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=*FIRST PROPOSED BY SKYLLAS-KAZACOS & CO-WORKERS AT UNSW IN 1983
= ENERGY STORED IN TANKS, SEPARATE FROM CELL STACK:
e Capacity increased simply by adding more solution.
e|nstant recharge possible by exchanging solutions
eCost per kWh decreases as storage capacity increases.
= SAME SOLUTION IN BOTH HALF-CELLS so:
= Cross-mixing of electrolytes across membrane does not lead to
contamination of electrolytes.
=Solutions have indefinite life so replacement costs are low (only battery
stacks need replacement at end of life).



Battery Developme
University of New South Wales

1984-2002
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Stack Componenis
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Main stack components are:

- bipolar electrodes (usually graphite felt on conducting plastic
substrate

- flow-frames

-ion-exchange membrane to prevent mixing of solutions

- detailed investigations on each component of cell stack and
vanadium electrolytes at UNSW between 1985 and 2002
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End electrodes

Conducting plastic substrate-
carbon filled PE/PP/rubber blends

From : S.Zhong, 1992 Bipolar electrode
V. Haddadi-Asl, 1995



ylonitrile (PAN)

Electrical conductivity of
PAN-based felt superior to that
of rayon-based felt.

e XPS analysis shows rayon-
based felt reacts more easily
with oxygen and forms C=0
carbon-oxygen groups, while
PAN based felt is more
resistance to oxidation and
preferentially forms C-O
groups.
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XPS Spectra for Rayon-based Carbon Felt XPS Spectra for PAN-based carbon felt
(a) After 30 h at 400°C in N, and (a) After 30 h at 400°C in N, and
(b) After 30 h at 400°C in air (b) After 30 h at 400°C in air

From Zhong, Padeste, Kazacos & Skyllas-Kazacos J. Power Sources, 45 (1992) 29-41
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- XPS analysis showed that —C-O-H 2 26t :
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vanadium redox reactions 8T
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Fig. 3. Effect of activation time on the cell resistance a

constant tempertaure of 400°C for graphite felt, (O) charg
and ( A\ discharee.

From B.T. Sun & Skyllas-Kazacos, 1991



anes screened for:

ectrical conductivity
epermeability

echemical stability
ewater transfer behaviour

Novel low cost composite
membrane based on TS TS
“Daramic” separator. From T. Mohammadi, 1995
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\Volumetric transfer for cation (CMV and
Nafion) and anion (AMYV and DMV) exchange
membranes with 50% SOC vanadium solutions.

selective membra

= Direction changes with SOC

= For cell employing anion exchange
membrane net volumetric transfer is toward
the negative half-cell

= For cation exchange membranes net
volumetric transfer is toward the positive
half-cell.

= Can be modified by chemical treatment

Ref: Mohammadi, Chieng & Skyllas-Kazacos, J. Membrane Science
133, (1997) 151-159
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Sukkar & Skyllas-Kazacos, J. Membrane Sci. 222, 2003

to impro
transport behaviou
membranes in vanadium r
cell solutions.

= Both anionic and cationic
polyelectrolytes evaluated

improved the water transfer
properties of the membranes by
modifying ion exchange capacity

= Soaking treatments found to
provide temporary
improvement.
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From C. Menictas, 1993
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Effect of different blends of formulation KS on precipitation
of V(V) solution at 40°C.  Blank AP AS Fl al M2 P5

Additive
(Ref: F. Rahman)

Induction times for 2.0 M V(111) solution with different

total sulfate concentrations, T = 1.0 °C.
(Ref: A. Mousa)
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Emergency Back-up Battery for Submarines (1995)

Vanadium Battery Powered Solar House in Thailand (1993)



Applications Specifications
' o Load leveling
Office building (Demonstration) 100kW x 8h 2000
Stabilization of wind
Wind power station| turbine output 170kW x 6h 2000
(Field test)
Semi-conductor | 1) Voltage sag protection |1) 3000kW x 1.5sec. 2001
factory 2) Load leveling 2) 1500kW x 1h
Load leveling
ol Lol (Photovoltaic hybrid system) Sl e 2001
: Load leveling
South Africa (Field Test) 250kW x 2h 2001
Wind Farm Wind storage 4 MW x15h 2006
Italy S Lvia e 42KW x 2h 2001

(Field Test)




Back-up power
1.5MW-1Hrs/3.0MW-1.5sec VRB System

Battery boxes Electrolyte Tanks

Courtesy Sumitomo Electric Industries



2 VRB load-leveling installz

e 200 kW/800 kWh VRB at Kashi
Kita Power Station

| ¢450 kW/900kWh VRB at Kansai Power

| — Station (built by SEI)

A iy eEnergy Efficiency of 80%
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Tomomae wind farm on - Tomscus
Hokkaido: g e B 3R i (Frmen i |

—30.6 MW rated output

VRB demonstration system:
- Sumitomo / J-Power
-4 MW / 6 MWh

NEDO funding for optimisation
of control system

After 3 year operation more
than 200,000 cycles completed




oh cost membranes usec
and VRB Power

°Limited to operation between
10 and 40 °C

*Energy density too low for
mobile applications




oxidising agent

electrical resistivity

® High conductivity to hydrogen ions
® Low permeability to V ions

® Low cost

® Good mechanical properties
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earch groups in China and USA current
v “low cost” membranes,

eg: sulfonated polyphenylsulfone (PNNL/Pen State); poly(vinylidene fluoride)-graft-
poly(styrene sulfonic acid) (PVDF-g-PSSA) membrane (Tsinghua Uni); poly(arylene
thioether ketone) (PTK) and poly(arylene thioether ketone ketone) (PTKK) (Sun Yat-

e +min ~IC \ /.
Sen Uni); sulfonated poly fluorenyl ether ketone(SPFEK) (various groups).

Some Good comparative performance vs Nafion BUT
- No real cost figures have been provided
- Nolong term cycling
- No long term stability data in V(V) solution



are only batteries
/ BOTH electrical recharge
instant” recharge by mechanical
refuelling

eSpent solutions can be recharged
overnight with off-peak power
eEliminates need for new power stations
to meet increased load from electric cars
e Energy density for G1 VRB limited by i e
solubility limits of different vanadium ions |
at high and low temperature.

e Current G1 energy density too low for EV
applications.
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id on both sides, the G2 V/Br employs a Vanadium Bromi
solution in both half-cells.

* Higher solubility of vanadium bromide allows energy density to be
almost doubled (to around 50 Wh/kg)

Higher energy den |3|Ly opens mal rket for el

applications with refueling station option

® Higher solubility of vanadium bromide also allows lower
temperature operation of Generation 2 V/Br system

® No V(V) produced, so no thermal precipitation

* |nitial challenge to identify low cost, long-life, high performance
carbon felt and membrane
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V/Sulphate | V/Br in both

in both half-cells
Half-cells
Negative \VASl A VAR R VAR AV
couple
Positive V(IV)/V(V) | Br /Bry-
Eape G2 V/Br Challenges:
Specific 15-25 25-50
Energy Whke Whike 1. Stable, low cost merT\brane
(energy / kg) and electrode materials
Energy density | 20-33 35-70 Wh/| already identified
(energy / litre) | Wh/I 2. Low cost complexing agents
to bind bromine and prevent

vapour emissions



ine complexing agents for

ttery

® Mainly based on quaternary ammonium
compounds

® Bind with bromine to form organic liquid layer
and 2-phase electrolyte with all bromine
bound in lower organic layer in electrolyte
tank
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(Grace Poon, MSc Thesis, UNSW, 2007)



plexing agents

imisation of cell design and electrolyte flow
system required for uniform 2-phase electrolyte flow
distribution

* Improved membrane to be further evaluated with
complexing agents

® BUT, Br, complexing agents currently used are too
expensive. Need cost reduction or novel low cost
alternatives.



ure
implemention linked to
dium prices

Current world vanadium
production inadequate to meet

demand from VRB
commercialisation needs

* Recent price instability creating
insecurity for VRB investors — eg
VRB Power collapse

¢ [nvestment in new vanadium mines
essential for VRB future price
stability

(a) Period 1980 - 2004

Y Pent. fsd, flk. 98% nin

20

$/1h V205
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Febh HMau pAugz HNow Feh
\www.metal-pages.com_J/

(b) Period : Feb 08 to Feb 09




Case 1: G1 VFB Stack price = $490 | kW
V205 price: $10/1b (series 1), $5 /Ib (series 2)

@ Series]
B Series?

Energy cost S'kWh
generated power

1 2 3 4 5 6 7 &8 9
Storage Time (hours

Case 2: G1 VFB Stack price = $280 / kW
V205 price: $10/b (series 1), $5 /Ib (series 2)

Energy cost S/kWh
generated power

10

1

[ Series

W Series2

2 3 4 5 6 7T 8 9 10
Storage Time (hours

Pd-Acid Cost Comparisons

Comparison of lead acid batteries & VRB
(5kW power at varying storage capacity
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VRB assumptions: $500 /kW stack cost, $5/Ib V205 cost




ents in energy density of Vanadium Bromide Ce
applications and open mobile

ew low cost, high performance membranes identified for G1 and G2

e Membrane pre-treatment processes optimised for good overall energy
efficiencies without membrane degradation

e Excellent performance with 5-10 kW stacks using G1 electrolyte

e Membrane and electrodes compatible with G1 and G2 electrolytes

e Bromine complexing agents for G2 V/Br produce stable organic bromine oil
and eliminate vapours, but are currently too expensive

e Vanadium supply and price stability crucial for VRB implementation



Questions?



