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ABSTRACT

In recent years, Taiwan's solar photovoltaic and wind power
installed capacity increased dramaticallyn order to maintain the
stability and safety of the power grid, theis a need for storage
equipment to regulatg, load leveling power management. Vanadium
redox flow battery (VRFB) is &erified storage system foarge energy
storage (MW above) and lostggrm operation (more than 5 years). The
high cost of electrolyte in the storage system is a problemedeede
solved in the future development. The project propasecycle of
vanadium fromthe waste of steelndudries and from petrochemical
industies or recycling of VRFB electrolyte, to produ@ low-cost
electrolytefor the VRFB storage systenfihis project will evaluate both
chemical reduction and electrochemical reduction metHexgect goal
of first yearis to developlaboratory recycling processand prototype
reactors.Second yearof this project will becollaboratewith INER
(Institute of Nuclear Energy Research) and recychmanufacturers to
developa vanadiunrecoverybusiness modelThe current work results
show thatconsideringthe cost and processomplexity using 2.0 M
sulfuric acid dissolved vanadium pentoxide powder is the better choice.
Dissolved vanadium solution can bleemically reduced bgnethanol or
electrolytic reductionMethanolreductionhaslower raw material costs
than electrolytic reductiorHowever,consider the followup electrolyte
purification processof methanol reduction processhe electrolytic
reduction process is relatively simple. Electrolysis process gsimgfant
currentfollow constantvoltage canaccount forthe rate of electrolytic
control and protection obattery structure. The battery charging and
dischargingperformanceusing electrolyterecovery by electrolysiss
lower than thebattery performare usingoriginal electrolyte Impurities
existedin theelectrolyte recovery bglectrolysis may causes low battery
performance

Keywords: storage for renewable energies, vanadium redox flow battery,
electrolyte recycle and reuse
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®1lwm VRB N B 7 f o0AIl [2
VRB A (3,833 liter)a B (1,415 liter) €] VRB A~
(3,178 kgp B (1,180 kg) " L T I o YVRBA
75% BA45% - | VRBA':O E 10,000 Wo Y
P 8 A 1,50010 © |

® 1y VRB N B° 1 f 0Awn [2]
VRB-ESS Lead Ackl

Current Qutput SKW (112A) x 4 hours 112A% 4 hours

Output Voltage Range (VDC) 42-56 42-60

Apprax. Dimensions (WxDxH,in.) 34x86x80 32x30x90

Approg. Weight (Full, 1bs.) 7,000 2600

Thermal (Stg/Opg, “F) 32-100/32-100

32-100/32-100

Approx. DC-DC Efficiency, round trip  75%

45%*

Performance vs. Temp. Flat response over temp. rangs

IEEE/ANSI and manufacturers derating

Cortainment Double containment of electrolyte storage

Cabinet drip tray

Lifetime (discharge cycles) 10,000+

1500

Depth of Discharge From full to 20% state of chargs

From full to 80% state of charge**

Recharge Time 4 hours (optional 1:1 charge/discharge ratio)

20 hours (5:1 charge/discharge ratio)

Spead of response 1ms

1ms

Overload capability 2% nominal rating

1.25x¢ nominal rating

Maintenance Annual inspection if desired

At least 4 times per year

* 4, Study of Leac-Acid Battery EMciancy Near Top-of-Charge and the Impect on PY Systam Deskgn? John W Stevens and Garth P Corey Sanda Nathnal

Labarataries, 1996 |EEE Phatovokale Specialks Conferanca
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“ N U 250 kWY K| 2,000 KWhA VRB B8 W4 4/
A % [5LwAPXe@ 20007/ L U6 n- A
VRB B8N ° € [6]) 6 A nn g 450 kw/2ly

100 kW/8§ 200 kW/8§ 170 kW/6§ 3MW/1.5s 1.5MW/1j130 kW/8H,
"gwA FT € VRBPower W° 20077y 32MW M 2
AMW/15h¢ A f  6MW)A VRB 8] 3 vMe

/ BAYV 1 35>Y2009TyM BOU Ty
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Value Cost per unit Total cost
System data
Mean current density 52 mAcm™? - -
Electrode area 1.75m” kw! - -
V05 equivalent energy 6.0kg kW 'n' - -
Flow cell costs
Activated carbon-felt electrode 35mikw! €50m~2 ($70m ™) EBBD ($490)
Bipolar current collector €65 KW (891 kW) 30 ($182)
Frame and asseciated components - €435 KW ($609 kW) €8/O ($1218)
lon-exchange membrane 2.1 m>kw! €25m~2 ($35m?) 05 ($147)
Electrolyte storage tanks (x2) 550 dm?® (each) €185 each (5259 each) €°70 ($518)
Pumps (x 2) - €160 each ($224 each) €320 ($448)
Control system - €500 (§700) €500 ($700)
Total flow cell cost - - €2315 (83247)
€1157KW" $1620KW)
T
17,0- (solute) 180kg €80kg (§11kg) €140 (52016) )
: Electrolyte manufacture - €30kg ' (B4kg ) €640 ($756) :
1 Tanks 550 dm? (each) €185 each ($259 each) €370 (8518)
Nlotslstome sosts _____ = 2350053200,
€78kW"Th!
($109kW 'h")
Overall internal cost - - €4665 ($6531)
€155kW"Th
($217kW"h)
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Fe203VY 61.04% SiOp V& Jut E wd1:25S/L ratioY
- 0.1 MY R - 0.LMY & < 500CY &=
120 mir, © 1 Jut ® X 95%A K° | | K. Mazurek[13] '~
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Ognyanova W[14] A, QMz ¥ AnW] Aun
Bz X Ay L Zutvn Orimulsion N'H NAVN
Jz 9 11.7% M"™Hv 1 A QY z B 3.5%,
T w2 "H AMJz ©®04~38% u Q a

W ®4 € vii  (60-90°C)Y 50%m o A YbXvi
o y a L ZMA un k% (® 5V n 60
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A
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4M)y & <= (40°Cy 80°C)y M < (0g/ly 10 g/L)
Ju, cub - Z9en al Q Zen ax
A i | Lo a 9
® 3, QMz ¥ T MU w[14]
Waste material Ni, % V, %
Spent NiO catalyst 12% -
Spent catalyst (NiO/Al;05) 7.12% -
Egyptian boiler ash 22% 20%
Low grade spent catalyst -
Spent catalyst (NiO/Al,03) -
Spent catalyst (NiO/Al,03) -
in an ammonia plant
Spent sulfuric acid catalyst - 5.5% V505
Spent NiO catalyst -
Spent nickel based catalyst 42.3% -
Oil fly ash from power plant 0.85% 1.6%
Fly ash
Oil-fired fly ash 01.02% 00.41%
e Electrostatic precipitated FA ¢0.80% 01.91%
e Cyclone FA
Orimulsion fly ash 2.5% 11.7%
Oil fly ash 1.6% 3.8%
Spent sulfuric acid catalyst 0.63% 3.5%

15
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® 4, y Q a "Hi [14]
Waste material Leaching reagent
Spent NiO catalyst ¢ 50% H,S04 conc. (85 °C, 150 min, 1:20 S:L ratio)
Spent catalyst (NiO/Al,03) ¢ 50% H,S04 conc. (100 °C, 5 h, 1:12 S:L ratio, 800 rpm)
Egyptian boiler ash 4 60 g/L H,S04 under atm. and oxygen pressure
Low grade spent catalyst # Hydrochloric acid
Spent catalyst (NiO/Al,05) ¢ (NH,),C0; (80 °C)
Spent catalyst (NiO/Al,04) ¢ 80% H,S0,4 conc. (70 °C, 50 min, 0.09 mm particle size)

in an ammonia plant
Spent sulfuric acid catalyst

Spent NiO catalyst

Spent nickel based catalyst
Oil fly ash from power plant

Fly ash

Oil-fired fly ash
e Electrostatic precipitated FA
e Cyclone FA

Orimulsion fly ash

Oil fly ash

Spent sulfuric acid catalyst

# Sulfuric acid leaching (15% H2SO4: 1 h; 100 °C; 1/5 S/L ratio)
# Oxidative precipitation (73% efficiency)

¢ 60-70% nitric acid (120 °C, 2-3 h)

# Sulfuric acid (225 g/L initial conc.) (70-80 °C; 3-5 h)

¢ 0.5 M HySO,4

¢ 2 M NaOH

¢ 0.66 M NaxCO4

# Sulfuric acid leaching and selective precipitation to recover Ni,
V, Fe, Mg(OH),, Carbon material

¢ 0.5N H,S0,4

¢ 2 N NaOH

¢ 0.25 N ammonia water + 2 N (NH4),S04

¢ Acidic leaching (H2S04) and oxidative precipitation of V,0s
(varying S/L ratio, temperature and acid concentration)

¢ Acidic leaching (2 M H,S0,4) and oxidative precipitation of
V,05 at atmospheric pressure — 100 °C

# Acidic leaching (0.3-1 M H,S04)

# Alkaline leaching (4 M NaOH), followed by acidic leaching
(0.5 M H,S04)

16



® 5 z Y Q1 14

Waste material Pre-treatment Ni recovery® V recovery®
Spent NiO catalyst No 94% -

Spent catalyst (NiO/Al,03) No 99% -

Egyptian boiler ash No 95% NiSO4 95% V,(S04)3
Low grade spent catalyst 17.7% -

Spent catalyst (NiO/Al,0,) -

Spent catalyst (NiO/Al,03) 99% -

in an ammonia plant
Spent sulfuric acid catalyst No - 96.6%
Spent NiO catalyst -

Spent nickel based catalyst No 75-90% -

Oil fly ash from power plant 1000 °C thermal ®12% ¢ 98%
decomposition for *- ¢ 90%
6 h — 85% weight loss *- ¢ 80%

Fly ash

Oil-fired fly ash No ¢ 60% ¢ 65%

e Electrostatic precipitated FA *- ¢ 80%

e Cyclone FA ¢ 60% ¢ 8%
Orimulsion fly ash No Not measured 60-90%
Oil fly ash Roasting (850 °C opt. T) Not measured 83%
Spent sulfuric acid catalyst Roasting ¢ 96% ¢ 59%

¢ 88% ® 78%
Vanadium Nickel
Extraction Extraction
spent [ . f o t
Catalyst —®| Grinding ,’:g‘:r','i:‘; Filtration | oo —{" Acidic leaching
(NaOH) (H,S0,)
7Z9n0 a a L [14]
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V a Jut E wdl0 mL/y ~400°CY  d4 M NaOHY
a1 M2H» | K a» 80%A a | a W 05M
H)SO, aYK o 88%A |

E] "Hin muyY "H (leachatez
b [15]Y &3 =z K 120 ng L-1] z

(pH~11.5K 7 | § £ £ D27 mgV gy W

z 2mg LY 90 L e | § LY p
z AW Nz A 149 § A | § 2 M
NaOH =2pl | ®57-72% BZ A PXW OWo
a‘ | [16]L Ok | W aLYviz0016M AAL
thiooxidans (Culture supernatants)a MA Yuv

n Acidithiobacillus thiooxidans (Athiooxidans)y Acidithiobacillus
ferrooxidans (At. ferrooxidang) Aspergillus niger (A. niger) o

(Culture supernatants) | | &~ 5 6L,]
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(leachatep

> [15]

Determinand

Range of reported UK leachate values

pH 10.3—-11.9
Eh (V) 361-700
Conductivity (uS cm™1) 438-7879
Major elements (mg L™')
Ca 11-239
Mg 1-12
K 18—-293
Na 24-83
Al 0.013-0.5
Si 0.203-7.7
S na
Trace elements (pg L~ 1)
As na
Ba 46—-42.5
cd <0.1-0.3
Co na
Cr <5-22
Cu <5-70
Fe 54-920
Ga na
Li 44-822
Mn 5.4—-160
Mo 2.8-45
Ni 03-70
Pb <5-70
Sr 213-4000
\% 1.6—120
w na
Zn 2—-40
na — not available.
y A
. K a | Y W a a
t Mo an Y | a nz
a Z K n B M|
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VA

Vo*

1.t N X 1 2NV
oYW — X > 43t Y., N P BB
aJLUAB VYu 1
2. b2 M H,SO, + 0.1M VOSQY 30 mL
b2 M H,SQY 30 mL

2. B o) u ‘o4 £ MY’ A nf
o) &Y L e t 40mL/minYv B8 N
DCM Uy L

3.2 i Autolab] B YWO.lAr x P L
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C)e =
> Q yY Be pVOE Hy 0 QK
HZ" D VO* | YVO* | K O B
VO?'/H,SOy VOt | 0d2VO | Hpy 4> V3ty vz
| ] M X I 3 Mu oy
Z i o]
E o

1. & 50mL Wi Y 50mL HaSO Wt
2. ZMH;SO; =un t 25My 2M ¥ 1.5M ¥ 1M# 1, 0.5M
3

> L el T N PH |

:50mL  2.5/2.0/1.5/1.0/0.5M k8O,

:50mL  1.54M ° | 4.16 )
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