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ACCESS to ChEAp and 
reliable energy has underpinned 
Australia’s development for 
decades. Fossil fuels – coal, oil 
and natural gas – provided the 

concentrated energy sources required to build 
our infrastructural, industrial and service 
enterprises. Yet it’s now clear this dependence 
on carbon-intensive fuels was a Faustian bargain 
and the devil’s due, because the long-run 
environmental and health costs of fossil fuels 
seem likely to outweigh the short-term benefits.

In the coming decades, Australia must tackle 
the threats of dangerous climate change and 
future bottlenecks in conventional liquid-fuel 
supply, while also meeting people’s aspirations for 
ongoing increases in quality of life – all without 
compromising long-term environmental 
sustainability and economic prosperity. Fortunately, 
there are science and technology innovations 
that we could leverage to meet these goals. 

Seeking competitive alternativeS to coal
How can Australia shift away from coal 
dependence and transition to competitive, 
low-carbon alternatives, and what role will 
science and engineering play in making it 
happen? To answer these questions, a key focus 
must be on electricity-generation technologies 
– electricity is a particularly convenient and 
flexible ‘energy carrier’ – and to consider the key 
risks and advantages with the alternative energy 
sources that will compete with fossil-fuel power.

In 2012, the majority of Australia’s electricity 
was generated by burning black and brown coal 
(75 per cent), with smaller contributions from 
natural gas (13 per cent), hydroelectric dams 
(8 per cent) and other renewables (4 per cent). The 
nation’s installed capacity now totals more than 
50 gigawatts of power generation potential, with 
electricity and industrial-heat energy production 
currently resulting in the annual release of 285 
million tonnes of carbon dioxide, about 52 per cent 
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the clock is ticking on the drive for sustainable energy, writes Barry Brook
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of our total emissions  
(see: Understanding 
electricity units).

Clearly, the non-electric 
energy-replacement 
problem for Australia would 
also need to consider transportation and 
agricultural fuel demands. In a world beyond 
oil for liquid fuels, we will need to eventually 
‘electrify’ most operations: using batteries, using 
heat from power plants to manufacture hydrogen 
from water, and by deriving synthetic fuels such 
as ammonia or methanol.

Under ‘business as usual’ forecasts produced 
by government energy analysts, electricity use in 
Australia is expected to grow by 60 to 100 per 
cent through to 2050, with hundreds of billions 
of dollars of investment needed in generation 
and transmission infrastructure just to keep 
pace with escalating demand and to replace 
old, worn-out power plants and transmission 

infrastructure. At the same time carbon dioxide 
emissions must be cut by 80 per cent to mitigate 
climate-change impacts, via some combination 
of enhanced energy conservation and new 
supply from clean energy sources.

An uncertAin mix of future options
Although there are a huge number of potential 
energy options now being developed that might 
one day replace coal in Australia, not all 
alternatives are equally likely. 

The government renewable-energy target has 
Australia aiming to derive about 30 terawatt 
hours of electricity from some combination of 
wind, solar, wave and geothermal (hot rock) 
energy by 2020, compared to 10 terawatt hours 
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The Gordon 
Dam is the 
largest power 
station in 
Tasmania.
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Variable renewables, such as solar 

collectors, are ‘clean’ in that they harness 
energy that is constantly being replenished.
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from these non-hydro renewable sources in 
2011 (see: Understanding electricity units). 
The target is driven by legal mandates and 
financial incentives. But beyond this modest 
market penetration their future is uncertain. 

The challenge is daunting. Although there are 
promising low-carbon exemplars – Norway gets 
almost all its electricity from hydro, and France 
derives 80 per cent from nuclear energy – 
historically, no country has achieved a penetration 
of solar or wind beyond about 20 per cent of 
supply. Denmark has the highest penetration 
of new renewables, per capita, based largely on 
wind power. Yet even the Danes still rely on 
domestic coal and imported nuclear and hydro 
to meet their reliable baseload power needs, 
and have high domestic electricity prices.

If Australia is to push significantly beyond the 
20 per cent for non-hydro renewables to 50 per 
cent or more by 2050, this expansion will need 
to be underpinned by stunning advancements in 
large-scale energy storage with significant cost 
reductions, along with ubiquitous ‘smart grid’ 
technologies (see: Energy efficiency on p98 

for more details) to balance supply-demand 
and improve the efficiency with which energy 
is managed. All this is possible but the key 
issue of whether variable renewables with 
storage can win the cost-benefit competition 
remains a large unknown.

Fit-For-service clean energy
To achieve the long-term goal of phasing out 
coal and slashing greenhouse-gas emissions, 
Australia must actively invest in the science, 
technology and commercial demonstration 
of next-generation electricity infrastructure. 
Ideally, the underpinning technologies will 
be fit-for-service, low-carbon ‘plug-in’ 
alternatives to fossil energy that are scalable, 
reliable and cost-effective, while also 
balancing issues of societal acceptance and 
fiscal and political inertia. Also, although 
infrastructure and fuel costs will be critical 
considerations, a technology must also 

constitute ‘value for money’ by delivering 
its intended service adequately.

For a new electricity generator to serve as 
a direct fit-for-service replacement for coal, it 
should be dispatchable (i.e. can be delivered 
on demand), without need for large or 
expensive external storage, or else have a reliable 
fuel supply. It must also have low or moderate 
carbon-emissions-intensity, and be able to 
produce at a high capacity factor (i.e. delivering 
a near constant supply across a 24-hour period 
or longer). This can potentially be achieved in 
diverse ways, via a portfolio of non-carbon or 
low-carbon fuels (nuclear and biomass), the 
tapping of constant or predictable flows of 

The wholesale replacement of fossil 
fuels with cleaner alternatives represents 
a massive global conundrum, because 
we have to continue to provide reliable 
and affordable energy while reducing 
greenhouse-gas emissions.
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Understanding 
electricity Units
Dynamic electricity is the motion of electrons, 
and can be used to ‘do work’ (e.g. cause lights 
to shine, turn electric motors, run televisions or 
air-conditioner compressors). Electrical current is 
constantly pushed out of power stations through 
transmission wires, to your home or business. 
Power is the rate of flow of electricity, and is 
measured in watts. A solar panel on your roof 
might produce 1500 watts, whereas a large coal 
plant produces one billion (a gigawatt). Energy is 
the amount of power delivered over a period of 
time. So if that rooftop solar panel operated in full 
sun for one hour, it would produce 1500 watt-hours 
(1.5 kWh) – enough energy to boil a typical 
kitchen kettle about 10 times. A coal plant 
running continuously for a year will produce an 
enormous amount of electrical energy – about 
8760 gigawatt-hours, or 8.76 terawatt-hours 
(TWh). Australia consumed 227 TWh in 2010. 
People pay for electricity in cents per kWh.
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natural energy from geothermal, tidal and wave 
power, and by geographically spreading wind 
and solar collectors across nationwide grids, 
from urban zones to farmland to deserts.

Clearly, different electricity technologies 
will fill a variety of niche roles in future markets. 
Variable renewables, such as wind turbines and 
solar collectors, are ‘clean’ in that they harness 
energy that is constantly being replenished, 
and they enjoy strong community support. 
Their use will continue to grow in Australia, 
especially as deployment costs are reduced. 

Three new and promising substitutes for 
coal that Australia might consider seriously 
pursuing are advanced nuclear reactors based 
on small modular (factory-built) designs, 
deep-earth ‘hot dry rock’ geothermal, 
and ubiquitous small-scale solar. These clean-
energy technologies offer many attractive and 
often complementary features, yet none is 
currently cost-competitive with coal, oil or gas, 
being technically immature or at least unproven 
at a large scale. As such, all are considered 
financially risky. There are real and exciting 
opportunities for science to work to improve 
and demonstrate these innovative new 
technologies, but technologists must collaborate 
with government and industry to ensure the 
markets are ready.

Ultimately, there is no magic-bullet energy 
source that can solve all problems perfectly 
without any negative impacts on society and 
the environment (see: No perfect energy 
technology). Given this reality, energy plans 
that expand the role of both nuclear and  
various promising renewable and energy-
storage technologies, and allow them to 
compete on a level playing field, seem to  
make most sense.

‘Big Science’ for innovative energy futureS
The wholesale replacement of fossil fuels with 
cleaner alternatives represents a massive global 
conundrum, because we have to continue to 
provide reliable and affordable energy while 

reducing greenhouse-gas emissions. So what 
can Australia – a relatively small part of the 
world economy – do most effectively to 
contribute to this effort, beyond supporting 
basic and applied scientific research?

Australia has been a world leader in the 
development of lower-cost and more-efficient 
crystalline solar photovoltaics, and is working at 
the scientific cutting edge in the research and 
development of new organic solar cells and 
solar-thermal dish technology. Support for such 
work should definitely continue, but we must 
not shirk from some risk taking, by engaging in 
more controversial fields like next-generation 
nuclear and carbon-capture-storage. 
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This wind turbine under construction, the E-126 
model, is 200 metres tall and can generate 
7.5 megawatts of electricity at peak output.
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Above all, we must ensure that scientifically 
grounded, government-led climate strategies 
are clearly focused on measurable and timely 
reductions in greenhouse-gas emissions, 
with the rapid deployment of high-capacity,  
clean-energy technologies that work as direct 
substitutes for fossil fuels. It will mean strategic 
investment in a portfolio of potential ‘winners’, 
while accepting that there will probably be 
more failures than successes.

In this context, it’s necessary that the best 
technologies get their due opportunity by taking 
a firm, hands-on approach. Time is not on our 
side. This will require a sustained and timely 
injection of money from a coalition of nations to 
create the manufacturing, distribution, education, 
security and skills base that is absolutely necessary 
for a 21st century re-imagining of energy. 

I’d argue that Australian participation in 
flagship big-science projects, based on active 

No perfect eNergy techNology
Fossil fuels have provided modern society with a cheap and convenient 
source of concentrated, stored energy. This has allowed us to build our 
industrial economies, information technology, global food production 
and transport systems, and many other foundations of society. 
However, people are also well aware of the damage they cause to 
the environment – explosions, chronic health issues from soot and 
heavy metals, and greenhouse gases.

Nuclear fission, an abundant and low-carbon energy source, has an 
enormous and proven potential to supply reliable baseload electricity and 
displace coal or gas power plants directly. Yet the prospect of nuclear 
energy concerns many people who worry about sustainability, spent-fuel 
disposal and radiation release from accidents. Innovative new designs like 
the integral fast reactor and liquid fluoride thorium reactor technologies  
(see: 311 megawatt PRISM module, right) could, if commercialised, avoid or 
heavily mitigate these hazards, by incorporating passive safety with inherent 
self-protection, and by recycling nuclear waste to generate zero-carbon 
electricity. However, no reactor can be made perfectly safe, and so, as is the 
case with technologies such as cars, planes, food supply, electricity and 
medicine, society must tolerate some level of risk.

Clean-energy alternatives to nuclear are not without their hazards, 
on top of the concerns of on-demand reliability. The life-cycle 
greenhouse-gas emissions of photovoltaics are higher than nuclear 
power, and manufacture of solar cells uses a mix of highly toxic 
chemicals that do not degrade over time. In the United Kingdom 
there were 1500 wind-power-related accidents and four fatalities between 2007 and 2011. Wind turbines 
and solar-thermal plants use large quantities of concrete, steel and land per unit of electricity delivered, 
compared to nuclear or geothermal alternatives. Hydro requires massive land transformation and 
intermittent renewable energy sources typically rely on natural-gas back-up. There are also many 
‘system factors’ to manage, such as intermittency-related effects on the stability and congestion of 
transmission networks. 

Such problems do not mean that large-scale renewables are not worth pursuing or that advanced 
nuclear is the only viable option. But it does emphasise the fact that we must avoid arbitrarily closing 
off technology options without looking at the big picture.

All of the above are vital components of a cost-benefit analysis. Trade-offs are inevitable – there is no 
ideal energy option and urgency will help dictate the response. Ultimately, science can provide the range 
of potential options, but society must make the final choices.

CHapTER 6: SUSTaINablE ENERgY aNd pROdUCTIvITY

The 311 megawatt PRISM module is  
a next-generation nuclear power plant. 

Passively safe and able to recycle its waste, 
it represents a potential clean-energy frontier 

for fission-based electricity technology. 
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FURTHER READING
CSIRO eFuture – explore scenarios of Australia’s electricity future. http://efuture.csiro.au/.

MacKay, D.J.C. 2013, Sustainable Energy – Without the Hot Air, UIT Cambridge, Cambridge. 

Science Council for Global Initiatives 2012, ‘The case for near-term commercial demonstration of the integral fast reactor’, 
white paper, http://www.thesciencecouncil.com/pdfs/whitePaper.pdf.

multilateral engagement, will be crucial to 
making deep inroads and reducing costs. 
Examples such as the Large Hadron 
Collider and Square Kilometre Array are 
motivating illustrations of how such 
endeavours can work. In the energy realm, 
the $20 billion International Thermonuclear 
Experimental Reactor project for future 
fusion power is an archetype. But similar 
collaborations are needed for a range of the 
most promising technologies, with Australia 
contributing to both innovative science and 
ongoing financial support.

To realise this vision, Australia also 
needs an educated and engaged society 
that understands and embraces the need 

to pursue new – often unfamiliar – energy 
technologies. This will require a strong and 
sustained focus in the school curriculum 
on science and engineering, coupled with 
improved public outreach for all ages. 
People must be encouraged to think critically 
about sustainable energy options and the 
trade-offs Australia must inevitably face.
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PROFESSOR BARRY BROOK 
is an environmental scientist who 
models global change and holds 
the Sir Hubert Wilkins Chair of 
Climate Change at the University 
of Adelaide.

Several older black coal-fired power 
stations are being sold off as society 
transitions to new energy sources.

http://efuture.csiro.au
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ENERGY 
EFFICIENCY
Energy efficiency has the potential 
to solve many of the energy 
challenges facing Australia, and 
exciting science is needed to realise 
this potential, writes Glenn Platt

What’s thE FIRst 
thing you think about 
when you read ‘energy 
efficiency’? Cold showers? 
Warm beer? Perhaps 

those lab-coated energy cops telling you to turn 
off the TV at the wall. It’s hardly compelling 
stuff – as one of my colleagues once lamented, 
“It’s just not sexy!”

It might never be sexy, but energy efficiency 
research is at the cutting edge of science, 
way beyond the compact fluorescent globes 
or insulation batts that most people associate 
with the field.

While addressing challenges such as the 
cost of electricity or where our energy is 
supplied from, this work is also improving our 
understanding of how people make decisions, 
develop new materials, and design computer 
systems that work by specifically targeting 
some of those unique characteristics that 
make us human.

is
to

c
k



 T H E  C U R I O U S  C O U N T R Y  9 9

At its heart, energy efficiency is about 
doing the same thing, but with less energy. 
It is about industries as well as individuals 
being less wasteful, while maintaining 
productivity and current lifestyles. The level 
of wasted energy involved in day-to-day 
activities would surprise many of us. Typically, 
coal-fired power stations convert just 30 per 
cent of the energy in coal to generate electricity 
– 70 per cent of the energy in that coal is 
wasted. Of this 30 per cent we keep, up to 
10 per cent is then lost in distribution and 
transmission. Considering a typical electricity 
load such as the halogen downlights found in 
many Australian homes, these convert just 
3 per cent of the energy supplied from 
that power station to light.

This means that any energy saved at the end 
of the supply chain – in our offices and homes 
– translates to approximately a fourfold saving 
in energy at the start of the chain, at the power 
station. This magnification effect illustrates just 
how important energy efficiency is: if we can 
just use one less unit of energy at the end of 
the supply chain, we’ll need far less at the start.

Science is driving an incredible range of 
exciting technologies that will change the 
way we use energy. One major area of focus 
in energy efficiency is on air-conditioning and 
heating systems, which make up the majority 
of the energy use in many Australian buildings.

In wIth the new
One of the most exciting areas of energy-
efficiency research is the design of completely 
new types of air-conditioning systems. 

Air conditioning uses massive amounts 
of energy, and leads to other challenges 
such as strained electricity networks during 
particularly hot days of the year. While the 
energy efficiency of air conditioners has 
steadily improved, the changes have been 
relatively slow, and the way air conditioners 
operate today remains very similar to when 
they were invented 100 years ago. 

Today, scientists at CSIRO and the 
Australian National University are developing 
an entirely new type of air conditioner, one 
that challenges logic. This type uses the heat 
from the sun to cool our buildings. In this 
way, solar heat replaces electricity as the source 
of energy that drives the cooling process and, 
importantly, the hotter the day, the better 
the air conditioner works.

One such system uses evaporative cooling, 
which cools air by evaporating water, a technology 
that has been around for decades. Evaporative 
coolers work well in dry conditions, but 
unfortunately do not work well in humid 
coastal environments where most Australians 
live. To solve this, Australian scientists from 
CSIRO’s Division of Materials Science and 
Engineering are developing new materials 
that first absorb the moisture from the air 
inside the building, removing the humidity 
so it can be cooled by an evaporative cooler.

These scientists are textiles experts – several 
years ago they were developing ways to process 
wool to get the comfortable merino clothing 
we wear today. Now, they are developing new 
fabrics that sit inside an air conditioner, 
absorbing moisture. Together with the engineers 
combining these components into a working 
system, these scientists will dramatically 
change the type of air conditioner we find 
in our buildings.

ImprovIng the old
While completely new types of air-conditioning 
systems may be great for new buildings or 
system replacements, this technology won’t 
help all those buildings out there that already 
have a conventional air conditioner.

For these buildings, scientists are using 
state-of-the-art computer and ‘human factors’ 
science to design new ways to control existing 
air-conditioning systems to save a lot of energy. 
For example, traditional air conditioners work 
by keeping the temperature inside quite constant 
– usually about 22°C, all year round. It turns 

ENERGY 
EFFICIENCY
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out that humans don’t need such a constant 
temperature to be comfortable – if it’s 38°C 
outside, most people will find 25°C inside 
perfectly comfortable, and keeping it 25°C inside 
uses much less energy than cooling to 22°C.

Using modern computer science, and research 
into what makes humans comfortable, scientists 
are developing control systems that allow the 
air conditioners to adapt to the temperature 
outside, to human comfort, and even to changing 
conditions such as trees shading outside walls 
during parts of the year. These new controllers 
are essentially small computers that can be added 
to existing air-conditioning systems, helping 
them save huge quantities of energy, while 
improving people’s comfort in the building.

Behavioural change
While some energy-efficiency scientists are 
working on new devices to save energy, others 
are working on a completely different challenge 

– people. These scientists are trying to figure out 
why people make the energy decisions they do, 
and what information may help people make 
better, more efficient-energy decisions. These 
scientists, from backgrounds such as psychology or 
social science, are researching people’s behaviour.

Traditionally, energy usage has largely been 
driven by unconscious, automatic and habitual 
behaviours, and is not typically something people 
often think about. This situation is changing. 
Because of issues such as rising costs or concern 
about energy supply and climate change, people 
are paying more attention to their energy 
consumption, and there is an opportunity to 
change traditional behaviours. The challenge is 
– what information should be provided to people 
to encourage more efficient choices? We are 
confident people can be just as comfortable, or 
have just as much fun, using the highly efficient 
technologies available today. But how do we 
encourage users to choose these alternatives? 
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The solar tower and field at the 
National Solar Energy Centre 

converts solar energy into eletricity.
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When considering how to motivate 
behaviour change, researchers are looking at 
the messages presented to consumers about 
energy. Consider two very different messages 
with a similar goal: “If you reduce your 
energy consumption, you will save $50 on 
your electricity bill”, or “If you continue to 
consume energy as you are, your electricity 
bill will increase by $50”. These messages 
say almost the same thing, yet the first one is 
seen as a gain, and the second as a loss. Another 
alternative could be: “Your consumption was 
much more than others in your street”, or 
even, “By reducing your energy consumption, 
you will help reduce our impact on the climate 
our grandchildren will experience”. 

As can be seen, there are many approaches 
to the same messaging campaign, yet 
surprisingly little is known about which 
approaches work best, particularly in an  
energy-efficiency context. Australian scientists 
are improving our knowledge here, trying to 
understand why people make the decisions 
they do. Ultimately, if people can be helped 
to make better decisions, huge energy savings 
can be realised – including those from the 
new energy-efficiency technologies other 
scientists are developing.

Interestingly, even when the science 
starts to take hold across society – when our 
air-conditioning systems are really efficient – 
or people are making better energy decisions, 
the challenges for scientists will continue. 
Currently most of the energy consumed over 
the lifetime of building is used by the occupants 
of the building, e.g. for heating and cooling. 
Eventually, that will change: over the life of 
a building, more energy will go into making the 

building than keeping the people inside 
the building cool, warm, and well lit once it is 
built. This will be a profound shift and mean 
a totally new challenge for Australia’s scientists: 
how to make buildings that don’t need much 
energy to run, keep people comfortable, and 
only need a small amount of energy in their 
materials and construction.

Smart meterS
One energy technology getting a lot of 
attention at the moment is smart meters, a new 
type of electricity meter. A smart meter is simply 
a device that allows us to get much more 
information about our electricity usage, more 
quickly than before. Rather than getting one bill 
every three months and wondering where you 
spent that energy, a smart meter is like a 
speedometer in a car – it allows us to see how 
much electricity we’re using, right now. Having 
better and more timely information about how 
we are using our electricity can only be a good 
thing – suddenly, as soon as we turn on the air 
conditioner, we’ll see exactly how much it is 
costing us to operate. Unfortunately, at the 
same time as deploying smart meters into 
homes, some electricity companies changed 
their electricity tariffs, so some people associate 
a smart meter with a bigger electricity bill. 
This need not be the case; ultimately a smart 
meter is just a way of quickly reading and 
reporting consumption. How that information 
is used in bills isn’t the meter’s fault!

DR GLENN PLATT leads CSIRO’s 
work in ‘local energy systems’, which 
includes energy efficiency, and 
how to maximise the benefits from 
renewable energy generation. He 
has a PhD in electrical engineering.

FURTHER READING
Solar cooling – CSIRO is developing new technologies and systems that use solar thermal energy to provide  
low-emission cooling – or heating – for buildings and refrigeration for food storage.

Sullivan, D., Armel, C., Todd, A. 2012, ‘When “not losing” is better than “winning”: Using behavioural science to drive 
customer investment in energy efficiency’, American Council for an Energy-Efficient Economy Summer Study. 

Laskey, A. 2013, ‘How behavioural science can lower your energy bill’, TED Talk,  
http://www.ted.com/talks/alex_laskey_how_behavioral_science_can_lower_your_energy_bill.html.

http://www.csiro.au/en/Outcomes/Energy/Renewables-and-Smart-Systems/solar-cooling.aspx
http://www.csiro.au/en/Outcomes/Energy/Renewables-and-Smart-Systems/solar-cooling.aspx
http://www.stanford.edu/group/peec/cgi-bin/docs/behavior/research/When%20Not%20Losing%20is%20Better%20than%20Winning-ACEEE%20Summer%20Study.pdf
http://www.stanford.edu/group/peec/cgi-bin/docs/behavior/research/When%20Not%20Losing%20is%20Better%20than%20Winning-ACEEE%20Summer%20Study.pdf
http://www.ted.com/talks/alex_laskey_how_behavioral_science_can_lower_your_energy_bill.html
http://www.ted.com/talks/alex_laskey_how_behavioral_science_can_lower_your_energy_bill.html
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Future 
electricity 
SyStemS
Homes and suburbs are set to become the ‘virtual 
power stations’ of tomorrow, writes Mark Paterson
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THE TransformaTion 
of Australia’s electricity system 
has begun. With global energy 
challenges increasing the process 
will gather pace, becoming a 

wholesale redesign of the approach to electricity.
Over the next few decades Australia’s 

electricity grid (see: Key terms) is likely to be 
transformed from the centralised, fossil-fuel-
driven power delivery systems of today into 
increasingly decentralised, low-carbon, 
‘electricity transaction systems’ where customers 
have almost infinite choice. The home, business 
and suburb will become core elements of an 
efficient new energy system, or ‘smart grid’. As 
Michael Valocchi of IBM said in 2009, “The 
world’s electricity network will change more in 
the next 20 years than it has in the last 100”.

That sounds great. So why not “just do it”? 
For starters, contemporary electricity grids, 
which have been referred to as the “the world’s 
largest machine”, have changed little since 
World War II. Mid-20th century technology 
is clearly inadequate for the needs of 
a resource-constrained 21st century. However, 
redesigning grids for different purposes and 
greater efficiencies is a monumental challenge 
for any nation. And in the case of developed 
nations like Australia it’s a bit like rebuilding 
the plane while flying it. 

While change will be difficult, the need 
for it is becoming acute – particularly in the 
residential areas of Australian cities and towns 
– primarily for the following two reasons. 

AustrAliAns’ love of Air conditioning
First, Australian households adopted air 
conditioning en masse over the past decade. 
They generally only run them during short but 
extreme heat waves or cold snaps. Still, when 
operating, air conditioning uses a lot of electricity 
so the ‘poles and wires’ infrastructure running 
down each street has had to be oversized to 
service less than 100 hours’ use per year. This 

is akin to building a 10-lane freeway to the coast 
to prevent traffic jams on the Easter weekend.

Until recently, there were no alternatives to 
the very expensive approach of building grid 
capacity. While media outlets and politicians 
sometimes refer to this as ‘gold plating’ no 
one would be happy if the lights went out 
every time there was a cold snap. However, 
this is hardly an efficient way to use national 
resources, especially when electricity bills 
have to increase to cover the cost.

Worse, people without air conditioning pay 
more as a result. This is because the way 
electricity is billed traditionally focuses only on 
total electricity consumption (or volume) each 
month or quarter, measured in kilowatt-hours 
(kWh). This provides no bill reduction for 
those households that put little pressure on 
the electricity system because their electricity 
use is quite stable.

This is unfortunate because the costs of 
servicing air-conditioned residences that 
experience short but extreme spikes in electrical 
demand are not fairly apportioned to those 
households. Such spikes from thousands of 
air-conditioned homes at the same time – for 
example, at 5pm on a hot summer weekday 
afternoon often force the expansion of the grid 
capacity. The recent electricity bill increases 
experienced by all Australians have been heavily 
influenced by the need for this extra grid 
capacity, which is very expensive to build.

solAr energy As A ‘sAfe hAven’ from 
electricity prices
Second, in response to the rising price of 
electricity, another trend is emerging across 
a growing proportion of homes in many 
developed economies, including Australia. 
Recently, the one millionth Australian home 
was fitted with solar photovoltaic (PV) 
panels. This represents the gradual transition 
of many households from being passive 
electricity consumers (receivers) to becoming 
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‘prosumers’ who both supply and consume 
electricity (producer-consumers).  

At face value, the trend to renewable sources 
such as solar energy is encouraging, but there 
is an unintended downside. Unknown to 
most Australians, the mass adoption of solar 
photovoltaic generation (solar PV) has influenced 
the price of grid-supplied electricity. That’s 
because the electricity system – including the 
way power companies charge for electricity 
– was designed for electricity flowing in one 
direction, from the generator to the consumer. 

In other words, the multi-billion dollar 
electricity grid was designed and built at 
a time when it was inconceivable that most 
consumers would have on-site generation 
capable of pushing electricity back into the 
grid, in the opposite direction of normal flow.  

Moreover, while a stable and reliable 
supply of electricity is taken for granted, the 
output from solar PV is entirely dependent 
upon whether the sun is shining. Cloud 
movements can cause the supply of electricity 
to fluctuate dramatically, and the output of 

solar PV is negligible during extended 
periods of rain. As a result the electricity grid 
must provide back-up electricity while also 
requiring expensive new technology to cope 
with the rapid fluctuations of output from 
home-based systems.

Finally, individual solar PV systems have 
not traditionally been well integrated with 
the electricity system to ensure their output 
provides value to the wider community. 
While traditional centralised generation 
must be ramped up and down to match 
the community’s demand for electricity at 
any moment of time, individual solar PV 
installations have no such mechanism.

Not surprisingly, inefficiencies arise from 
breaching the basic economic principle of 
matching supply of a commodity to demand 
for it. For instance, at midday on weekdays 
in dormitory suburbs it’s common for solar 
PV output to exceed local consumer demand 
as most residents are away at work or school. 
The undesirable results can be twofold: grid 
voltage levels exceeding operating limits and 
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the lifespan of local household appliances 
potentially being shortened.

Taken together, these factors increase the 
price of the electricity supplied by the grid at 
night and during long periods of rain. Wind 
power similarly only provides electricity when 
the breeze blows. Again, because of the way 
electricity is traditionally billed, Australians 
who don’t have or can’t afford solar PV are 
significantly impacted by such price increases. 

One solution could be for households with 
solar PV to install large battery banks and 
disconnect entirely from the grid. However, 
as large battery storage remains very expensive, 
the cost of total disconnection is likely to 
remain prohibitive in the medium term for 
all but the very wealthiest of households. 
Price estimates in 2013, for example, range 
from $20 000 to $80 000, depending on home 
size, construction type, occupancy level and 
lifestyle factors. In real terms, this would 
translate into actual electricity prices of 
more than triple the existing kWh tariffs.

A problem or An opportunity?
Australia – and the world – needs low-carbon, 
reliable and affordable electricity systems. Doing 
two of these things is relatively easy. Doing all 
three at once is an enormous challenge.  

The traditional approach to electricity is 
both reliable and relatively low cost, but not 
low carbon. As the connection of low-carbon 
generation such as solar or wind increases, the 
greater the need to incorporate expensive grid 
management and energy-storage technologies 
which can push up overall electricity prices. 
And, while wind and solar power certainly 

provide low-carbon electricity, as stand-alone 
technologies they are less reliable due to their 
dependence upon variable weather patterns. They 
can also be expensive because of their need for 
supporting technologies such as energy storage.  

Regardless, it’s likely that by 2050 nearly 
50 per cent of Australia’s electricity will be 
generated locally: at homes, businesses, 
shopping centres and industrial complexes. 
Consequently, ensuring reliable, low-carbon 
and economically efficient outcomes will 
require homes, businesses and suburbs to 
become core elements of a well-integrated 
new electricity system. Rather than being 
considered as disconnected parts, this new 
approach will function more like an ‘ecosystem’ 
of interdependent parties that adapt to serve 
each other’s needs. 

As noted previously, both demand for and 
supply of electricity are highly variable in 
a low-carbon energy system. To make such 
systems affordable it’s important to reduce the 
amount of expensive battery storage required 
to fill the gaps between lulls in supply and 
peaks in demand, and vice versa.  

One great way of doing this is to create 
a system where thousands of electrical loads 
can be dynamically ramped up and down to 
match the actual generation output of solar 
PV (and wind farms) at any time. While this 

Recently, the one millionth Australian 
home was fitted with solar photovoltaic 
panels. This represents the gradual 
transition of many households from 
being passive electricity consumers 
to producer-consumers.
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Key terms
Electrical grid – An electrical grid is an 
interconnected network for delivering electricity 
from suppliers to consumers. It traditionally consists 
of centralised generating stations that produce 
electrical power, high-voltage transmission lines 
that carry power from the generating stations’ 
demand centres, and distribution lines that 
connect many thousands of individual customers.

Low-carbon electricity – electricity generation that 
releases a minimum of greenhouse-gas emissions 
into the environment biosphere. Greenhouse gas 
usually refers to carbon dioxide (CO2).
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is something many countries are aspiring to do, 
Australia has a distinct advantage because we 
lead the world in standards development that 
enable many thousands of household appliances 
to participate in such a system, most notably 
the Australian Standard AS/NZS4755 series – 
“Demand response capabilities and supporting 
technologies for electrical products” – which 
applies to remotely controlled demand 
management of electrical systems.

The home of The (near) fuTure
In practice, homes in a low-carbon future 
must function as an important part of the 
wider energy ‘ecosystem’. This is why CSIRO 
commenced its Virtual Power Station (VPS) 
research several years ago, before many of 
these challenges were widely anticipated 
in the general community.

Building upon this work, CSIRO’s 
Advanced Virtual Power Station (AVPS) 
would operate like a ‘digital conductor’ where 
the ideal orchestra will be made up of many 
thousands of solar PV systems, electric vehicles 
and household appliances such as washing 
machines, air conditioners, and clothes driers. 
Indeed, the more appliances a household 
voluntarily includes, the more value is added to 
the broader energy system and the more money 

the household saves. Importantly, AVPS options 
will be available for households of all income 
levels, even including those who cannot afford 
solar PV, and may be provided as part of 
a package by energy retail businesses.

Practically, the AVPS would subtly manage 
appliances and electric vehicles in a way that is 
largely unnoticed by participating households. 
For example, at times of peak demand for 
electricity the following actions would occur 
automatically (although these would be 
preset to reflect household preferences):
•	 Moderation of air conditioning with 

negligible impact on comfort conditions
•	 Delaying the operation of dishwashers, 

washing machines and clothes driers
•	 Turning off pool filters and electric 

hot water systems 
•	 Maximising electricity exported to the 

grid from solar PV and/or to on-site 
battery storage (if fitted)

•	 Reducing or turning off electric vehicle 
charging (or even using the car battery 
to channel electricity back to the grid)

To ensure that local demand matches 
generation capacity, the AVPS would also be 
capable of moderating some appliance loads when 
an approaching cloud bank is detected that would 
decrease the available solar-generation capacity. 
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The traditional electricity grid is 
characterised by a one-way flow of 

electricity from distant power stations 
delivered via high voltage transmission 

lines to residential, commercial 
and industrial consumers. 
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Conversely, at lunchtime on weekdays with 
plenty of sunshine but low household occupancy, 
the AVPS would automatically bring forward 
the operation of thousands of appliances to make 
use of excess generation capacity. For instance:
•	 Activating dishwashers, washing machines 

and clothes driers
•	 Turning on pool filtration 
•	 Pre-heating water
•	 Charging electric vehicles 
•	 Diverting solar PV generation to on-site 

battery storage
It would be impossible for householders to 

implement the above actions manually for greatest 
benefit to the whole energy system. But the AVPS 
would provide sophisticated ways of making 
the task simple and convenient for customers 
and dependable for electricity grid managers.

AustrAliAn leAdership, globAl need 
Tomorrow’s ‘smart grid/smart home’ economy 
presents a huge opportunity for Australia 
potentially worth many billions of dollars 
over coming decades.

Fully exploited, systems such as the AVPS 
that coordinate renewable generation supply 
with electricity demand from appliances 
would unlock significant energy system 
value. Not only would energy management 
be more efficient and convenient, automated 
mechanisms for monetising and transacting 
this value would also be provided for the 
benefit of participating households and the 
community at large.

These solutions will be pivotal in 
realising a future where electricity systems 
are truly low-carbon, reliable and affordable. 
Thanks to Australia’s global leadership in 
this domain, the nation has an outstanding 
opportunity to shape the future of 
electricity worldwide.

MARK PATERSON is the manager 
of Future Electricity Partnerships at 
CSIRO’s Energy Flagship and chairs 
Australia’s Future Grid Forum and 
the Smart Grid Australia Research 
& Development working group.

While wind power provides low-carbon electricity,  
as stand-alone technology it is less reliable than traditional  

sources due to its dependence upon variable weather patterns.
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NEW ENGINES, 
NEW FUELS, 

NEW ATTITUDES
To avoid catastrophic climate change, 

21st century road transport must be efficient 
and free of fossil fuels, writes Damon Honnery

AS A vEhIcLE technologist it 
has long amused me that the fuel 
consumption of the FJ Holden 
produced in the 1950s differs 
little from many similar-sized 

vehicles built today. If fuel consumption was 
a measure of technological progress, we might 
claim that little advancement has been made.

Newer vehicles are, of course, far safer, less 
polluting, higher in performance and greater 

in comfort than their predecessors. But apart 
from safety, these factors might be considered 
secondary to the basic purpose of a passenger 
vehicle, transporting passengers from one 
place to another. For this, the key factor is 
the quantity and type of energy used and like 
many sectors of the economy, transport now 
faces two equally important challenges linked 
by energy use: human-induced climate change 
and diminishing reserves of cheap oil.
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Greenhouse-gas emissions from the transport 
sector continue to account for around a quarter 
of global emissions. If we are to avoid dramatic 
climate change, the latest climate science says 
we need to cut greenhouse emissions by between 
50 to 85 per cent from 2000 levels by 2050. The 
latest inventories of global reserves and resources 
of fossil fuels suggest that although prices are 
likely to rise, we are unlikely to run out of fossil 
fuels within the time left to respond effectively 
to global warming. The prospect of the US 
becoming a net exporter of fossil fuels on the 
back of increased use of non-conventional 
gas sources supports this possibility. 

To what extent can we expect technical 
innovation to overcome these increasingly 
urgent challenges? There are generally 
considered to be four options available: 
efficiency, fuels, power plants and demand. 

EfficiEncy
Efficiency here refers not to the efficiency of the 
vehicle’s engine, but rather the efficiency of the 
vehicle itself. We normally measure vehicle 
energy use by how much fuel is used per 
unit distance driven, but since the purpose 
of a vehicle is to transport occupants, an 
alternative is to measure energy needed 
for each occupant over a unit of distance. 
Measured this way, a bus has the capacity 
to be more efficient than a car. 

But vehicle occupancy is not the only 
measure. Vehicle mass is also important 
since energy must be used to move this 
as well. The lighter the vehicle the better 
its fuel efficiency will be and for this 
reason motor scooters are generally very 
efficient. We might, therefore, envisage 
future transport needs being met by 
buses for mass transport and small 
efficient motorcycle-like vehicles 
for personal transport.  

Not all transport can fit into these two 
vehicle types, however. We will always need 
trucks to transport goods and large passenger 
cars to transport families and other small 
groups. Further, if fuelled by fossil fuels, even 
this combination might not be enough if 
transport demand continues to rise.

fuEls
Many countries now have mandated targets 
for low-carbon alternative fuels. For diesel 
engines, alternatives are generally based on 
so-called transesterified oils and fats to yield 
biodiesel, while for petrol engines it is 
alcohols such as ethanol. 

For alternatives to make a difference we will 
have to substitute a large proportion of current 
fossil fuel use. Since many alternative fuels are 
derived from biomass, their production can 
compete with food and fibre. Their increased 

Since many alternative fuels are derived from biomass, 
their production can compete with food and fibre.
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use has brought about a growing realisation 
that large-scale production has the potential 
to alter commodity markets, and paradoxically, 
increase emissions of greenhouse gases. 

Pressure on markets can come about by 
increased demand for raw materials and through 
farmers altering their crops to those used in 
fuel production, while increased greenhouse 
emissions can result from greater fertiliser use, 
disturbance to existing land cover and soils, 
and from the energy used in fuel production. 

These effects can be limited if non-food 
sources such as woody-cellulose and grasses 
grown on low-grade land are used rather 
than sugar or corn. But such sources add 
considerably to fuel cost as cellulose needs to 
be converted to simpler compounds before 
conversion to alcohol. The result: we’re yet to 
see economic production at the scale necessary 
for cellulosic ethanol to rival simpler sources.

That’s why researchers have turned towards 
production of fuels more suitable for diesel 
vehicles. Woody-cellulose can be converted to 

a diesel-like fuel via thermo-chemical conversion 
processes. In Australia, research is centred on 
use of various species of indigenous tree as the 
feedstock for this fuel. An added benefit is that 
replanting these trees in regions where they 
once dominated can help to improve soil quality, 
such as in the Western Australia wheat belt 
where soil salinity is a major problem.

Local and international teams are also 
investigating algae as a feedstock. Like many 
seed crops, many strains of algae contain oils 
that can be extracted and converted to biodiesel 
for diesel vehicles. Although difficult to harvest, 
algae promise significantly higher yields per 
hectare than other biomass feedstocks. 

Other possible alternatives are methane and 
hydrogen. Methane gas, which burns easily in 
suitably modified engines, can be produced 
from a variety of sources. Only when it is 
produced from biomass, however, will it yield 
a significant reduction in greenhouse emissions. 

Hydrogen’s advantage is that it can be used in 
a fuel cell to generate electricity, or directly in 
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If you measure the energy a vehicle 
needs for each occupant over a unit 
of distance, a bus has the capacity 
to be more efficient than a car.
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a spark-ignition engine. But not only is it difficult 
to store in large quantities under pressure, 
hydrogen must be produced from a low-carbon 
electricity supply if it is to reduce greenhouse 
emissions. And unlike many alternative liquid 
fuels, much of the infrastructure needed to 
deliver gaseous transport fuels would need to be 
built. For hydrogen this is more complex as it 
can reduce the strength of the steel used in pipes.

Power Plants
Beyond continuing development of existing 
engines a variety of new vehicle power plants 
are entering the market. Electronic control 
of fuel delivery, engine stop-start technology 
and variable cylinder operation exemplify 
how computer control has improved the fuel 
economy of existing engines. Additional 
changes come through turbocharging engines, 
offering greater efficiency plus lower overall 
engine mass for the same delivered power. 

Continued improvement to both emissions 
and efficiency requires greater understanding 
of engine fuel-air mixing processes. Working 
with researchers from the Advanced Photon 
Source in Argonne National Labs in Chicago, 
my group uses high energy X-rays to probe  
high-pressure fuel sprays to determine exactly 
how the fuel mixes with the surrounding air. 
In my laboratory we use ultra-fast digital 
cameras, operating at up to one million frames 
a second, to investigate how fuel injection is 
altered by fuel and injector properties.

Still, existing engines will one day reach 
their ultimate level of efficiency. The gains we’re 
making are gradually reducing. Overcoming 
these limits requires different power plants, so 
much effort is placed into the development of 
electric power in both pure and hybrid systems. 
Hybrid engines combine petrol and electric 

motors and can convert braking energy into 
electricity for storage in a battery. Vehicles 
powered by electricity alone require large numbers 
of batteries to store the energy needed.

For both vehicle types much of the research 
effort is in developing better and better batteries. 
Because of their superior performance,  
lithium-ion has replaced nickel-cadmium 
as the preferred battery for electric vehicles. 
When used in small, lightweight vehicles, 
they have the potential to meet many transport 
needs, such as the daily commute to work.

Developments could see battery energy storage 
capacity double in the next 20 years. But more 
than greater energy storage is required to 
ensure widespread adoption of electric vehicles. 
Fast-charge infrastructure is needed to make 
operation easier and battery costs must be 
reduced. Unless the electricity used to charge 
them is produced from low-emission sources like 
wind or solar, greenhouse-gas emissions might 
be no better than with diesel or petrol engines.

DemanD
Meanwhile, demand reduction emerges as 
a key possibility. We must travel less. Moreover, 
improved-efficiency fuels and power plants 
are unlikely to be enough. Why? Increasing 
demand requires rates of technological change 
exceeding levels that can be realistically 
achieved and, clearly, all technologies 
have limits imposed by the laws of physics 
and thermodynamics. 

The fuel consumption of the 
FJ Holden produced in the 
1950s differs little from many  
similar-sized vehicles built today.
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Unless electric vehicles can be charged with power 
from low-emission sources, greenhouse gas emissions 
might be no better than with diesel or petrol engines.
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Dramatically reducing transport needs 
is no easy task. It might ultimately require 
us to redesign our cities and urban areas to 
make them more amenable to walking and 
using non-motorised vehicles such as bicycles. 

Increased bicycle use in many Australian 
cities and the resulting need for greater 
traffic management to make this easier 
and safer is one example of how this 
is occurring.

Whatever the future holds for road 
vehicles, meeting the challenges of climate 
change and diminishing reserves of cheap 
oil will require us to break free of the 
constraints imposed by our existing vehicles. 
The research being done on alternative fuels, 
electric vehicles and on demand management 
suggests this might be possible; we might 
finally break free of the FJ Holden.
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Air TrAnsporT
Air transport faces similar problems to road 
transport, except that the options are more limited. 
The enormous power required to lift aircraft 
significantly limits alternative fuel and power 
plants. Because of their low energy density it’s not 
possible to use gaseous fuels or battery-powered 
electric motors. Engines powered by liquid fuels 
will be with us for a long time. Luckily, many 
alternative liquid fuels developed for road vehicles 
can be improved for use in aircraft engines. 
Engine efficiency can be improved using exotic 
materials able to withstand the increased 
temperatures that higher efficiency demands. The 
aircraft itself can be made more efficient by use of 
lightweight composite materials, through low drag 
surface treatments and greater streamlining. But, 
just as with land transport, all these improvements 
must be seen in the context of increasing 
demand for national and international air travel.

Aircraft can be made more 
efficient through the use of 

lightweight composite materials 
and greater streamlining.
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