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Fig. 9. (a) Schematic representation of anion and cation transport
from spacer channel through ion-exchange membranes into the
porous electrodes and (b) experimental data for cell voltage, Ve, and
power in two subsequent cycles [27]
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Table. 1. List of commercial CEMs and AEMs tested for RED and their performance metrics

. Thickness IEC AR Power density
Commercial membrane o 5 5 Ref.
(um) (meq/g) (RQcm?) (W/m")
ASTOM Neosepta CM-1 133 2.3 97.2 1.7 N.A. 39
ASTOM Neosepta CMX 158-172 1-1.6 95-100 2.7-3 1.1-3.2 42-46
FumaTech FKS 36-40 1.4-1.5 94-95.1 1.5-1.9 1.1-1.9 45-48
CEMs | FumaTech FKD 113 1.1 89.5 2.1 1.2 45
Fujifilm CEM Type 1 121-135 2 92-95 2.7 0.8-3.8 42,49
Fujifilm CEM Type 2 160 1.4 96 8 0.4 50
Fujifilm CEM Type 10 N.A. 1.7 94.7 2.3 N.A. 51
ASTOM Neosepta AM-1 126 1.8 91.8 1.8 N.A. 39
43,45 46,
ASTOM Neosepta AMX 129-134 1.3-1.6 90-91 2.4 0.9-14 5 53
45,46 ,54,
FumaTech FAS 33-42 1.1 89.4 1 1.1-1.9 -
AEMs
FumaTech FAD 74 14 86 0.9 1.2 46
Fujifilm AEM Type 1 112 1.8 93.8 1 1.4 56
Fujifilm AEM Type 2 160 1.1 95 5 0.4 50
Fujifilm AEM Type 10 N.A. 1.5 94.5 1.5 N.A. 51
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Fig. 11. Categorized ion exchange membranes (a) positive or
negatively charged IEM, (b) amphoteric IEM, (c) bipolar IEM and (d)
mosaic [EM [57]
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Fig. 12. Schematic illustration of (a) a homogeneous membrane and
(b) a heterogeneous membrane with ion-exchange resin and binder
polymer. (c) Chemical reactions of CEM and AEM
styrene-divinylbenzene based IEM [60]
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Fig. 15. RED performance of the PCEM and PAEM [62]
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Table. 2. Characteristics of the IEMs for RED performance [62]

Thickness (pm)

Ion-exchange

T i Permselectivity | Resistance | Water uptake
e capaci
P pasty (%) (@-cm?) (%)
Dry Wet (meq/g)
Fujifilm Type-1 CEM 114 141 1.83+0.04 97.4+1.8 2.10+£0.22 66.2+£1.0
Fujifilm Type-1 AEM 112 126 1.84+0.03 93.8+0.8 1.22+0.12 56.6+0.4
PCEM 16 20 1.80+0.05 95.7+£0.3 0.42+0.06 49.5+2.8
PAEM 17 20 1.81+£0.02 92.4+£1.6 0.40+0.07 39.3£3.0
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Fig. 18. Optical micrographs of spacers from A to P [66]
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Fig. 22. Average pressure drop and net power density of the RED
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Fig. 23. Surface morphology of tailor-made membranes: (a) ridges (b)
waves (c) pillars and (d) flat membrane [71]
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Fig. 24. Average total pressure drop and net power density as a
function of linear flow velocity for the stacks [71]
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Fig. 26. Net power density of 10 cell pairs and pump loss, net power
density, and energy efficiency of 30 cell pairs [72]

_37_



Table. 3. Characteristic electrochemical properties of the flat and patterned membrane [72]

Thickness Area resistance Permselectivity
Type IEM 9
(pm) (Q-cm?) (%)

AEM 20 £ 1 0.46 + 0.03 98.1 + 0.9
Flat

CEM 21 £ 1 0.32 + 0.06 99.0 + 0.2

AEM 130 £ 2 1.41 + 0.04 949 + 15

Single-sided wave

pattern

CEM 121 + 3 1.21 + 0.04 95.1 + 0.6
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Fig. 27. Two RED units are shown on the tray for visual comparison.

Five pipelines can be identified: (1) HIGH inlet, (2) LOW inlet (3) HIGH

outlet, (4) LOW outlet, (5) ERS [73]
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Fig. 28. The delivered electric power and the hydrodynamic losses in
a four stage experiment with a 50 cell stack [74]
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Fig. 30. Schematic of RED with single-stage (parallel) and multi-stage
(series) [76]
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acid (AMPS)?} 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt
solution (50 wt % in water, AMPS-Na)S 20|24 A XAz ARSI
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Fig. 32. Schematic representation of the proposed process for IEM
fabrication [62]

Fig. 33. Design of patterned ion exchange membrane
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Fig. 34. Schematic of RED stack setup with patterned membranes
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Fig. 36. Photograph of RED with 10 cm x 10 cm 100 cell unit stack

Fig. 37. Photograph of RED of unit stack at lab scale
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Fig. 38. Cross-flow in the RED. Blue arrows indicate the flow direction
in the seawater compartments and orange arrows the direction in the

river water compartments
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x 2, 1 x 3 and 2 x 2 RED module configuration, respectively
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electrically connected in (a),(b) series and (c),(d) parallel, respectively
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Fig. 41. Schematic diagram of the 2 x 2 RED modules are electrically
connected in (a) series, (b) parallel and (c) independent, respectively
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Fig. 42. Photograph of RED of (a) 1 x 2 and (b) 1 x 3 module stack at
lab scale

Fig. 43. Photograph of (a) 10 cm x 10 cm unit stack and (b) 20 cm x
20 cm module stack
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Table. 4. Specifications of unit and module stacks

Type Unit stack Module stack
No. of cell pairs 20 50 | 100 200 100
Configuration 1 x1 1 x2 1x3 2x 2
Effective area of
) 0.6 1.0 2.0 4.0 4.0 6.0 8.0
membrane (m?)
both both both
Flow rate of both both both
100 200 300 100 150 200 | 100 200 300 HC 600
HC and LC 30 60 100 | 100 200 300 200 400 600
) 400 500 600 250 300 350 | 400 500 600 LC 300
(mL/min) 200 400 800
700 400 450 700 800 900
Flow rate of ERS
) 100 100 100 100 100 100 100
(mL/min)
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NOMENCLATURE

total membrane area <m2>

m
C concentration (mol/m?)
Eocy electromotive force (V)
F Faraday constant (96,485C/mol)
I electrical current (A)
N, number of cell pairs
T absolute temperature (Kelvin, K)
(measured at room temperature 24 °C)
\Y electrical potential (V)
Vp voltages under peak power conditions (V)
charge valence of ionic species (=1, assuming
z a 1:1 binary solution is used, such as NaCl)
P ross gross power (W)
Pgmss,d gross power density (W/mQ)
Pl net power (W)
P ump power loss in pump (W)
P AGmix Gibbs free energy (W)
AP pressure drop (Pa)
Q flow rate (m®/s)
R, electrical resistance of RED stack (£2)
R, electrical resistance of external load (Q)
Rohmic ohmic resistance (£2)
Rion— ohmic non-ohmic resistance (£2)
R bulk layer resistance based on concentration
variations (£2)
Ry boundary layer resistance (£2)
R gas constant (8.314J/mol * K)
« permselectivity (Assumed to be 1 for this study)
¥ activity coefficient (Assumed to be 1 for this study)
Nross gross energy efficiency (%)
SUBSCRIPT
ERS electrode rinse solution
HC high concentration
LC low concentration
M equilibrium concentration

_60_




V. 4y A% % nF

4m
o)
>
U
=2
2
Rl
rio
12
=
3
2
S
>
o,
1o
%
)
o
offt
e
o
jo
19
=
rok
0

A7 S0 AHgd TEY ol2ugato] oieh A<l d4t= Table. 5

of sttt 2 d+olAs 3042, 5048, 10048, 2008 = &Y A=Z /g5t

tjo

4.1.1. A& 20 & OCV

AN
=

A 27 O 2A0AM 35 &9 Hlgo] YT O A& FUE o
2 OCVE F4stch Al (6)o] @™ OCVe A 47F S7iE45 19 F
of Z7tstofof sitt. 2042, 5048, 100A7HKl= A 471 5718 T2t OCVE &
7FstAIgE, 200489] Qo= 100422 OCV7F o =A] 4=l zF Adlo] 5
g 4201 0.33 cm/solA] 10040] 6.64 V2 7P =2 OCVE UERJI 1
A 504, 2008 717F 2.15, 2.94, 3.81 V& YEYQIL} o] A Y 559 o

Fgoz 29T 4 Aok 2A= 2 27 SUtgol Tt B4 AEolM 9] s=rt

|

F

o>
oo
ol

oA

10048} 200489 HigH= rEd s55 AVAERE 7[Eo2 E43la o

_6’]_



(o)

s M A=

100%E.ct

N

A skl FEHlt OCVE &

Al o]

counter-iony}t

olJ
HH

FAIEE A adollie A8 oA AlFAIE

[9)

1=

-

<)

7}

=
o

of OCVZ}
H4~ofl A

9]

a

P71 &

[9)

O;Q]

aTr

I OCVol D]x]+=

zoa o3

|

(0]

Q
L

|

(0]

ol
"o
o

i

AN

<+
]

T}t

=
o

o]

_62_



o

g -0-20 cell
- 50 cell
=% - el
2 5 [4100 cen LA A
|00 . ol
> ol
=
5 o~
=3
o 0 1 | 1 1 1 1 1 1 1 1 1
0.0 0:2 0.4 0.6 0.8 1.0 1.2
Linear velocity (cm/s)
Fig. 44. Open circuit voltage of cell pairs as function of linear velocity
~30 r //’o—_:___: st~ LT
= D L i
F 2B =
7 9}
g 20 |
e’
Q 15 F
2
2 10 F
— -0-100 Cell - HC
= 5 L 100 Cell - LC
= --200 Cell - HC
U O 200 CEII - I_JIC 1 1 1 1
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7

Linear velocity (cm/s)

Fig. 45. Conductivity of HC and LC in cell pairs as function of linear

velocity

_63_



4.1.2. A 2o o= X

Fig. 462 sl 49 A4S S7HA A2 JAVIFY 2H9 A4S B
of ot Zh Al FYUgh A& 5wl 0.33 cm/solA] 100480] 0.60 W= 7P &2
MY Es UERla 204, 508, 2004e 742} 0.15, 0.11, 0.11 WE Uehyal

]_

=
Ztolle 10040] 7MY &2 AH¥LES FASHIH. £, A&E

] 217 S8 =o] AT & ok I=2 9l
of & ©9] AEL FO A&ToA Fo AHUC S GERYACE
O %2 AS ASst A7 8 A2 Zg 8o /= oA AEK
Ao 5Lst AE&=E GAlsH] Yollae= 4§ W2 952 Q= stz A2
MG AESsH A Hlg] 5= 0] dA4AY £ Aok 5 FH9Y S A Y
2 gA9 AMFAItes dAAZ]7] dio A R AAISA S ¥kt &
o 50| mrWsto] 2 AFS TAAZ|= F47F Aot [78]. E3L sl 5%
o] Z7t= U 2o Y= ol F7He UERY] mjFo] AH¥Yert 5
Ztst=d] 9&S o3t
1.2
-0-20 cell
~ 1.0 L-T1-50 cell //A
= A-100 cell A
= 0.8 200 cell > ol
g P
/'
> 06 |
=9 ///K
2 04 | A"
(=] ____O
P ’O____-——"_
O 0.2 B /‘h/—”
(-\'/
0‘0 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Linear velocity (cm/s)

Fig. 46. Gross power of cell pairs as function of linear velocity

_64_



Table. 5. Comparing for patterned membranes used in previous studies

Pattern Pattern .
Cell ) Effective Gross power Net power
membrane i thickness . ) . ) . Ref. | Year
pairs Area (cm?) density (W/m?) | density (W/m?)
assembled (pm)
CEM : Ridge 0.80 0.50
) 5 230-245 10 x 10 ) . [69] 2011
AEM : Ridge (Approximately) (Approximately)
CEM : Flat 1.10 0.25
. 2 100 10 x 10 : ) [70] | 2014
AEM : Ridge (Approximately) (Approximately)
CEM : Flat 0.35
2 100 10 x 10 1.3 ) [70] 2014
AEM : Wave (Approximately)
CEM : Flat
} 2 100 10 x 10 1.3 0.62 [70] 2014
AEM : Pillar
CEM : Flat 0.68
5 260 10 x 10 . 0.48 [71] 2017
AEM : Chevron (Approximately)
CEM : Chevron 0.63
5 260 10 x 10 ) 0.50 [71] 2017
AEM : Flat (Approximately)
CEM : Profiled 1.25 0.95
50 145-155 10 x 10 ] ) [79] 2018
AEM : Flat (Approximately) (Approximately)
CEM : Wave
10 100 5x5 1.39 0.90 [72] 2021
AEM @ Wave
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A study on reverse electrodialysis system and stack

modularization using patterned pore-filling membrane
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Abstract

Reverse electrodialysis (RED) is one of the power generation methods
that can obtain energy from the difference in salt concentration. The
development of highly efficient RED stack is important to improve the
performance of the RED process. Therefore, pore-filling ion exchange
membranes have recently been developed, which are attracting attention
for their low manufacturing cost and high performance. Despite the
development of these ion exchange membranes, additional losses are
incurred due to performance degradation caused by spacers. In this
study, pore-filling ion exchange membranes were used as support

membranes, and a pattern structure that can serve as spacers were
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designed on the ion exchange membrane to minimize losses. In addition,
module configurations of 1 x 2, 1 x 3 and 2 x 2 were designed and
implemented as a single-stage, parallel arrangement where the influent is
uniformly supplied to the RED. Although the pressure drop in the
module stacks are not significantly different, the two-stage configuration
has a maximum net power density of 0.53 W/m? at the optimal flow rate,
higher than the 0.06 W/m? of the three-stage configuration, due to the
higher power compared to the pump energy loss. In addition, the
maximum specific energy was 0.08 kWh/m?® at the lowest linear velocity
in the series electrical connection of 1 x 2 configuration. Although the
addition of unit stacks did not improve power density and energy
efficiency, this strategy demonstrated the potential for energy generation
using RED modules. In this study, we designed a model to increase the
power density and energy efficiency of RED using patterned pore-filling
ion exchange membranes, and evaluated its technical feasibility. For this
purpose, the performance of the RED system was evaluated using linear

velocity, stack configuration, and electrical connection as parameters.
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