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SUMMARY

The development of renewable energy is becoming more and more
important due to the increase of environmental regulations as well as the
reduction of fossil fuels. Renewable energy using natural resources such as
sunlight, wind, rain, ocean, geothermal, biological organisms and etc. is
classified as solar power, wind power, hydraulic, ocean, geothermal, biomass
and waste-to—energy and etc. Recently, research about ocean energy such as
wave power, tidal power, salinity gradient power and temperature gradient
power are actively being conducted. In particular, ocean energy has many
advantages as follows: unlimited use of seawater resources, environmental
friendly, economical process, no greenhouse gas emissions.

In addition, salinity gradient power benefits by continuously production
energy. It is predictable, and it can be used effectively on-site unlike solar
and wind power.

The salinity difference between seawater and fresh water, which can be
used as a renewable power source, generates a potential difference between
ion selective membranes. As a kind of salinity—gradient power generation, this
technology 1s a salinity gradient power system that i1s applied to
flow-electrode. Such a system has many advantages. The capacitive
salinity—gradient power system based on flow—electrode is economical because
it needs only one pair of ion exchange membranes. Moreover, the resulting
power cost 1is low or than pressure-retarded osmosis and reverse
electrodialysis. In addition, it is environmentally friendly process because there
is no chemical waste.

In this study, a salinity—-gradient power system based on flow-electrode
capacitive deionization (FCDi) concept was set-up. It was optimized with

regard to concentration of the NaCl solution and flow rates of the

VII



flow—electrode and feed water, resulting in the maximum power. When the
flow rates of flow-electrode in 3.5 wt% NaCl solution and distilled water as
feed water were 25 and 3 ml/min, respectively, the maximum continuously
power was 0.28 W per unit area. In addition, it was confirmed that long-term
operation can produce electrical power (0.22 W/m?). Electrochemical impedance
spectroscopy was also performed to analyze the electrochemical properties
including capacitance and resistance of the flow-electrode in either static or
flow state. An equivalent circuit was constructed from a Nyquist diagram as
well.

Therefore, the system of capacitive salinity-gradient power based on
FCDi has the potential to be a new technology to harvest concentrated

energy with an environmentally friendly and sustainable method.
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Table 1. Characteristics of ion-exchange membrane used in this

study

CMX

AMX

Strongly acidic

cation Permeable

Strongly basic

anion Permeable

High mechanical

High mechanical

Type
strength strength
Na form Cl form
Electric resistance 25 - 35 25 - 35
Total
Cation or 0.98< 0.98<
Ani
Transport +n10n N
Na + K 0.70
Number . - 0.02>
Ca + Mg 0.28
Cl
- 0.02> 0.98<
SOy
Water Content 0.25 - 0.30 0.25 - 0.30
Ion Exchange Capacity 15 - 18 14 - 1.7
Thickness 017 - 0.19 016 - 0.18
Burst Strength 5-6 45 - 55
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Mobility
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Asfde] H7r 24+ §re] A& Ax, Wr)sietsd A, 2474 HAHA
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T 2L 849 Efssty AR UFoA B F drhduyos AR
FAAH Aol Wo] o] YA EFol Hx e FIEAS WHEAZ o
2 A9E 7ol & W vFgA A AS ol&sta Ak A AdsjE v
HlgA dajde = d7188t4 dAA e =1 24 SA84E 74 F 2

ol x] MEE 878E duA AFGA e AHLo] Jbsaith. RHEA SR

Agu = v Hdeld 2= PClpropylene

ACN(acetonitrile) ¢ &w& ©
HlgA Hajde] @4 A=
Lalng Ario] £ g vl

carbonate), EC(ethylene carbonate),
Ela= ]

ol &g

123

=R 0

v EFoR A ol ] 3

sro} ol

=xd @A ATH16]

Table 3. General characteristics of ionic liquids

A salt

Cation and or anion quite large

Freezing point

Point Preferably below 100°C

Liquidus range

range Often > 200°C

Thermal stability

Usually high

Viscosity

Normally < 100 cP, workable

Dielectric constant

Implied < 30

Polarity

Moderate

Specific conductivity

Usually < 10 mScm-1, “"Good”

Molar conductivity

< 10 Scm2 mol-1

Electrochemical window

> 2V, even 45 V

Solvent and/or catalyst

Excellent for many organic reactions

Vapor pressure

Usually negligible
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3. EIS(Electrochemical Impedance Spectroscopy) 43

A7138ex duds~ B (electrochemical impedance  spectroscopy,
EIS)&  #7|stetaz 9@ Alz"lo] wWHHE <7bsta olw] AEE+=
WHAFERE EAAIY A~ (impedance)E =AstE A7 81EA

gl A/HE AM@s oL AR ng % opq s]Eel

Amplitude

Applied potential |
——=—" Measured current |

Time

Fig. 8. Example of an impedance measurement
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S Y Eel e ARE Hdd ¢ Jderm A AL 24 F-8&sH
284 o vk AR AAAHARJ]D EA4e 7HA = A7k A 2"l (capacitive
electrochemical system)®] 7% 2% 99 Zol FuF7b gFAgol]  uheg)
Pyd sl slgRr fFow 948 SURSIEER, Yol iE EARA
Fsheo) gagel wek 71817t A3 okste] AR vperdch old] e
A AR Hrhel T3 ail AMAER P Fug EXo] o
olf ol st AIMAEHA At agle] wrd 7R R (equivalent

circuit)2 FAE = ATH17]. ARF 514 J2A LA AMH= 2de2

Fyere Q4x 27], X% 58A3e 9UR 5 pxHon A4shH oo}
57812 FAol AtEth IHlE o¢ e FrERE AMAE2 AFThe
a4, 94 B4e JEhle 2424 Yol7laE =AW e §4d

oele HAY GRA BN 2w B AN FLF fholt meky A&
#AAAE, CDISl 57128 o APH SIS T D840l
sk,

B |:§l cm®)
om

(a] o

Z (2cm 2;|

Fig. 9. (a) Nyquist plot of a typical EIS measurement showing
imaginary impedance -Zim versus real impedance Zreal
(b) Link of the characterized electrotechnical elements as represented
in figure (a)
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g4 ¥k (activated carbon, Maxsorb MSC-30)2- 7kAlo] 4 3}8H(Kansai Coke &
Chemicals, =4, L)  F-So]>n 9 (Neosepta CMXe AMX)2
Astom(Astom corporation, HE)elAl ZHZ FPetAT AP AREH E2

gol (e AHEsklt

2. AL

H JAA7I7F 800 mAE HE BEEE Swtkeo]l HEE 01 M NaCl
nanodisperser(ISA-N-A, Ilshin Autoclave, Korea)E
o &sto] UY:=ES T 83 EAMAIIH. olFHA wEolX &g dAR
AA7E FLdshA BEAabE oz AR AbLol A A =% E (conductivity meter,

toledo mettler) 2 =332 vl Hy 115 mS/cme AEE=E 7Rt

FCDi Al2le o] 88 W 492 ga4 iade] Hojy degole

A A A (graphite current collector, 104 mm x 56 mm x 12 mm)E A}-83}¢]

=]

29 109 Zol 428 2g AzeGn oAL Aldole Pt agtsole
FAAA FH] UH 02 cm, 4] 02 cm, AAZo] 69 cm, F=ZHA 13.8 cm”9]
25 HEAY
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Fig. 10. The flow channel

structure of the cell.

o

FCDi®d xH& agtgdolE HAA Yo Lo 13 (Neocepta AMX,
electric resistance 25735 Ohm)3 o] ¥ (Neocepta CMX, electric

I 9o AT "Ae 98 delE

ot

nt

resistance 25735 Ohm)& ZHZF 9%l

7} 2= (silicone gasket, 77 04 mm)< 7]tk A UFoA FAdFe

(1
ot

—

olFd T WiEES f8 FAT A=l EFd=E(polyester) A & &
AE(E7] 66mm x 30 mm, F7 7036 mm)E 2do]Mz Al&sle] F
ofZulgup  Atole]  WHwm wxgow  Igtdte]lE ZJHA LW
Eg 7R Y| o] E(polycarbonate) AA#FS o] A xys SASAT. [2™

11,12]

Fig. 11. Cell assembly.
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(a)
'\

(a) Current Collector

(b) Cation exchange membrane
{c) Anion exchange membrane
(d) Silicon rubber gasket

(e) Spacer

Assembly

Outflow water

*

Flow-electrade Flow-electrode

*

Inflow water

Fig. 12. A schematic representations of capacitive
power generation based on flow-electrode system
cell assembly

on flow—electrode system cell assembly
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Fig. 13. A schematic diagram of capacitive power generation based

on flow—electrode system for experimental study.
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Fig. 14. Photograph of capacitive power generation by salinity gradient based on flow-electrode system.
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Voltage2 %

Power [W] = ‘Resistance [R] @

4 @el ZRE AE st A APUEE T EFAT

Variable resistor

Flow

glectrode = Cutflow water
Flow

glectrode Inflow water

Fig. 15. A schematic diagram of
continuous capacitive power generation based

on flow-electrode system
26 271852 <lvlEz By
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o] g3 A& AU AE F3a Jo|7|AE EAWom eRTH ol gt
A71skeba A& wlaelr] e drisishiAe] 7hs gk potentiostat (ZIVE

SP5, WonATech Co. Ltd, Korea)& ©]&3}o] EIS (electrochemical impedance

spectroscopy)= =43l ).
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Fig. 16. Measured current and voltage during voltage sweep which
employed feed water of 3.0wt% NaCl and flow—electrode of Owt%
NaCl
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Fig. 17. Measured power during voltage sweep which employed

feed water of 3.50wt% NaCl and flow-electrode of Owt% NaCl
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Fig. 21. Pmax value according to the change
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Fig. 24 Measured power during voltage sweep which employed

distilled feed water of and flow-electrode of 3.5wt% NaCl
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Fig. 25 Measured CCV during the continuous power experiment
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