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Graeme O’Neill traces the evolution of solid-oxide fuel cells, a technology
destined to generate more for Australia than clean electricity and heat.

ustralia has |.'!I:'CCi.{'!Li:i few cxport

industries in the billion-dollar

league, and most trace their roots
to the agricultural and mining secrors:
wool, wheat, coal, gold, iron and narural
gas. New billion-dollar industries have
proved elusive this century, and none
have come from the manufacturing
secror,

But a CSIRO research project that
began three decades ago in a modest
attempt to extend the life of a most
a slurry pump nozzle -
has spawned an infant rechnology with

prosaic object

gcl'l'l.li]lc l'.ll'{l.'il“."’.'l& (llh ll'l.l[l.lr“'lg inr{'h a
billion-dollar manufacturing industry
early next century.

In August this vear, Melbourne
company Ceramic Fuel Cells Limited
announced it had successfully tested a
prototype Ave-kilowarr (kW) solid-oxide
fuel cell stack module. These devices can
generare elecrricity directly from fucls
such as hydrogen and natural gas, and
combine unprecedented efficiency with
low emissions of carbon dioxide and

other greenhouse gascs.
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Scaled ap, a one-cubic-metre sohd
oxide fuel cell stack could generate a
megawartt of electrical energy, enough to
power a medium-sized city office rower,
with the heat from its exhaust providing
the building’s hot water and space
heating needs.

At the heart of the prototype fuel cell
is a remarkable ceramic *alloy’, similar to
transformation-toughened, partially
stabilised zirconia (PSZ). The alloy made
scientific history in 1975 when rescarchers
ar  CSIRO’s
Tribophysics developed a super-rough,

former Division of
non-brittle ceramic that could substitute
for metals in hot, corrosive or abrasive
environments. The world’s premier
science journal, Nature, hailed the
advance with the headline; *A ceramic
steel?!’.

As well as being the world’s roughest
ceramic, the alloy had another imporrant
characteristic. Some PSZ alloys, when
heated could become superior solid-state
clectrolyte, able to transmir charged
oxygen atoms (oxygen ions) rapidly.
When a thin membrane of the material is

sandwiched berween air and fuel
electrodes, a volrage difference benween
the faces of rl'lﬂ.' membrane causes an
electrical current to flow.

The electrolytic and  physical
properties of PSZs make them ideal
components of solid electrolvie (or solid-
oxide) fuel cells (see story below). Their
advent in the 1970s sparked international
interest in fuel cells, and in engineering
ceramics. A race to develop the first
commercial solid-oxide fuel cells began
between  America’s Westinghouse
Corporation and the multinationals
Siemens of Germany and Mitsubishi in

Japan.

Australia joins the race

Observing these developments in 1989,
Division of Materials, Science and
Technology chief, Dr Mike Murray, and
two senior ¢eramics rescarchers, Dr
Sukhvinder Badwal and Dr Karl Foger,
developed a bold idea. Why not compere
with the giants by developing Australia’s
own solid-oxide fuel cell around PSZ and
a number of other CSIRO tcchnc:-lt';gics,
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Hot ions lead the charge

EVEN though the PSZ membrane of a fuel cell is airtight, at high
temperatures (BOO—IDOOHC] charged oxygen atoms (ions) can be
induced to flow across it. In other words, it becomes a solid-
state electrolyte, Dr Sukhvinder Badwal says the secret lies in
PSZ's formulation, and an unusual crystal structure that develops
during firing,

At an atomic level, pure zirconium oxide forms a regular
crystalline array in which oxygen atoms bond with metallic
zirconium atoms at a 2:| ratio, in a configuration resulting in
alternating layers of oxygen and zirconium. The zirconium oxide
is doped with small amounts of several rare-earth elements,
notably yttrium, which substitute for some of the zirconium
atoms in the lattice.

Yeerium's lower valency is satisfied by just 1.5 atoms, which
leaves gaps in the crystal lattice. At high temperature, charged
oxygen ions from an adjacent site will ‘jump’ into a gap, which in
turn leaves a vacancy at the site it has juset lef. Another oxygen
ion can jump into this vacancy, and the resulting chain-reaction
moves oxygen ions from one side of the membrane to the
other.

Badwal says the process of ionic conduction is somewhat
analagous to a car changing lanes on a multi-lane freeway. The
car slots into a vacancy in an adjacent lane, then waits for
another gap before changing lanes again, until eventually it ends
up on the opposite side of the freeway.

In a ceramic electrolyte, the driving force behind the
movement of oxygen ions is a gradient in oxygen concentration
across the membrane, created as methane and oxygen combine
in a combustion reaction on the fuel side. Air flowing over the
opposite face provides a pool of molecular exygen (O3).
Oxygen molecules contact the surface of the membrane and

A fuel cell at worlk
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dissociate into two charged atoms of oxygen (O4) As these ions
move through the membrane, their charge causes an electrical
current to flow.

The layers of ceramic electrolytes alternate with
interconnects: sheets of stainless sceel about 3 mm thick. Each
interconnect makes broad contact with an anode on the fuel
face of one PSZ membrane, and with a cathode on the air face
of another, collecting the current produced as oxygen ions
flowing through the electrolyte.

lonic conduction is somewhat
analagous to a car changing
lanes on a multi-lane freeway.
he car slots into a vacancy'in
an adjacent lane, then waits for
another gap before changing
lanes again, until eventually it
ends up on the opposite side.

Interconnects have a second, vital function. Through shallow.
parallel channels in each surface, they simultaneously supply
methane to the fuel face of the electrolyte, and oxygen to the air
face, maintaining a an oxygen gradient that keeps ions flowing
towards the fuel face.

Matural gas consists of about 92% methane and 8% of other
gaseous hydrocarbon molecules. When methane (CHy4)
combines with oxygen during combustion, the by-products are
water vapour (H5O) and carbon dioxide (CO5).

The final exhaust stream consists mainly of steam
and carbon dioxide and little else. The low operating
temperature of 800°C in the the stack minimises
reactions between atmospheric nitrogen and oxygen, so
nitrogen oxide emissions are low. The carbon dioxide
emissions are also substantially lower than those from a
conventional coal or cil-fired power station. Since both
carbon dioxide and nitrogen oxides are greenhouse
gases, when solid-oxide fuel cells come into widespread
use next century, they will produce much ‘cleaner’
energy than conventional power stations and help
nations limit greenhouse-gas emissions.
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All for the want of a durable nozzle

IN THE late 1960s, a paper mill at Burnie,
Tasmania, approached Bob Stringer of
CSIRO's former Division of Tribophysics
in Melbourne to see if he could develop a
more durable nozzle for slurry pipes
carrying hot, corrosive alkaline fluids.

Metal nozzles corroded rapidly, so
the division's scientists experimented
with a coarse, refractory ceramic,
zirconia, or zirconium oxide. Research
continued at a relatively low level until
the early 1970s, when serendipity
intervened.

A foreman of a metal-extrusion
company brought a zirconia die into the
division, one of a batch of imported dies.
This die had resisted wear and cracking
far longer than all its batchmates in the
face of the extreme heat, abrasion and
thermal shock involved in forcing red hot
metal billets through a small aperture,
Could the division make other dies like it?

had developed the world's first tough
engineering ceramic: a fine-grained
material produced by mixing zirconia with
other oxides to produce a ceramic alloy.
They demonstrated the exceptional
toughness of the new ceramic, called
transformation-toughened, partially
stabilised zirconia, by showing that it
would not crack or chip even under a
vigorous sledgehammer blow.

In 1977, CSIRO signed an agreement
with a Melbourne company, Nilsen
Sintered Products, to commercialise the
new technology. CSIRO's Advanced
Materials Laboratory, headed by Dr Mike
Murray, continued to work closely with
Nilsen to improve PSZ. Bob Hughan of
CSIRO and Mike Marmach of Nilsen
collaborated at this time, with
considerable inputs from others in their
respective teams to scale-up the PSZ
process for commercialisation. Once

In 1973, after much experimentation,
Dr Richard Hannink revealed through

electron mlcrosc
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In 1973, after much experimentation,
Dr Richard Hannink revealed through
electron microscopy that zirconia
ceramics could exhibit an unusual crystal
structure that resisted cracking.

Brittleness is the weakness of virtually
all ceramics. Anybody who has observed
the crazing patterns in a thick china mug
has seen the aftermath of the stresses
imposed by differential thermal
expansion. The exposed surface heats
rapidly and expands, while deeper
material remains cool. Fine porcelain cups
tend not to crack because they are of
higher quality and free of defects.
MNevertheless, they shatter even in small
impacts. Generally, ceramics resist
corrosion well and have high melting
points, but they are not attractive for
engineering applications because, unlike
metals, they lack the toughness to absorb
impacts.

In 1975, Hannink, Ron Garvie, and Dr
Terry Pascoe of CSIRO announced they
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yields of 90% and better were obtained,
the company established a niche market
for PSZ nozzles, dies and bearings in the
minerals, oil and chemicals industries.

Murray recalls sending a batch of
custom-made PSZ bearings to Mt Isa
Mines in Queensland, to be used in a bag
house dust conveyor system whose
abrasive environment was renowned for
chewing through cast iron bearings in
mere weeks.

‘The maintenance workers were
skeptical because cast-iron bearings are
cheap, but they decided to install a trial
batch of our PSZ bearings,” Dr Murray
says. ‘A few months later, the mining
company flew us up to Mt Isa and feted
us like heroes.

"When we asked why they had
changed their minds, the maintenance
workers told us that replacing the
bearings was one of the dirtiest jobs at
the mine, and the PSZ bearings lasted so
long that the task was all but eliminated.

The big United States diesel engine
manufacturer Cummins also
experimented with PSZ as cylinder liners
to improve the efficiency of its engines,
but the dream of an all-ceramic engine
that would run without cooling or
|lubrication is still unrealisable.

In 1984, Nilsen was joined by CRA in
a joint venture. Four years later the rights
to PSZ were sold to ICl Australia. ICl is
in the process of selling off its interest to
Carpenter Technologies of the US. It is
expected thatr the new company will
continue and expand its Australian
production capacity.

In 1984, Murray and his colleagues
sought support for a major research
project to develop a solid-oxide fuel cell
based on PSZ's properties as an
electrolyte. Initially the response was
cool, but in 1989 the recently privatised
NSW company Pacific Power was
enthusiastic. BHP's Dr John Parrott and
the Strategic Research Foundation, (set
up by the Vicrorian Government to
promote the commercialisation of
research) also took an interest and
invited Victoria’s State Electricity
Corporation, the Gas and Fuel
Corporatien, BHP, and the
Commonwealth Government's Energy
Research and Development Corporation
to form a research consortium with
CSIRO. In 1991, together with Pacific
Power, the partners launched Ceramic
Fuel Cells Limited.

The consortium now includes CSIRO,
BHP, the Energy Research and
Development Corporation, the Strategic
Industry Research Foundation, and five
electricity utilities: the Electricity
Corporation of New Zealand, the
Electricity Trust of South Australia, Pacific
Power, Western Power Corporation and
South East Queensland Electricity
Corporation.

Research and development is carried
out at the company's Noble Park
premises and a a purpose-built laboratory
at Churchill in Victoria's Latrobe Valley,
and at two Clayton sites: CSIRO's
Division of Manufacturing Science and
Technology and BHP's Melbourne
Research Laboratories. To June this year,
consortium members had invested $32
million in the project.




Fired PSZ is a solid, ¢reamy colour,
but the company has succeeded in making
membranes just 50 microns thick, (one
micron is on¢ thousandth of a mill
imetre ), so thin that they are translucent.
Badwal demonstrates this by laving a
square of I'SZ on a magazine page, and
showing thar print and photographs are
clearly visible through the membrane

At this exceptrional thinness, even PSZ
is brittle, but still tough enough to
survive what Badwal and his colleagues
dubbed the *Schachrt test’, named afier a
tormer Federal Science Minister, whao,
when shown one of the sheets, alarmed
scientists by flicking it vigorously with a
fingernail,

PSZ membranes can Mex withour
shattering, but in fuel cells they are
sandwiched berween rigid layers ol
stainless steel (see story on page 25). The
main requirement is thar they do not
shatter when heated from room
remperature Lo 800'C as the stack is fired
up. Wafers of PSZ casily resist the
800°C

environment of the solid-oxide fuel cell

relarively  balmy operating
stack

I'he fuel cell’s Achilles heel is the
metal interconnect. The researchers
cxperimented with a high temperature
alloy from Austria, consisung ol ron,
vitrium and chromium. This alloy
olerates temperatures of 1000 C, bur is
too expensive for mass-produced fuel
cells. S0 Badwal and his colleagues
compromised by dropping the stack’s
operating temperature o 800 C and
using relatively cheap stainless steel to
connect the individual cells

The individual ceramic wakers used in
the 5 kW prototype are 100 mm square

(100 em”), bur Dr Badwal says

commercial stacks may employ
membranes up to 150 mm
square (225 em’). A silk-screen
apply

electrodes to the surface of the

process is used to

ceramic — a black electrode on
the air side, and a green electrode
on the combusnion side — which
make good elecincal contact with
the metal interconnects.

Each unit in the stack — a
membrane plus its interconnect
is about 3 mm deep, so the 50-
umit prototype stack i1s 15 cm tall.
I'he induction and exhaust
manifolding is internal, and
designed so thar the gas flow
enters at the base of the stack and
flows upwards, then sideways
through the channels in the
mterconnects.

Optimum air and fuel How
through the interconnect
channels was achieved through computer
modelling. Because fuiel and air never mix
inside the stack, (the PSZ membrane only
conducts oxygen ions), there is no
opportunity for nitrogen and oxygen to
react to form environmentally unfriendly

nitrogen oxides.

But wait, it’s more efficient!

Badwal says generating elecrricity directly
from the combustion of natural gas is
exceptionally cfficient. The *first pass’
encrgy vield is equivalent to 60% of the
porential chemical energy in methane,
making sohd-oxide fuel cells much more
efficient than diesel engines (less than
40%) and combined cycle and steam
turbines (abour 50%). But this is just for
starters. The 800°C zas from the exhaust

can be fed inte a turbine to extract even

Power conversion efficiencies

o

Efficiency (gas to electric)
e 8 & 8 B B

KW 10 100

Rated Electricity Output

diesel engines sleam & gas turbines

_

MW 10 100 16W
Source: World Energy Commission

Complete fuel cells with air (black) and fuel
(green) electrodes coated on the electrolyte
plate (white).

more ¢lectrical energy on the second pass,
After reeveling through rhe plant, the
steam and carbon dioxide that finally
emerge from the turbine can be passed
through a hear exchanger 1o extract cven
more energy lor process heat, space
ill.'.llili!.'. and hot warer.

An mregrated or combined cevele
svstem - a sohid oxide fuel cell stack
linked to a wrbine and hear exchanger -
could, in theory, achieve an electric
efticiency approaching 70%, more than
twice that of a black coal-fired power
staron

And because solid-oxide fuel cells
utilise hydrogen-rich methane fuel, rather
than carbon-rich coal or oil, their
greenhouse gas emissions will be
substantially lower, A comparison of total
cmissions of pallutants from a fuel-cell
stack (sulfur dioxide, nitrogen oxides,
hydrocarbons and particulates) relative to
conventional power stations shows the
cnormous environmental benefits in
prospect (see diagram on page 28), The
emission of carbon dioxide is reduced by
a factor of two and other pollutants, such
as nitrogen oxide and sulfur dioxide, are
reduced to a fraction, compared with
conventional coal-fired power plants

But, as the salesman savs, there's
more, Because solid oxide fuel cell stacks
are compact and self-contained (apart
from nceding to be connected to a

natural gas supply) they can be installed in
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otfice towers, factories and shopping
centres to provide both electneny, space
heatimg and hot water

r Bruce Godtrev, who succeeded [y

John Parrott as managing dircctor ol

Ceramic Fuel Cells Limited in July, savs

the svsrem’™s abilivy o |~ra..|||.. CIerEy

electricity and heat al the point ol
CONMSUNMIPTION !I"-'|-'.II| ol ||.||l‘-||II-'|!I|j.' 1l
rom power stabions remole from majpor

¢ities, is “revolutionary
Australia®s power stations tradinonally
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Codl deposits 1o réeduee the cost o

i e
Iransporiimge il in \.l..".':.l . Drown

ficids uppsland, 60 of the
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i the metal wares, and los¢ heat enerey 1o

the surrounding .Ii"l!"":'l'.l.'lk' (:'-\'I

ISTATTS O ndreds of Kilometres, losses

can In-situ sobd-oxide

stacks would avoid these losses

A vision for 2000

Godfrev, a director of the company since
1992 savs 1is vision is to establish s
solid-oxide fuel cell technology globally

rough strategic alliances thar will
maximise returns to members ol the
Australian consortium backing the

project

“We want to build a billion dolla
mdustry owt of this |ll||I‘IIJ|IrlL‘,k_- Crondirey
savs, “To do that, we will have to establish
4 MAJor new L'lll.ﬂl‘.'l.l']} and a MAJOr New

imdustry 1n thas country: that’s the
potential

*We are not going to be able to
scivice all world markers from Australia,
SO Wi |_1rnt\,1[1|\ will establish Strarcgic
alliances in different regions

‘We know we have a world com

petinive solid-oxide tuel cell echnology,

and 1

1at we are probably ahead of the
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Initiators of
Australia’s
ceramic fuel cell
venture: Dr Karl
Foger, Dr
Sukhvinder Badwal
and Dr Mike
Murray of CSIRO.

in <Cream: arcas ol the

cOmMpet
technoloy

Godfrey savs wath the first five-vear
phase of the rescarch and development
project completed in June this vear, the
next three-and-a-halb-year phase, ending
i December 20000 will tocus on refining
and scaling up the technology, proving is
reliability and durability in sustained
operation, and reducing manufacturing
Cosks

“Our goal, hike that of our com
petitors, s to demonstrate a 100 kKW stack
n JHUHI, he savs. *It W -|:1,..|.L,'l‘i_ wie will

seck 1o rase funds to establish producnion

facthties, and look to enter

around 2002.°

Godlrey savs the aim will be 1o
develop a stack that can be incorporated
into modular systems. First-gencration
systems will probably be assembled from

etther 10 KW or 25 kKW stacks, with a

basic module s1ze of 100 KW, Customers

will then scale up m mcrements of 100

KW, depending on their requirements

rescarch team

Sukhvinder Badwal

m dead

mes on twme or well wathin sehedule

For four Coes [ Car ¢ i
WWOLUENT OUF proyect CAloM lorward,
Badw | Wi ' TEVER LT
milestones ot Jaet
A [ the 5 kw stack was the la
nilestone in our | s

*We have agreed on another set ol
equallv ambitious targets for the
pliase We haven'™t solved all the techniceal
challenges vet, but then neither has

anyone ¢lse
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Melbourne-based company Ceramic
Fuel Cells Limited has successfully
tested a prototype five-kilowartt solid-
oxide fuel cell stack module. These
devices generate electricity directly
from fuels such as hydrogen and
natural gas, and combine
unprecedented efficiency with low
emissions of carbon dioxide and other

greenhouse gases.

Keywords: Fuel cells; Solid-oxide fuel
cells; Ceramic alloys; Power
generation; Energy efficiency;

Partially stabilised zirconia
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