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First Electrochemical Experiments of
Vanadium Redox Couples — Elaine Sum

1984
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Fig. 1. Voltammogram of gold (area 0.45 cm?) in 0.015M VCl; + 0.1M H,S0,; sweep rate
2 V min—1,
Fig. 2. Effect of electrode polishing on voltammograms for glassy carbon in 0.08M VCl; +

1.8M H,80,; scan rate 5 V min~1. (a) Electrode prepared with P1200 sandpaper, 0.3 um
alumina, 45 min ultrasonic cleaning; (b) electrode polished on P1200 sandpaper.

A study of the V(II)/V(lll) redox couple for redox flow cell applications, E. Sum
and M. Skyllas-Kazacos, J. Power Sources, 15, 179-190 (1985).
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Fig. 2. Effect of surface preparation on voltammo?ams for glassy carbon in 0.055 M
V{V) + 1.8 M H;80, solution; scan rate = 4 V min . (a) Electrode prepared with P1200
paper, 0.3 um alumina, and ultrasonic cleaning for 1.5 h. (b) Electrode polished with
P1200 paper.

Investigation of V(V)/V(IV) system for use in positive half-cell of a redox battery, E.
Sum, M. Rychcik and M. Skyllas-Kazacos, J. Power Sources, 16, 85-95 (1985).



First Flow Vanadium Cell Tests
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. First All-Vanadium Flow Cell fabricated by

M. Skyllas-Kazacos,* M. Rychcik, R. G. Robins, and A. G. Fane
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1987 - Discovered by the media and 15t licence
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The UNSW All-Vanadium Flow Battery

1984: First practical VFB demonstrated at the University of

NSW T

1986: Patents filed in Australia, USA and Japan .

1984-2000: Extensive R&D effort at UNSW covering all /m‘: a/.\‘\
aspects of cell materials, electrolyte characterisation and 4

production, stack design, modelling, fabrication and testing, V5+ V24 s
sensor and control system development etc.

Early UNSW field trials in solar house in Thailand, electric golf
cart and submarine applications in mid-1990s.

Early projects funded by Australian national and state
government bodies interested in energy storage for remote
area power systems (NERDDC, ERDC, NSW Office of Minerals
and Energy, ARC).

Initially licensed to Thai Gypsum, Mitsubishi Chemical
Corporation in mid-1990s and Sumitomo Electric Industries in
2001.




VRB Progress at UNSW 1984-1990

» First All-Vanadium Flow
Battery patent filed by
UNSW in 1986

 Basic chemical and
electrochemical studies

« Screening,
characterisation and
selection of
membranes, electrodes,
cell materials

* Development of
vanadium electrolyte
processes.

» Early stack design and
development

Rui Hong, Jim Wilson, Dennis Yan,
Michael Kazacos, John Chieng, Djen
Kasherman, Peter Wegner

Early VFB multi-cell: 1988




Early UNSW R&D Projects: Vanadium Electrolyte Production

Investigation of V, O processes:

- Suspended powder electrolysis

* Chemical reduction — eg H,S0,, oxalic acid sowder 0,
* Leaching eg with V(lII)

* V205 + V203 reactive dissolution VanadiumFlow Cell | - T I +

V3.5+ V3.5+

"Vanadium salt dissolution process", M. Skyllas-Kazacos, R. McDermott and M.Kazacos, Patent Appl.
No. PCT/AU88/00471.

“Vanadium Redox Battery Electrolyte Process” M.Skyllas-Kazacos, Prov. Patent Application, PR 5143, 21
May, 2001, PCT Application, PCT/AU02/00613, May, 2002, US Applic No 2004/0241552 A1.

Initial pre-charge
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C. Menictas PhD thesis, UNSW, 1993 Chris Menictas, Rod McDermott, Rui Hong, Jim Wilson, Alex Stefos
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Early UNSW R&D Projects: SOC Monitoring and Control
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Michael Kazacos MSc Thesis, UNSW 1889 1(12), 511-519
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"State-of-Charge of Redox Cell", by M. Skyllas-

Kazacos, M. Kazacos, J. Joy and B.G. Madden,
Patent Appl. No. PCT/AU89/00252, June 1989.

Early Battery Controller

Development:

Barry

Madden, Rob Largent, Luke McDermott, Yifeng Li




Early UNSW R&D Projects:
Membrane Screening and Modification

1. Wide range of commercial membranes screened for:
-electrical conductivity
‘permeability
chemical stability in V(V)
water transfer behaviour

2. Developed membrane modification processes to
reduce water transfer

3. Novel low-cost composite membrane based on
“Daramic” separator.

4. Developed methods to measure membrane diffusion
coefficients

John Chieng, Toraj Mohammadi, Theresa Sukkar, Helen Prifti, George Kazacos (V-Fuel)
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Early UNSW R&D Projects:
Bipolar Electrode Development

W

End electrodes

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

S.Zhong, PhD thesis UNSW, 1992, V. Haddadi-Asl PhD thesis, UNSW, 1995 Bipolar electrode
Jim Wilson, Michael Kazacos, Chris Menictas, Christoph Hagg, Nick Kazacos (V-Fuel)
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Graphite Felt Electrode

Thermal, chemical and electrochemical
treatments of graphite felt found to
improve cell performance by introducing
surface functional groups that provide
active sites for the vanadium reactions and

increasing hydrophilicity

Fig. 6. The surface morphology of graphite felt treated at 400°C for 30 h.

OH o\ \ |
+ VO* - V=0 + 2H' [OV=0+H,0.- lo-v=0+21-r+e
o o l v z | io.:r=o+1-r « f#oH + vo;
‘ ) , . 0
or '-0—H+V0”- '-0-V=O*+H’ or *0-V=0’+H,0-10.\|r.0+21.r+,
' ' 0

Sun and Skyllas-Kazacos, Electrochemica Acta 1992
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Graphite felts and felt activation
(a)Thermal treatment (b) Acid Treatment
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Fig. 2. Effect of treatment temperature on the cell resistance . . :
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Improved G1 VRB with supersaturated solutions and precipitation inhibitors

v
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- In mid 1990s, Skyllas-Kazacos and

co-workers patented use of
precipitation inhibitors to stabilise up
to 4 M vanadium electrolytes
concentrations and increase energy
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- Wide range of additives identified as
good precipitation inhibitors to

Faizur Rahman UNSW PhD thesis 1998

1000

stabilise highly concentrated
vanadium solutions over wide
temperature range o

APO3

Additive

Early precipitation inhibitor screening by Min Chen
1991, Michael Kazacos 1992, Chris Menictas 1995,

APO1

Faizur Rahman 1998, Nadeem Kausar 2002, Asem ; - - - -
M O u S a 2 0 0 3 Induction Time (Days)

% SOC Solution = H100 a9s Ho0 o0

Nadeem Kausar, UNSW PhD thesis 2002

60

Solution Induction Degree of
time (day) Precipitation

Blank 4 4
Ammonium Sulfate 38 1
Ammonium > 52 Nil
phosphate
Ammonium oxalate 10 3
Phosphoric acid 10 2
Potassium 8 2
triphosphate
Sodium 30 3
triphosphate
Sodium 30 4
Pyrophosphate
Potassium Sulphate 10 3
Potassium 9 2
persulphate
Sodium Sulfite 30 3
Boric acid 5 5
Tungstic acidf >52 Nil
Sodium Tungstatet > 52 Nil
M1* 10 3
M2* 14 1

Asem Mousa UNSW PhD thesis 2003
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1992 - Moving out of the laboratory - first

Thailand...

11\

AL\

Vanadium battery agreement
signed with Thai Gypsum

Affter seven years of research
and development, Unisearch
Ltd has signed an option agree-
ment with Thai Gypsum Pro-
ducts Co Ltd for development
of its unique vanadium batiery
technology.

Unisenrch ix the resenrch, devel
opment, traiping and technology
transfer cotpuny of UNSW and is.
the awner, by assignment, of the va-
i baltery technology that has
been developed at UNSW.

I setum for a major mvestrient
i the commercial development of
the (echnology, Thai Gypsum will
acquine 2 ficence fo make, ket
and dovelop the vanudiun batkery for
end-user domestic applications in
much of South-East Asia.

The agreement botween Uni-
seareh aad Tha
reached after a recenn visit te
Austradia by Mr Krisadn Kompa-
notsunyakorn, the  Mansging
Directar of Thai Gypsunt

‘The vasadium battery technal-
gy was invented al UNSW by
Associate Prafessor Marla
SkallasHizaces  of  UNSW's
Sehool of Chemisal Engincering and
Indusirial Chemistry, Dr Myron
Rychclk and Professor Robert
Robins,

Other sngincers and researchers
whe have played a significant roje in
Ihe development of the vanadium
batiery lechnology include Bir Dijen
Kasherman, Michael Kazacos,

nitely; and batieries may be ro-
charged instunlancausly by pumping
out spent electrolyle and replacing
with charged cleciroiyte. Construc-
rion, running and maintenace cosls
have been shown to be more than
competitive with ather power stor-
age sysiems. B

Mr David Hogg, Dnisearch's kn-
rellectual Property Business
Manager, said: “The development of
this technology has received support
from govemmenr sesearh funding
and prvate industry in Austratia,

“Although this sechnology has
enofmuoas potential, we at Unisearch
and UNSW have had, until now, dif-
ficulty inattracting a major industriat
partner, 5o we are very plensed 1o be
sible: 10 collaborate with Thai Gyp-
s,

“We nre losking forwand to
workitig with That Gypsum and con-
fidently expedt the project 10 henefit
oth companios, We wre ulso pleased
that s association will establishy
our battery technology an a large
seale 10 South-Basi Asia. & region
whiere we see stroag growth creating
grean demand fo (ix bype of nergy-

=

ent and pollution-minimising
technology.”

High commerclal viabllity

Mr Krisada said: “With environmen-
1al concem now a global issue,
renewable efiergy sources combined
with energy-efficiont applications

Paztured duning an nspection of UNSWs Centre for Photovoltaic Devices and Systems laboratory {from left):
Mr Ted Spoener, a Droject Seientist from UNSW's Department of Electric Power Engineenng, Ms Kirsten
Murray, Frojscts Manager for Unisearch's Consulting and Research Drision; Professor Robert Excell,
Ghanman of the Division of Energy Technology at the Asian Instrtute of Techrology, Bangkok, Mr Krisada;
Mr Wilfiam Cecchini Project Ditgctor for Thal Gypsur; Mr Largent; Dr Sunt Techakumpuch, Chairman of Thai
Engineering Consultants CGo Lid; Mr Hogg

Thailand to test the battery wider volts and will luve a capacity of 15 cessing, provided technical assisl-




Thai Solar House Project 1993-94

To save energy, pump control system

designed to turn pumps on only when current
> 20 A. When stack voltage dropped below
pre-set value, pumps turned on for 3 minutes

to replenish solution in stack.

Improved PV System Performance Using Vanadium Batteries” by
Robert L. Largent, Maria Skyllas-Kazacos and John Chieng,
Proceedings IEEE, 23rd Photovoltaic Specialists Conference, Louisville,

Ky., May 71993

Battery fabricated by Rui Hong, Chris Menictas, John Chieng,
Michael Kazacos, Jim Wilson; Electrolyte produced with in-
house pilot process — controller designed and built by Rod
McDermott; Battery controller designed and built by Rob
Largent

ssssss



...then Japan.

Vanadium battery receives backing

Continued from page |

tion of Asia, Australia and New
Zealand.

The intent of the agreement
with Mitsubishi and Kashima-
Kita is to bring the technology
to the stage where it can be
used for load levelling ~ storing
electricity produced by power
utilities during periods of re-
duced demand so it can be re-
leased at times of peak
demand.

In the short term, this allows
peak demand to be met without
increasing electricity generat-
ing capacity. In the longer term
it will postpone the need to
build further expensive elec-
tricity generators.

Because the battery uses two
liquid electrolytes, the bat-
tery'’s storage capacity can be
raised by increasing the size of
the storage tanks. The technol-

At the signing of the agreement between Unisearch and Mitsubishi
Petrochemical and Kashimaita [standing, from left): Mr Hogg; M1
Kanji Sato, Chief Manager of KashimaKita's Vanadium Battery
Development Division; Mr Hirokozu Takahashi, Power Systems
Depariment, Mitsubishi Corporation; (and sitting from left) Mr Akirg
Shibata; Mr Richard Kaan, Managing Director of Unisearch; M
Fuji Shigematsu, Representative Director of KashimaKita Electric
Power Corp; and Professor Skyllas-Kazacos.




Australian Defence Department Project 1997
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Fig. 7 Voltage profile for charge/discharge across 17/19 cells at 100A.

M. Skyllas-Kazacos and C. Menictas, Proceedings INTELEC'97, Melbourne,
19-23 October,1997. (https://ieeexplore.ieee.org/document/645928/)

Tapping Cell Utilisation

Two 19-cell stacks connected in parallel.
Tapping cell in each stack at cell 17.

Purpose to allow charging across 17 cells and
discharging across 19 cells thus limiting the difference
between charge and discharge voltages.

Charging battery across 17 ensured total battery stack
voltage < 28 V.

Battery discharged across 19 cells until total battery
stack voltage reached 22 V.

Two tanks share common wall with anti-syphoning pipe
to transfer solution back to other side whenever
electrolyte level exceeded.

Typical voltage profile for 17 cells charge - 19 cells
discharge at 100 A illustrated in Figure.

Design and fabrication team: Rui Hong, Chris Menictas, Denis Yan,
Jim Wilson, Michael Kazacos

ssssss


https://ieeexplore.ieee.org/document/645928/

Bill Wentworth - Local advocate for UNSW VFB-powered
light rail for Sydney in 1990s

"
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UNSW Electric golf cart project 1996-97

Glassy carbon electrode stack + 3 M vanadium electrolyte — Rcell =2 ohm.cm2

Team: Rui Hong, Dennis Yan, Jim Wilson, Chris Menictas, Michael Kazacos, David Hogg, Wal Lamberth
Electrolyte Additives for 3 M solution: Michael Kazacos, Chris Menictas, Asem Mousa, Nadeem Kausar, Faiz Rahman, Sarah Roe
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VRB Technology moved off-shore

UNSW VRB patents sold to Pinnacle in 1997.

Hostile take-over in 2001, Pinnacle and VRB patents taken over by
Canadian company VRB Power.

2001 VRB licensed by Pinnacle to Sumitomo Electric - first began
manufacturing and installing VRBs in 1990s.

After Global Financial Crisis, Canadian company assets bought by
Prudent Energy.

« Original UNSW VRB patent expired in 2006.

Gen 2 V/Br patented by UNSW in 2003

2005: Spin-off V-Fuel, established by
Michael, Nicholas & George Kazacos with
investment funding from CEGT and Newchris

2010: V-Fuel folds due to lack of investment

ssssss



Commercial VFB Systems & Installations in Early 2000s

1T MW/5 MWh VRB - Sumitomo - Japan

Gildemeister - Germany 300 kW/3.6 MW Prudent - California

vvvvvv



VFB SYSTEM FOR UNSW TYREE BUILDING

« $129.7 million grant awarded to AGL Energy and First Solar
under Solar Flagships Program in 2012

« $40.7 million to University of Queensland and UNSW to
conduct related research.

» Part of UNSW funds for installation of 30 kW/ 120 kWh
VFB unit in new Tyree Energy Technology Building at
UNSW

* Installation of Cellcube VFB completed June 2015

* VFB system used to store solar energy from PV array on
roof of building, while also allowing research on different
energy storage applications.




Sumitomo 60 MWh VFB in Hokkaido

30 MW/ 60 MWh VFB
Location: Hokkaido, Japan
Started: December 2015
Grid Use:

- Suppress WT and PV output
fluctuations

- Load Frequency control
- Suppress long-period fluctuations
- Over generartion measures

- Hybrid operation of Long and Short
period fluctuations

Shibata et al, IFBF 2017, Manchester UK.

vvvvvv



UNSW Basic VFB patent expired in 2006, allowing Installed and Announced
universal freedom to operate. VFB installations in 2023

Since 2006, VRB manufactured by companies in Japan,
China, USA, Germany, Austria, UK, Canada, Korea, India.

But for next 15 years, market still not ready.

This changed in recent years and the UNSW VFB
currently manufactured by more than 20 companies.

100s of MWhs of VFBs installed around the world. |
Several companies being established in Australia to {

manufacture and install VFB systems and produce
vanadium electrolyte for local market.

ANTARCTICA

vvvvvv



Largest VFB project in Australia to date

I N V I N I T Y Product Applications Investors About Us

ENERGY SYSTEMS

Yadlamalka Energy
Trust

Spencer Energy Project: Australia's first dispatchable solar power
plant

Invinity currently creating Australia’s first dispatchable solar power plant with
an 8 MWh (VFB), coupled with a 6MWp solar array in South Australia.

vvvvvv



800 MWh Rongke Power Dalian Project and GigaFactory

200MW/800MWh VRFB Project

First 100 MW/400 MWh id rxP
system commissioned in 2022.
Phase 2 under construction

Rated Power: 200 MW
Rated Capacity: 800 MWh
AC efficiency > 70%

Location: Dalian City, CHINA Components:
Battery: 500 kW/2 MWh x 400

The first floor : Electrolyte tank
The second floor: Power unit + control unit

The third floor: PCS + Transformer

Rongke Power, LinkedIn 2024

Huamin Zhang, IFBF 2017, Manchester, UK

Many GWh of VFB storage projects in pipeline in China

vvvvvv



Global Vanadium Production and

By 2030, the cumulative installed capacity of electrochemical energy storage will reach
100GW, and the market share of VFBs is estimated to be about 30%, which is 30GW. If
the average storage time of VFBs is 6 hours, it will be about 180GWh.

The 180GWh electrolyte requires 1.5 (1.44 million) tons of V205.

- Prof Huamin Zhang, Vanitec Conference, China 2023

..........

e ‘ Vanadium supply forecasts —
. | Tivan Pty Ltd
ool | Australia can be a major global supplier of
this critical mineral and potentially
establish a significant battery

manufacturing capability

ssssss



Bob Brand

fei=d

Rob Burford

Tuti Lim

Elaine Sum

Miron Rychcik

and many many more...

40 years of team effort .....

Jim Wilson

Rob Largent

Peter Wegner

Lo
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