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0 Electrolyte of Vanadium Redox Flow Battery for Load Leveling
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History of R&D of redox flow battery, the production process of the electrolyte
for vanadium redox batteries, and recovering process of vanadium in soot from heavy
oil combustion power plants are reviewed. Electrochemical concideration of the
vanadium redox system, (/0 )-V(O /0 ), is also performed.

s§ooooon

OO0O0O0OD0OOOredoxXOOOODODODO OO reductiond O
OO00oxidationD0 D0 000000000 O0DO0OOO
000000000000000000000000
0000000000000000000000 redox
cellD OO redoxbatteryD O OO OO OO0DOOO0DOOO
0000000000000 0000000000
000000000000000000000000
0000000000000 0D000000000
0000000000000000000D00000
Oredox flowbatteryd 0 D0 000000000000
0000000000000 0000000000
000000000000000000000 redox super
capacitor0 O O O O
000000000000000000000400
00000000003 0000000000000
0000000000000 000000D00000
000000000000000000000000
000000000000000000000000
000000000000 00000000000M%
0000000000000000000D00000
0000000000
0000000VO* O H,0 - VOo,"02HY0 et
ooo0ooooviEgel o V2O
000000000000000000000000
000000000000000000000000

gooooobbboooooooobobobooo
goooooboboooooooobbboooo
gboboooboboboboooboooboooobo
gboobooboboboobooobooobuoobo
gbooboboooboobooboo
gbooboboboboboobooboooobo
obooboobooooboobooboboboobo
gooooobobboooooogooooboboobooo
gboooboobooboobooboobuoobo
goobooooobbboooobbooooooboo
gooooobobboooooogooooboboobooo
gbooboobobooooboboobuoobo
gbooboobooboobuoobobbobobo
gooooobbboooooooobobobooo
gooogoobobboooooooobobbooboooo
gboobooboboooboobuobobouoobo
gooooobbboooooooobobobooo
O000DO0O000OoO0o0oo
gooooobobboooooogooooboboobooo
obooboobooobooobooobuooboobo
gboobbooobgooboobooboobuoobo
0000000000000 00O00O00o000
gbooboooooboobobooobooobuoobo
0000000000000 0000000 200kwW-
gookwhO OO DOUODOOOOODOODOODOO 19970
goobooooobbboooobbooooooboo
gboobooboorobooboobooobuoobo

KEYWORDS : 000000000000 OO00OOO00DOOO0ODO

102703



goobooboooooboboooooobooooboog
goooobbbooooooooobobbooog
gboooboobobbobooboboboobo
ooooboobobosbobooobooobuooboo
OO00O0O0oONEDODDOODOOODOODOL9980 2
golockwODOUOOOoOUODUOOOOoOoOOobDOoOooOom
00000000oOoooooost|

0000000000 Db0OD0O0O0OD0OO19740 O NASA
gogoboobooboooobooboboooooooo
gbooboga2sbgbobgboonooooobooba
gboogooboobooboobobooboobo
goooboobobobowboooooooobo
gbooobbooboobboooobboooboon
goooobbbooooooooobobbooog
goooobobboooooogoooobbboooon
gooboboooobobobooobooboboooooon
0mooooboobooboboooboobooo

sbooooooobobobooobono

o0 .0oo0oboboooboooboobooboo
goooobbbooooooooobobbooog

gboooooooooooO.3aodnoissno

0000000000000000 1vOoooooo
000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000000 000D0000000
00000000000000000000 84300
000000000000

00000019890 00000000000000
0000000000000 000D0000000
0000000000000000000000

00.0000000000000000000
0000000000000000000000 vaYy
v* O ooovo?/vo, 0000000000000
000000000000000000000000
000000000000000000000000
0000000000000 000D0000000
198500 000000000000000 0000
0000000000000 0000000000
000000000000000 0
00000019890 000000000000000
0000000000000 000D0000000

goobboooobobboooobobboooooo

00000000019770000000000000
000400000000000000000000
000000000000000000000000
0000000000000 0000000000
0000000000000000000000000
000000000000000000000000
00000000000000000000198000
000000000000000000000000
000000000000000000000000
00001989000 60kw-480kwhOD OO0 OO0
000000000000000000000000
0000000000000 0000000000
000SO0000000000000000000
0000000000000000000%00000

googles7ropbooboobooboobonoboo
gooobooboboboboooboobooooobo
oooooooobooboboooboobuoobo
goooobbbooooooooobobobooog
oooooooooo ]

ooooobobobooboo0oooooobobooboooog
13viooooooboboooboooboobooo
goooobbbooooooooobobobooog
gobooboobobbobooobooboobo
ooooboooboobobooobouooboobo
oooobooboboboboboooooboobo
oo0DO0o0o0oOoboOobooOoboOonbieeo0d1kwod
0000O000ooOooooooot2Bsegpnooon

0000199100 10kwOooooo¥hooooo

O00000000000O00eckwODOOOOOO
000000000000 1989000000 ™0

0000b00ob0ob0bo0ob0o0obOonb NEDOO

goooboobobooboobooboobooo

goooobbbooooooooobobbooog
ooooboobobobobooobooobooobo
ooooobobbooboo0oooooobboboooog
gooboobooobooboobooboobobo

Os500000800000000199300 2kwDO0O
gogoobbobooooooooobobobbooooa
1996 000 40r/00DO0DOOODOODOODOODOO

—+10280 3~



gboboooobooobooooboboooboooooo [ 165

00000002000000010kw0 0 19940 150
go0kwO 000019970000 000
000000000000000000004198900
0o00eokwOODOOODOODOOOODOODOODO
0000000000000 000000D0000
0000000019940 0 20 kw0 019960 O 150 kW
0000003000040kwO 0000000000
oooooooono neg
0000000000000 0000000000
000000000000000000000000
000000000000000000000000
0000000000000 0000000000
000000000000000000000000
000000000000000000000000

00.0000000000000000000
0000 000000000000000

0000000000000 0000000000
000000000000000000000000
0000000000000 00000000000
0000000000000 0000000000
000O0ODLCOODOO0O0O0O0O0O00O0O0O0DO0OO0n
000000000000000000000000
0000000000000 0000000000
00000O0o0oOoooooootiepgopooon
000000000000000000000000
0000000000000 0000000000
00000000000 00000000000000
000000MMRSCOOOOODOOOOOOODOOO
0000000000000 0000000000
00000000000000000000 500W/kg
000000000000000000000232100
000000000000000000000000
000000000000000000 224

000000000000000000000000
0000000000000 000000000
ONEDOOODOOODOODOOOODOOODOODOOOOO
19970 1000 000000000000003000
00420cm?0000000010kWODOO0O00OO0
00000000000000199800200000
0000000000000 000000D0000
0000000003200 oo0000000o0o0n

000000000000000000000000
000000000000000000000000
0000000000000 0000000000
0000000000000 000000000O0
000ooo 330

gb.0boo0booboobooboboobooon

goobooooboboboooobobbooooooo

gooooobobboooooogooooboboobooo

gbooboobooooDg

19740 000000000000 0000ONASAIO
oooobogoon

/8100000000000 oooobooo
go

OO0 NASAIODOOOODOODOOOO Mkw-8kwhd

00D oobooboooo
oooobogoon

19800 19830 0 0D 00O onooonoooDoOon
000 kw-8 kwh(I

19840 19870 0 0000 0D0OO0DOOODO OO 060 kw-
480 kwh(

8400000000 boobooboooooDoon
gbooboobooooDg

8000000000 MmbOoooooboobOon
oooobogoon

gbooboooooNSswhOoobooboooo
goooboobooog

19850 19920 00 0O UOONEDOD DO DODODOOO
oo0oobooooboobon

198900 000000000000 0ODOD0e0kw-480
kwh(O

198700 000000000 00bO00bOoOobOon
opooobooo

0000 oobooobuooboobon
gboobooboobogon

1900 000000000000000001kwWO

199200 0000000000010 kwDO

19930 199 0 0000000 bOo0obooooaon
goboooboobooboooooobooo
0 NEDOU

19960000 00000000000000450(150x% 3)
kW-1000kwWhO

-1 0290 3~



J 166 gboooooooooooO.3aodnoissno

199700 0000000000000 00O00O00O0O00D0O200
O O O kw-800kwh(I

19960 RSC’ NEDOO OO UODODOODOO

19980 0001WkwO RSCODODOOO

spooobo0boooooboboooobOon
gooooooog

gooobooboboobooboobomEePOn

gboooboboooboooobobooboobo

gogooboboboooooooooobobbooooa

000000 EPOOOODOOODOOOO
000000000000000000000000
0000000000000 000000EPOOOD
000000000000 %&h

000000000000000000000000
000000000000000000000000
000000000000000000000000
00000000007 000000000000
000000000000000000000000
0000000000001910000000000

goooboobobobooboobooboobogo

gbooobbooboobboooobboooboon
0000 Figl00ODOO0ODODOOODOODOODOO

oooooooogooooooobbbobooo
00o0o0¥®i0000000DoooOooo200000
gooobooboboobooboobobooo
oooooooogooooooobbbobooo
oooobobobooboobobobobooobooo
gooobooboboobooboboobooo
googbgd40topD2000t00boonboon
cioobboobooobuoobuoos3osoobooong
oooobooboboboobooobooboooo
gooogboboobooboboboboobooo
O00O00OO00O0OO0EPODO Fg20000000O
00D0000000Sootmand0 0 000OFiIgl100O0O
oooooooooboobobooboboooooo
googooieeotbogbogEPODOODOOO
sootdDoboopbooobooboobobboobg
ooboobobobooobooobooboooooo
000000000000 000D00O0OFg.3TFig.100
gooogboboobooboboboboobooo
gooooooooooooooobbbbbobn
ooooboboooboobobobooooboooo
000000200000000000000000
gooobobooboobobobooboobooon
JooodoecoD®C00O0O0O0ODDDOODOOOOO
oo

* Ammonia
Wellman Load Sulfuric acd
Boiler Electrostatic ’:{} Fleu gas Production
precipitator Desulfunization System System Sulfuric
Acid
Soot f

|_ —_ T - - - - — — = == = _| _____________ | ________________ hl

steamn @ @ l _ @ Y

generator| | ] Vanadium
| Electrolyte | Production Compound Sootman Process
| |V Battery ‘ | Process of ‘ (Recovery System of
| Electrolyte Vanadium Compound)
i
Turbine b

i - Ammonia * (reuse)
1| Gypsum
Sale Unburmt Carbon
i | Nickel Sludge
I L Ammonium metavanadate

Fig.1 Vanadium Redox Flow Battery with Resources Saving Recycle Ability

—+10300 3~



gboboooobooobooooboboooboooooo

Bioler L-L

AMWOT UL

0 167

i MFIW Gas Desulurization fydroxide
e
Fuel ecipitator syslem
Flue Gas
Mixer Soat
Ammonia
Recovery
Lime Stone
Carbon Separation Gypsum Separation
Vandinm Separation | | Sludge Separation

Pissolution

Reaction

—

N

Drouble Decomposition
of Ammoniuin Sulfate

Nickel

Gypsum

um
Metavanadate Sludge
Recyelirg Water
Fig.2 Schematic Diagram for Sootman Progress
. o N
: % FsT> T
: NHavOs3 B0 !
e LU ?
Steam
X0
¥oP
Feeder Dissolving V Decomposition V Thickner h Centirifuge  Waste T
Exhaust Treatment Eq.
Product

Cartridgel]

Storage_Tank Cooler Filter Vanadium Reactor

Linig Tank

Cooling Facility

Roasting/Reduction Furnace

Fig.3 Vanadium Electrolyte Manufacturing Process Flow

V/P means the vanadi

s§U00000b0b0oDOo0obOobDOoDbDOon
goodoood

gbooobooooooboobooRrsCcooogonDd
gogoboboboooduobb@m™mRrReBMOOOoooOn
oooobooobobooOrRFBODODOOODOODO
gbooobooboboboboRrscobobooboooong

um recovery process

goboobgbooboobooboboobooon
goddooooooooooooooooooo
dddooouoooooooooooooooo
oboooboboboobooboobooog
gobooboboooboobobobooboobooo
gboobobooboobobbooboooobo
dddooouoooooooooooooooo

103103~



J 168

000000 #®X0oooo000o00onooonooo
000000000000000000000000
oooooocvoooooo3¥oooooooooa
0000000000000 0000000O0aO
000000000000 00000000000
00000000000000000000000
00000000000000000000a0 3

oo.ogoooon
OO0d0D0o0o0oo00oOooooooooooooon
200kW O0OO0O0OO0OO0OOCOO0OOOOOODOOO
1.5MV(O)V@O)-4MO D 0000000000000
oooooooobooooog2mv(@)-aMmoOO0O
0o01sMv(O0)-4MO000000002000000
vO)ov(O)yoooooooooooooooooo
dooooooobooboov@)ooooooooo
000000000 00oooooooooooov@m)
0000000000000 00O000000 Cypress
ooz200000000000000000CvOOO
Oo0ooooooooooboosceEdooonoOon
0.5mm @ O GRCO Graphite Reinforced Carbon, C-C O [
OO0000o0o0ooooooooooooooooon
ooooooo

00.0000
OV(0D)-00000V(D)-00000cvoooo
Fig4,500000000000Fig.60 FigsOO OO
000 V@)D0D0OO00ooo000000000000
00000O000Fg60 000 1.0vO OO0 1st0 00
002d00000000000000000000
00000000 0.0 0000000000000
0000000000 GRCOOOOODOODOOOO
0000000000Fg70 1.8MV(0D)-00000
O0000O0OFig60 000000000

00.00000
00.0.000000000000000000000
000000000000000000000000
0000000000000004000V(E )H,0)* 0
V(O )(H,0)**0V(0)0%**aq0 V(0 )0, 'aq00 0 0 0 O
0000000000000 0000003%3834gg
0o

Current {mA)

103203~

gboooooooooooO.3aodnoissno

T T

T
151 Inifal E fmv] =0
Farward E Limit {mV) = -1000
Reverse E Limit {m¥] =10
- Final E imvl =0
Scan Rate imis) = 100
= L
E
T Of
o
5
O —
150 | | | !
—1000 —500 0 500 1000
Potential {mV)
Fig.4 Cyclic voltammogram on GRC electrode
in 2M V(O )-4MH,SO, soln.
T T T 1 1 1 T v T T T I
5.0 Initial € (my) = 50
Forward E Limit {m&] = 1300
[ Aeverse E Limd {my} =10
| Final E imy} =50
Scan Rate imig) = 100
< |
E
= OF i
2
= |
o L
=500
0 200 400 600 800 1000 1200

Potential {mV)

Fig.5 Cyclic voltammogram on GRC electrode
in 2M V(0O )-4MH,SO, soln.
Potential range:+0.05 0 +1.3 V vs.SCE

T 1 T
Inigal E

5.0F

| Final E
Scan Rate

—5,0'—J |

(my]
Forward E Limit {mV]
Reverse E Limit {m¥}
mv}

T T T T
=750
1300
—800
=750

2nd

{miis) = 100

! |
—-800  —400

L
0 400 800

Potential (mV)

Fig.6 Cyclic voltammogram on GRC electrode
in 2M V(O )-4MH,S0O,, soln.
Potential range:-0.8 0 +1.3 V vs.SCE

!
1200




gboboooobooobooooboboooboooooo 1169

T T T

5.0 ‘nitial E Iy =G

L Fonward E Lime {my) = 1800 ) i
Beverse E Limit [TV) = -300

0 OV(V)0,"aq
goooooowv,o,000n00ooooood
EQ:AE“ :’:t:;"_doﬂ n boboboboboooooooooobad
0 ) ) Navo,00 00000 0oooooooodpHOO
i _/’/E— 000ooooooooodpH20 60000000
: < 00000000V,0000000000000
1 0000000000000 0 cis-[VO,(H,0),]*0 0
. 00000000000S0*000HSo, 000
7 gboooooobooooooooooooao
goooobobboboooooooooooboon
gdobobboooodbopH2000000O00OO
[IV02+|][|D|][ID|][IH3V207'|]DDIZIDDEID

Current [mA)

5.0 | , , ]
~500 0 500 1000 1500
Potential (mv)

Fig.7 Cyclic voltammogram on GRC electrode
in 1.8M V(O )-4MH,SO, soln.

gb.0.0bgo0boboobooboobonoboo
ooveYv00000000000000000
-0.255 VOvVvsNHED O OO OFig4aOODOODOOO
gogd-o5vidvsSCEDO OO OOoOoonooong

0 O[V(O )(H,0) 1%
goooooooooooooooovevEoooo

0000-0255v000000000000000
0000000vo*000000000ovovyo
000000000000000[VO)H,0)*0
coo0o0ooc000n0o00noonooon
00000000000000000000000
00000000000000000000000
0000000000000o0o0O0

O[V(O )(H,0)g**
0000000000000000 VOO V(OH),'
00o00O0ooooov¥ovo*ooooooooo
v¥*OOoOoooOOooo0ooOoo0ooooooooooo
gooooovov#ooOoOoOooooooooon
000000 O00O0NH,vOo,00000000Mm
00000000000NH,V(So,),012H,00000
000000o0ovex/VvE*ooooOoooo+034v
oooog

0 OV(O)0%aq
0D00000000[VOH,0) > 00000000
ooovo*Oo0o0oo0o0n@oonooon
0000000000000 pH4ODOOOODOO
000V, 0,,20000000000000000
000000000 @)00000 pHsO000
0000000000oove*ooooooono
H,v,0. - 000000000000000VO0,"Y
vo¥*Oooooooo+0vOoOoOoO

-1 033004

00000000000000MO000000n
000000000000000Ov({OD)-V(@O)do
000000MO000000000000000
00000000000000000mMmOoO0o0ag
OOVO)H0) O d0oooo e ooood
0000000000000000000000
0000000000000 0000000000
0000000000000 O0O0O0O0O0000
00000000000V ooooooono
0000000000000000000SunOO
Kazcos0OOOOOODOOOOOOODOOOODO
oooovYWVw*0oOOoOoOooooooooooao
0000000¥®MO00000000o000n
00

oovoNV3*O0O0O00O0000000o0n +0.34vO

D0O00Fg500000000000000000
0D0000000000000000000000
DDo6005vVOOOOOOOOOOOOOOOO
0000000000000000 V(O)- V(@)
00000000000000000000

DDV02+/V02+D gboooobgoobob+yiovo

gboobgoobocecvobooooooboooo
O000D00000OFg600O 10vODOO 1stO0 OO
O02nd000000D00O0DOODOODOOODOO
00000000000 00000vV¥*OoOoOoo



170 gboooooooooooO.3aodnoissno

ooooboooboobon

v¥*ovo*ooooOooooooooooooo
Uo0oobooboobdsund D Kazcos OO O
oooboobbobooooooooobboogoo
V02+/V02+[|D|][IDDDDDDDDDDDDD
0000000000000000000003®0

gogooooog
gbooobbooboobboboooobobooooboon
gboooboooboobooboboobuoobo
gbooboobobboboobooboooba
gbooobbooboobboboooobobooooboon
gogoboobobobooooobobbooooobooo
goboobobooobobooboobooboobo
gbobooobooobooboobooooboobo
gogobbobooooobooobbobooooooon
gogobboboooouoboobbobooooooon
gboooboobobboboobobooboobo
gooooobbbboooooooooobbbooo
gbooobbooboobboboooobobooooboon
gogoooo

s§ogooogno

O000b00obOobsUdnONEDODDODOOUSH
golo0nooobooboobooboobuoobo
gobooobooboobooboobooboobo
ooooboobobobobooobooobooobo
ooooboobobobobooobooooboobo
goooobbbooooooooobobbooog
gooobgooobobo

gogd

OO0 O00000D00DODOD31(8)0647(199%)0

OO M. Nakajima et al. : DENKI KAGAKU, 66(6), 600(1998).

00 000O0ooboooos8sgonoooobooooboon
00O0DO0O0O0000D0dp.160(1998)0

OO0 000000 0D0O0DOO0ODO0ODO0O0OMmM1(1),877,(1977)0

00 0000 ooboobooooomoboooo
000§ 306050 p.306, (1995)0

OO0 O0000MD.LindenDOO0O0OD0DOMMOOOOODOO
00 O O p.603, (1996)0

00 00000031 000000 (19900

00 DO0D0O00D0O00000018(5), 498 (1997)0

OO M.Skyllas-Kazcos: J.Electrochem. Soc., 133 (1986) 1057.

100 O0D0O0OD0O0OD0OO0DOODOS70000000O Q019880
p.6350 0 0 0 O O O 38(6)0 700 (1990)]

110 00000000 2-273356(1990)0 000000000

120 DO00O0oOOobOobOoboobooooooooboobob
00O0DbO0O000O0OOo0OOooOooDoaes9)d

130 00d0obooboooboboobooobuooboo
0000o0o00Doo0o0ooooOooE@eo)o

140 000000 3200000019910

150 000000000000 042(10), 3 (1994)0

160 OO0 '98/2, p.73 (1998)0

70 DOoOoobOooboobboobuooboooobo
000000 p.276 (1997).

180 ODOOODOODOO,992,46(1999)00

190 0000000 000000000 BMOI12(11)110210 199

200 I. Tsuda, K. Kurokawa, K. Nozaki:WCPEC-1 meeting
(1994).

210 000000 3700000000 DOOLICc040p.351
(1996)0

220 00000031 0000000000p.297,(1990)0

230 000OOD0OO0OO0OO0DOO0ODOO0O(2998)0

240 000000 3000000000, 3B06(1998)0

250 0000003000000 00003B05(1998)0

260 ODO0D0OODOODOODOODODO0O127(7),20(1998).

270 DDO000D00DD00D0A49(4),11(1998)0

280 00ODODOOO 3000000, 1D04, p337(1997)0

290 OO00OODOO3O000O0o0Ono ,3B03,p.177(1998)0

300 H. Kaneko et.al.[0 49th Annual Meeting of ISE, P-9-15-42
(1998)0

310 00O0DOODO 39000000, 3B04, p.179 (1998)0

32) F.A.Cottonand G.WilkinsonD OO0 O MO0 O0OOOO0O0O
000 Mp.7030 000 (1988).

33) Y.lsrael and L.Meites: Vanadium (in A.J.Bard(ed.):
Encyclopedia of Electrochemistry of the Elements, Vol. O ),

00 p.293,(1976).

34) J.O.Nriagu(ed.): Vanadium in the Environment, Part 1, pp.1,73
(1988).

35) B.Sun and M.Skyllas-Kazcos: Electrochimica Acta, 37(13),

00 2459(1992).

103403~



gboboooobooobooooboboooboooooo

36) B.Sunand M.Skyllas-Kazcos: Electrochimica Acta,
37(7), 1253(1992).
01999.75000

googo

gooood

Akira NEGIsHI

oooooo

E-mail:e6807@etl.go.jp
gooooooboooobooooboooobog,
gooooooooooo

gooood

Ken Nozaki

oooooo

E-mail:e6806@etl.go.jp

0000. D0oooO000oOooOoOOoDOoOoOoDO
goooooooooboooboobo

goooooo

Hiroko Kaneko
E-mail:BYCO1367@niftyserve.or.jp
pooooooooooo
goobooooooobooooo
goopooog@iees)ioooooooooon
goooooooooooooooOopooooOoOo
oo)

-1 03503~

0in



