE F2 FAOlAL e= A¥olA9 7|FE, S+ mask fractionO &
T2 Froly {2 oke] oAl 7]FETF 0o]H o] g lo]HY, V|F=T}F 1

ol o] g 00] HTH39] A F7F B2 A5 AT AL duHger vy

A7) wRe] FAGE 5 Ak

Ry ok 2 (22)0. 2 Yepd 4 glom

‘]Vm R A A”river
Rao= 5" = a5 n(™) (22)

sea

_27_



A s A7 2 A (23,208 FaA dEra

river’?

j ° t'f‘fs’
ANT’L"UET = 1+ - (23)
Floge hriver * Qiver
4 = J* tres 24
sea Fegoh C .

Rp gk &8 AAEAN Hx= ddko] wbnjganta & 5 7] wIel AA

N
Ry =—"(a -t i+b) (25)

deowm oe &4 Appad #al 4 (202 e & ew
K 'y,
Ap= 'hg (26)
d

K= A3 232 23 98 goly 4o A%l 894x10 ‘kg/m « s <

off

g™ G EAI fES Fobo] wude] FUAOR Yol 7

, pumping A=

4 9lon 4 @9 o] vE

_2°48p-@Q

d,pumping ~ A

(27)

_28_



AT7HA AN A G172De S8 Py ,.e A Q8= Fdl A& 7 o

Eocy * j_(Rolzmic+RAC+RBL) ¢ j2

Pd,net = Nm - Pd,pumping (28)
R, %2 2 (15),16)s 243 429< s34 & + Uk
A
_ 2
Rp,net _Pd,net ¢ ? (29)

_29_



I ds 5 313
1. M&E, Zolo mE ooy #

N&wo] ek OCVEES ZoldZ Fig. 219 YeRt OCV &S =7] #¢
S TEZ S AxtetH s el WErE vked HodA] 2] wiite] A&
ol #Agle]l dAs AT AARE AF7F 224 g OCV AE oA
TE R A8 dte]l 4 E w o] o] o]sFe wl FEE W)

2 OCVEe Waky] Wil o Egkat ABHE Aolsh vk AEEs} B sF,

—a— Theoretical

?5_- | | | | | | | |
Al @ o
[

E55 |
2 1 =
O 50 B 10cm
E 1 ® 20cm
8.4-5— 30cm
4.0+ .
35 T T T g T 3 T
0.5 1.D 15 2.0

Linear velocity (cm/s)

Fig. 21. Effect of the linear velocity on the open circuit voltage

at different flow path lengths.

_30_



7 wWolty, wd dolh AolA4% Fig. 20AAR FE P} dass] o

0.53M

Concentration

0.01M

Flow path

Fig. 22. Concentration change along the flow path

at different linear flow velocity.

2. M8 dzeof oAl =&

D) A%E, gol, AF A B A8 Aw
g WEt A%nd gl OCV @t wEd 4L #v), A&wr} 2358
Zrhat w8 Qol7t Yol AFE ¥E wWa: o AXY Wi Sofd Uol

oMol sk Fuj7E stop el mel M " ZFAgth(Fig. 23).

_3‘|_



H 10cm

" OPN WX m.@ W mr
oy =) ~
§5 8 = % < E ~ T oy ®
[ - ] ~ == X —_— —_—
ol M - N T P T ™ 7
T T o o ™ o 0
. sy oy T e ® M
2 0| o & "X NV
5 O AR = = w A
E @ o © A < ~ T
- : p Vs E N e 2Ty
. =
2 AN R @. =3 ik WI_ ol MM
v L 2 W4 w X N %
2 =5 s = = W5 R A
E < & J%l T = CICH N o &
o ) ) o ~
_ I = = o T sl AT R -
> £ = G - oy
SR ) e G o)
T & A X AF B — 2 9k
o T = W oH g N B
s . 2 g Mo T o4 g
> 5 = o o= W o Jog d
. . IO — m + ,w _n: L.E 7H — .60
= g B ~ T = TP R
s & & w0 N I
o o —_ o ‘D| _de OL
= © ~3 ° X wr H o
3 ok ™M W T F B B o W oAy
m ® L = W& o ow 4 e
o & Sy - T L
o T o ToaTow
| | " G dETILEER
_ _ I oROT ~— pb =
d e 0 5 2 DA - B
(w/An) Alisuap Jamod < ro - S e - o S~
] Mo e T O O® T
ok w o I
3 o B W T o W o
wmoRe W oW N AR ho e v

_32_



SIS

1.6+

1.2+

1.0+

0.8- 3

0.6 +

Power density (VW/m’)

0.4- ®
0.2

0 10 20 30 40 a0 60
Residence time (s)

Fig. 24. Effect of the residence time on power density

at different flow path lengths.

71w o] & olyAel ula] HAA AL dAE FotA] A &S HA

gt fr = Aok ZojHd wetA e % Wb ARV wiEe oS w2 o

UAE 4= Joll whe} olvA] &&2 F7kgeh kARt 05 cm/s A&

i =2 ol co-iond I AHF @Al g oy A

4 s Adow Aduy AEH=r7 ¥S W co-ion A AHF AR 9
d

ol Aol et

o

[ﬁ

= AuA7F Zaske Aom e ATH401

_33_



B 10cm
b @& 20cm
30cm
&
20 - -
SN »
::,‘18_
1)
5 °
:§16—
E |
=14 -
2
e
w 124 ]
10 4 3
0.5 1.0 1.5 2.0

Linear velocity (cm/s)

Fig. 25. Effect of the linear velocity on the energy efficiency

at different flow path lengths.

AA E&S AR Azl WA Fig. 2642 GeRRITh A5 A7ke] o]
A5% A&msl Aol Aol AY Bwsl was ste] AL wolF

cm/s SIMAY A5 A|Zko]l sropel wel, co-ion #AFH AHF @Al 713l

o % oA &de] WS Wl Ao W

_34_



22

&
20 - B
= ] ® @
:’1 18_
[&]
G | &
= N
: 14 - H 10cm
? ® 20cm
5 12. = 30cm
104 =

0 10 20 30 40 30 60

Residence time (s)

Fig. 26. Effect of the residence time on energy efficiency

at different flow path lengths.

HS

Al Adrg et vhel o] ME JNEE | trade-off A dE F A AT

Al Brtskr] felA T e wd Rge® YAl sl e
F7F HaskA Tk ERE o] B4 S THAME U WHoeR RES
Hl 3t Fig. 272 ERHALE o] &3
o] = co-ion @A AHF Aol

al
o] Aojol wel 9 x7F AR 7] wiZol[39] AT Albo]l ZolFeo] uwep HF

[ Jm
42 o
ox,
ofr
o

o

B

AYae AFe )

= =

_35_



a3k ol2gkel Aol7k AT AR Azte] FARLE R Frbelth pa

= AdE 2k wEbd HdivE s= Ade] EAEH SR 25 em/s, A

AIZE 8 s, fr= Aol 20 cm £OA R g2 Hi7F H v
B 10cm
5 @ 20cm
25 - 30cm
Theoretical(10cm)
20 —— Theoretical(20cm)
- Theoretical(30cm)
=
* 15~
E
=3
& W =
o ® .
5 _
0 =

-5 0 5 1015 20 25 30 35 40 45 50 55 60 65
Residence time (s)

Fig. 27. Effect of the residence time on Z,.

4, M=z, Zo[of [HE pumping power 3}

FAE FAFo] A7 B 28e AT YoM e 2de o
el glom, of wiel AsE duX Ede A @AY AEEst Ad
2 F7hsla fw dolrh dojdFE FUhsth WA Fig. 2300447 A4
7} FhEEE Y WnE AT olAY g At mE oux &4

_36_

ft 4 nf

H



1
(8
|

Bl 10cm
@& 20cm
,__.2'0_ 30cm
=3
?g 1.5+
o 15|
o
1.0
= ®
3 m
3 0.5+
o
[ |
0.0+ L
0.5 1.0 1.5 2.0

Linear velocity (cm/s)

Fig. 28. Effect of the linear velocity on pumping power

at different flow path length.

5. Net power density & net energy efficiency

1) A& =, Aol A FA] 7] wE net power density
Net power densitye A& X didl Fig. 2991 YeERHSITE 0.5, 1.0 cm/s A<
Lol He ko] A ¢yl wjiol net power density’} S7FeFAIT 1
2= 48 9] AR wet net power denisty”7} 743
=

net power density7} FAIRF =& METoA FHe] T

[o

S ¢ o] wol 2 cm/solAE 10 ecmoll A 9 net power densityZ} 7FE W kt}.

_37_



At HMEw 7k F, BRE Aol AE% 1.0 cm/s o149 net power

density”7} Hdj7b ®w 1 F 10 em fr® Zo] z€e] 7pg okt

B 10cm
@& 20cm
30cm
0.8 =
E‘ B
%'" 0.6 - ®
= 4
‘®m 0.4
5 =
=)
tg 0.2 - &
o
o 0.0
@
=
-0.2 u

0.5 1.0 1.5 20
Linear velocity (cm/s)

Fig. 29. Effect of the linear velocity on the net power density

at different flow path length.

tl. weba] eteEo] el net power density: e Wieol:= gy AlF A7t
e A3 HeFS el A gkttt o7l BREFE ] Bt AFAITRA ¢
i

ax net power densitye AAoW, AF Agto] FSFE ey UE& A

flo
=

L&A S7FA AT net power density® |

4
>
e
09)
0
gy
n

=
X
o
0
—_
2
=S,
i
N
—_
ol

_38_



B 10cm
@& 20cm
30cm
0.8 - i
E‘ ]
“g"‘ 0.6 - &
> | =°
‘n 0.4
S &
T
tg 0.2 - &
3
- 0.0-
@
=
024 W
0 10 20 30 40 20 60

Residence time ( s)

Fig. 30. Effect of the residence time on the net power density

at different flow path length.

2) A&%, Aol AlFA|Zbell w2 net energy efficiency
A& o 3t net energy efficiencys ZAo|¥H=ZE Fig. 31 Yedth A&E%E
%S5 net energy efficiencys= S7Fstlem 2 Zol7F 20 cm¥Y W 7}
=9ko 1} 05 cm/s AL %A 10 cmol A 2] net energy efficiency 7} 714 =

ool w2 AdEEolM 20,30 cm F 2 Aol ¥ 9 co-ion #/GI AHFHG

_39_



|
o
|

B 10cm
: @ 20cm
515— 2 30cm
-_
Q
S
= 40 3
[&]
= &
)
=
m =
g > o
5 @®
g o] R
'5 | T | i I ¥ |
0.5 1.0 1.5 2.0

Linear velocity (cm/s)

Fig. 31. Effect of the linear velocity on the net energy efficiency

at different flow path length.

_40_



H 10cm
90 - & 20cm
30cm
_— &
&9 @
=
1]
o .
= 40 |
= &
@
5 5]
o i}
G @
2 0
-5 T g | ' | : T T | ' |
0 10 20 30 40 50 60

Residence time (s)

Fig. 32. Effect of the linear velocity on the net energy efficiency

at different flow path length.

6. R0 o8 s N5

Net power density®} net energy efficiency#< #3 R ., D&z o] 2%

<= A Azl el Fig. 333 o] YERldvh AlFAIZbo] dojxdel wet A

g o] B3k Aol A om, o] oA HEF mle} o] o]E 2o co-iond

-~

_4’]_



&I AR

et RSF WSSl A F ARl Aol weh Frhslthrh grashs A
B, ole wel Hojrl s HA AFAe] Aolnprh EAEAT HA A
FAREE Aot deFs Faste %S 7hon O FAge FolEUTh
& gzel gdEtu gz AEE 044 cm/s, AFAIZE 23 s, 2 Aol 10
W R kel HUZE HAT ol RA"S S 29 ujga A W& AL

JH

gete] HA 28 gl gt HE Zol AL 046 cm/s, AFAIZE 199
T2 2ol 92 ecmzt AR g vssilon, ol Fd dgH o FAES)

tH29].

10cm
& 20cm
14 _ 30cm
494 —— Theoretical(10cm)
1 —— Theoretical(20cm)
~.10- Theoretical(30cm)
= ]
£ 8
E ]
e 6
Q@
z ]
g 4
2 -
0 -

5 10 15 20 25 30 35 40 45 50 55 60 65
Residence time (s)

Fig. 33. Effect of the residence time on R

p-net*

_42_



)
p

IV.

ZFske] 0.5,

Al

Kol
=

ToNMe = o7t & 2~=(10 cm, 20 cm, 30 cm)

1.0, 1.5, 20 cm/s 4l 7}A

= 4

7FE AT

3

i

trade—off ¥Ao] <

o},

o]

A]

L

(concentration polarization) 2]

A

O

o |~

R4

g YA A= F43 F7hETh

7h2 9l

No

A A H-E = net power density”7}

t}. webA net power densityZ} 7} =

o

lojol A H&%7F 1 em/sY W net power

density 7} 7}

932 t] = Ho}l net power density”}

Egk AR Al

of, A&l #AGlel A Alzbel T

721

Eis

=3

Trade—off Al

Ozl detnE AEE 25 cm/s, A

1
s

_43_



=

T

A

0.44 cm/s, *

L
-

4=
=

:’

A
R

3k

[e)

=

EERIRE RS

-

8 s Fr= 4ol 20 cm¥ w Hd#k

gtol A7t =

Fob o,

-
R

ol

!

el

ol

~

7}

=
=

=

gl QlofA HlEE&Hl

12 5217k Aok ot

9]

e

1

2
=

<]

Ftk. webAl RED stack

g oA 044 em/s, 23 s, 10 cm®] tlAFel wHebu g

=

IS

scale-up

w2 A el

-

1

F= 2ol

TEE 7

.

1

St

°©

23 s, 2 Zo] 10 cmz YET ols ndg
o7 &4

EiolAel HH ~E OxQl shebu]E el v

al

S
s

o
=

=
3

H
=

o] o
Soi=y

al

0]
A

P
T

B

N
o

alo

G
<

W
T

"
o
y

o)
K

00

4

00

s g

5

A el 9

3

j=4

w
)

K

ol
o

-
o

- 44 -



Y

1.

Kl
e
)

Hook, M. et al. “Growth Rates of Global Energy Systems and Future
Outlooks”, Natural Resources Research, 21(1), pp. 23 - 41, 2012.

Hook, M. and Tang, X. “Depletion of fossil fuels and anthropogenic

climate change-A review”, Energy Policy, 52, pp. 797 - 809, 2013.

G. L. Wick, “Power from salinity gradients,” Energy, 3(1), pp. 95 - 100,
1978.

I. L. Alsvik and M. B. Higg, “Pressure retarded osmosis and forward
osmosis membranes: Materials and methods,” Polymers, 5(1), pp. 303-327,

2013.

J. W. Post et al, “Salinity-gradient power: Evaluation of
pressure-retarded osmosis and reverse electrodialysis,” J. Memb. Sci., 288(1

-2), pp. 218 - 230, 2007.

R. E. Pattle, “Production of electric power by mixing fresh and salt water

in the hydroelectric pile”, Nature, 174(4431), pp. 660, 1954.

J. N. WEINSTEIN and F. B. LEITZ, “Electric Power from Differences in
Salinity: The Dialytic Battery,” Science, 191(4227), pp. 557-559, 1976.

R. Audinos, “Electrodialyse inverse. Etude de l'energie electrique obtenue a
partir de deux solutions de salinites differentes,” J. Power Sources, 10(3),

pp. 203 - 217, 1983.

J. Jagur-Grodzinskr and R. Kramer, “Novel Process for Direct Conversion
of Free Energy of Mixing into Electric Power,” Ind. Eng. Chem. Process

Des. Dev, 25(2), pp. 443-449, 1986.

10. M. Turek and B. Bandura, “Renewable energy by reverse electrodialysis,”

Desalination, 205(1 - 3), pp. 67 - 74, 2007.

_45_



11.

12.

13.

14.

15.

16.

17.

18.

19.

F. Suda, T. Matsuo, and D. Ushioda, “Transient changes in the power
output from the concentration difference cell (dialytic battery) between

seawater and river water,” Energy, 32(3), pp. 165-173, 2007.

J. Veerman, ]J. W. Post, M. Saakes, S. J. Metz, and G. J. Harmsen,
“Reducing power losses caused by ionic shortcut currents in reverse
electrodialysis stacks by a validated model,” J. Memb. Sci., 310(1 - 2), pp.
418 - 430, 2008.

J. Veerman, R. M. de Jong, M. Saakes, S. J. Metz, and G. J. Harmsen,
“Reverse electrodialysis: Comparison of six commercial membrane pairs on
the thermodynamic efficiency and power density,” J. Memb. Sci., 343(1 -
2), pp. 7-15, 2009.

P. Dlugolecki, Mass transport in reverse electrodialysis for sustainable

energy generation, Ph.D. Thesis, University of Twente, 2009

J. Veerman, M. Saakes, S. J. Metz, and G. J. Harmsen, “Reverse
electrodialysis: Performance of a stack with 50 cells on the mixing of sea

and river water,” J. Memb. Sci., 327(1 - 2), pp. 136 - 144, 20009.

P. Diugolecki, J. Dabrowska, K. Nijmeijer, and M. Wessling, “Ion
conductive spacers for increased power generation In reverse

electrodialysis,” J. Memb. Sci., 347(1-2), pp. 101-107, 2010.

J. Veerman, “Reverse electrodialysis design and optimization by modeling

and experimentation,” University of Groningen , p. 225, 2010

D. A. Vermaas, M. Saakes, and K. Nijmeijer, “Power generation using
profiled membranes in reverse electrodialysis,” J. Memb. Sci., 385 - 386, pp.

234 - 242, 2011.

D. A. Vermaas, M. Saakes, and K. Nijmeijer, “Doubled power density

from salinity gradients at reduced intermembrane distance,” Environ. Sci.

_46_



20.

21.

22.

23.

24.

25.

26.

21.

Technol., 45(16), pp. 7089 - 7095, 2011.

E. Guler, Y. Zhang, M. Saakes, and K. Nijmeijer, “Tailor-made
anion—-exchange membranes for salinity gradient power generation using

reverse electrodialysis,” ChemSusChem, 5(11), pp. 2262 - 2270, 2012.

E. Giler, R. Elizen, D. A. Vermaas, M. Saakes, and K. Nijmejjer,
“Performance—determining membrane properties in reverse electrodialysis,”

J. Memb. Sci., 446, pp. 266 - 276, 2013.

E. Giiler, R. Elizen, M. Saakes, and K. Nijmeijer, “Micro-structured
membranes for electricity generation by reverse electrodialysis,” J. Memb.

Sci., 458, pp. 136 - 148, 2014.

D. A. Vermaas, M. Saakes, and K. Nijmeijer, “Enhanced mixing in the
diffusive boundary layer for energy generation in reverse electrodialysis,”

J. Memb. Sci., 453, pp. 312 - 319, 2014.

H K. Kim, M. S. Lee, S. Y. Lee, Y. W. Choi, N. J. Jeong, and C. S.
Kim, “High power density of reverse electrodialysis with pore—filling ion

exchange membranes and a high-open—area spacer,” J. Mater. Chem. A,

3, pp. 16302-16306, 2015.

J. Moreno, E. Slouwerhof, D. A. Vermaas, M. Saakes, and K. Nijmeijer,
“The Breathing Cell: Cyclic Intermembrane Distance Variation in Reverse

Electrodialysis,” Environ. Sci. Technol., 50(20), pp. 11386 - 11393, 2016.

D. A. Vermaas, J. Veerman, M. Saakes, and K. Nijmeijer, “Influence of
multivalent ions on renewable energy generation In  reverse
electrodialysis,” in Energy and Environmental Science, 7, pp. 1434-1445,
2014.

A. H. Avci et al, “Effect of Mg2+ions on energy generation by Reverse

Electrodialysis,” J. Memb. Sci., 520, pp. 499-506, 2016.

_47_



28.

29.

30.

31.

32.

33.

34.

30.

R. S. Kingsbury et al, “Impact of natural organic matter and inorganic
solutes on energy recovery from five real salinity gradients using reverse

electrodialysis,” J. Memb. Sci., 541, 621-632, 2017.

D. A. Vermaas, D. Kunteng, M. Saakes, and K. Nijmeijer, “Fouling in
reverse electrodialysis under natural conditions,” Water Res., 47(3), pp.

1289-1298, 2013.

D. A. Vermaas, M. Saakes, and K. Nijmeijer, “Early detection of
preferential channeling in reverse electrodialysis,” Electrochim. Acta, 117,

pp. 9-17, 2014.

D. A. Vermaas, D. Kunteng, J. Veerman, M. Saakes, and K. Nijmejjer,
“Periodic feedwater reversal and air sparging as antifouling strategies in

reverse electrodialysis,” Environ. Sci. Technol., 48(5), pp. 3065-3073, 2014.

M. Tedesco, C. Scalici, D. Vaccari, A. Cipollina, A. Tamburini, and G.
Micale, “Performance of the first reverse electrodialysis pilot plant for
power production from saline waters and concentrated brines,” J. Memb.

Sci., 500, pp. 33-45, 2016.

M. Tedesco, A. Cipollina, A. Tamburini, and G. Micale, “Towards 1 kW
power production in a reverse electrodialysis pilot plant with saline waters

and concentrated brines,” J. Memb. Sci., 522, pp. 226-236, 2017.

M. Tedesco et al., “Reverse electrodialysis with saline waters and
concentrated brines: A laboratory investigation towards technology

scale—up,” J. Memb. Sci., 492, pp. 9 - 20, 2015.

O. Scialdone, A. Albanese, A. D’Angelo, A. Galia, and C. Guarisco,
“Investigation of electrode material - Redox couple systems for reverse
electrodialysis processes. Part II: Experiments in a stack with 10-50 cell

pairs,” J. Electroanal. Chem., 704, pp. 1 -9, 2013.

_48_



36.

37.

38.

39.

40.

M. Tedesco, A. Cipollina, A. Tamburini, and G. Micale, “Towards 1 kW
power production in a reverse electrodialysis pilot plant with saline waters

and concentrated brines,” J. Memb. Sci., 522, pp. 226-236, 2017.

A. M. Weiner, R. K. McGovern, and J. H. Lienhard V., “A new reverse
electrodialysis design strategy which significantly reduces the levelized

cost of electricity,” J. Memb. Sci., 493, pp. 605 - 614, 2015.

J. Veerman, M. Saakes, S. J. Metz, and G. J. Harmsen, “Reverse
electrodialysis: A validated process model for design and optimization,”

Chem. Eng. J., 166(1), pp. 256 - 268, 2011.

D. A. Vermaas, E. Guler, M. Saakes, and K. Nijmeijer, “Theoretical
power density from salinity gradients using reverse electrodialysis,”

Energy Procedia, 20, pp. 170 - 184, 2012.

J. Veerman, M. Saakes, S. J. Metz, and G. J. Harmsen, “Electrical power
from sea and river water by reverse electrodialysis: A first step from the
laboratory to a real power plant,” Environ. Sci. Technol., 44(23), pp. 9207
- 9212, 2010.

_49_



	I. 서론
	1. 연구 배경
	2. 염분차 발전
	1) 염분차 발전 방식
	2) 역전기투석 방식 연구 동향
	3) 스택 성능 변화 요인

	3. 연구 목적

	II. 실험 방법
	1. 실험 시스템 구성 및 실험 방법
	2. 스택 구성 요소
	3. 이론적 접근 방법
	1) Gibbs free energy of mixing
	2) OCV (Open Circuit Voltage)
	3) 전력 밀도 (Power density)
	4) 에너지 효율 (Energy efficiency)
	5) Net power density & net energy efficiency
	6)  &  및 성능 평가 방법


	III. 결과 및 고찰
	1. 선속도, 길이에 따른 OCV 변화
	2. 전력 밀도와 에너지 효율
	1) 선속도, 길이, 체류 시간에 따른 전력 밀도 변화
	2) 선속도, 길이, 체류 시간에 따른 에너지 효율 변화

	3. 에 의한 스택 성능 평가
	4. 선속도, 길이에 따른 pumping power 변화
	5. Net power density & net energy efficiency
	1) 선속도, 길이, 체류시간에 따른 net power density
	2) 선속도, 길이, 체류시간에 따른 net energy efficiency

	6. 에 의한 스택 성능 평가

	IV. 결론
	참고문헌


<startpage>11
I. 서론 1
 1. 연구 배경 1
 2. 염분차 발전 4
  1) 염분차 발전 방식 5
  2) 역전기투석 방식 연구 동향 8
  3) 스택 성능 변화 요인 11
 3. 연구 목적 15
II. 실험 방법 17
 1. 실험 시스템 구성 및 실험 방법 17
 2. 스택 구성 요소 19
 3. 이론적 접근 방법 21
  1) Gibbs free energy of mixing 21
  2) OCV (Open Circuit Voltage) 22
  3) 전력 밀도 (Power density) 23
  4) 에너지 효율 (Energy efficiency) 24
  5) Net power density & net energy efficiency 25
  6)  &  및 성능 평가 방법 26
III. 결과 및 고찰 30
 1. 선속도, 길이에 따른 OCV 변화 30
 2. 전력 밀도와 에너지 효율 31
  1) 선속도, 길이, 체류 시간에 따른 전력 밀도 변화 31
  2) 선속도, 길이, 체류 시간에 따른 에너지 효율 변화 33
 3. 에 의한 스택 성능 평가 35
 4. 선속도, 길이에 따른 pumping power 변화 36
 5. Net power density & net energy efficiency 37
  1) 선속도, 길이, 체류시간에 따른 net power density 37
  2) 선속도, 길이, 체류시간에 따른 net energy efficiency 39
 6. 에 의한 스택 성능 평가 41
IV. 결론 43
참고문헌 45
</body>

