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Towards a
Greener Future

PROFESSOR PETER GRANT

This issue of Science Scotland highlights several very different projects that
promise to contribute to a more energy-friendly future and reduce CO2 emissions
– in Scotland and beyond.
In Food for thought we explore how advanced agriculture can help us to be more
efficient and improve the yield from our plants and crops, and later, in Solar
power to the people, we show how novel chemistry can help in the development
of more efficient, lower-cost solar cells for use in Scotland as well as in
developing countries.
In Built environmentalism and Constructive criticism, we address the use of energy
in buildings, focusing on how to create new, more environmentally-friendly
designs and how to improve the energy efficiency of our existing stock of
industrial and domestic buildings.
The next two articles focus on industry initiatives. Take-off for hydraulics power
take-off describes how one Scottish company is developing novel hydraulic
techniques, while On the road to success describes how another is designing a
more fuel-efficient internal combustion engine. These two projects not only have
the potential to have a major impact on vehicular transport (including cars as
well as large construction equipment) but also promise to improve the cost and
efficiency of wind turbines and other renewable energy systems.
Finally, in CCS: Time for action and The business of science, we address the issue
of how to generate electricity from our abundant coal resources in a more
environmentally-friendly way by capturing the carbon content (i.e. the CO2) and
storing it under the sea in depleted oil reservoirs. Despite many recent advances,
we still face many challenges – for example, how to prevent any leakage and how
to make the capture process itself more energy efficient – and both of these are
very demanding research topics that have attracted significant government
research funding to our Scottish Universities.
Professor Peter Grant, OBE, FRSE, FIET, FIEEE, FREng
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PROFESSOR PETER GREGORY

Food for
thought

Climate change, a rising population and the need to produce “more for less”
have put a lot of pressure on the food industry in countries all around the
world. Scientists at SCRI, the Scottish Crop Research Institute, may have
some of the answers, but as well as satisfying the increasing public
appetite, they also have to satisfy public opinion – and balance the demand
for cheap and plentiful food, environmental protection and profits...
Farmers today are expected to do more than ever
– producing cheaper, better-quality, ‘greener’
and more plentiful food, using fewer resources.
They are also expected to be caretakers of the rural
environment, minimising pollution (using fewer
pesticides and reducing carbon dioxide emissions), at
the same time as ensuring greater biodiversity and
providing open access to the countryside for leisure.
Environmental pressure groups, businesses and
scientists all have their different ideas about how to
deal with these issues. And for Professor Peter
Gregory, SCRI’s Chief Executive, a ‘greener future’
will depend on three strategic objectives:
1 durable disease resistance (increase crop yield
by reducing the damage caused by common
diseases and pests)
2 better use of resources – e.g. nutrients and
fertilisers, energy and water
3 increase food production at the same time as
ensuring long-term sustainability (reducing
carbon footprint & protecting biodiversity)
The arithmetic is simple. Over the last 60 years, food
production has improved dramatically, with yields for
major crops such as barley and potatoes increasing
by two to three times per hectare. For example, we
now produce about 45 tonnes of potatoes per hectare
compared to roughly 14 –15 tonnes in 1950. Since
then, however, the world’s population has also more
than doubled – from about two and a half billion to
more than six billion people. According to United
Nations figures, population will increase by a further
50 per cent by the year 2050, with demand for food
and energy almost doubling because of changes to
diet. And to meet demand, farmers and scientists
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need to cut wastage and improve efficiency, on less
land with fewer resources, under greater political
pressure than ever before.
In addition to ensuring the survival of the planet,
agriculture also makes a major economic
contribution to society. In Scotland, for example,
barley is the largest arable crop, producing 700,000
tonnes on 300,000 hectares, most of it for whisky,
which alone earns more than £3 billion-worth of
exports a year, generates £800 million in taxes and
employs about 65,000 people. The world’s third
largest crop – potatoes – is worth over £3 billion a
year and 15 per cent of the crop is destroyed by
disease every year – including late blight, which
accounts for 25 per cent of losses. About £100
million is spent on pesticides to stop this, and the
losses would increase from £55 million a year to an
estimated £360 million if pesticides were not used.
Faced with all these issues, scientists think that a
mix of solutions is what is required, including the
latest genetic techniques. In recent years, progress
has come from a number of different advances,
including breeding new varieties of plants. As well as
using more robust and productive varieties, farmers
have also sprayed a variety of chemicals on crops to
fight pests and common diseases. In the future,
however, genetics will play a bigger role in
agricultural advances, combined with better land
use and new, less toxic, biological products. Gregory
believes that better use of genetic techniques – for
example, introducing the genes which control many
deadly diseases – could accelerate progress in a
number of ways, producing new disease-resistant
plants in five to 10 years, compared to 25– 30 years
using conventional methods.

Joining
forces
In early 2011, SCRI will come
together with the Macaulay Land
Use Research Institute (MLURI),
to “form a new powerhouse for
research into food, land use
and climate change,” bringing
together about 200 senior research
scientists plus support staff into
a single organisation capable of
undertaking research across
multiple disciplines.

Like other research teams in the UK, SCRI is allowed to use genetic engineering
techniques and grow new varieties under controlled conditions, but is not
permitted to grow these new crops out of doors – unlike researchers in the USA,
South America and China. Many scientists believe that this is limiting progress
and may, in time, damage the country's agricultural sector.
For two to three decades, researchers have been introducing genes from more
exotic varieties – for example, from the phureja potato which has resistance to
several diseases – and even though this may lead to a narrower range of plants
because they offer better returns on investment, it also means greater diversity
within the range.
Gregory believes that genetic research is crucial to the future of world food
production – and that publicly-funded organisations such as SCRI have a key role
to play to make sure we make rapid progress at the same time as striking a
balance between greater productivity and the longer-term issues that concern
our society. “It’s important that new technologies are developed by public
research institutions, for the public good,” he says. “Otherwise, the new
technologies will go to private enterprise, where there may be a conflict of
interests – for example, if the same company involved in food production also
sells pesticides. We work very closely with the private sector (for example,
breeding different varieties, increasing yields and improving taste), but we also
focus on key public issues such as long-term sustainability, biodiversity, reducing
pollution and the carbon economy – not only on profits.”

The new “Super Institute” will focus
on the environment/plant/land
continuum, combining scientific and
research excellence with delivery of
knowledge, products and services
to international, national and local
customers. “Its research will feed
directly into long-term societal
concerns relating to sustainable
economic development,
food/energy/water securities,
environmental change, biodiversity,
waste reduction and community
development and well-being,”
says Professor Peter Gregory,
Chief Executive of SCRI.

In Gregory’s opinion, we also need “an open research climate” for genetics, so
that the benefits are shared by everyone and scientists can access the results of
research for the sake of the world as a whole. As part of this effort, SCRI works
at the forefront of international genome sequence research – one of the leaders
in barley and soft fruit and a significant contributor to genome research for
potatoes.
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Did you
know?
Scientists at SCRI work on a wide range
of projects, from breeding new varieties
to doing research into climate change,
plant diseases, pesticides and the health
properties of different foods.
> Blackcurrants bred by SCRI (all
bearing the ‘Ben’ prefix) account for
50 per cent of all the blackcurrants
grown in the world.
> Potato varieties bred at SCRI include
Lady Balfour – the number one
organic variety in the UK.
> The Glen Ample raspberry bred
by SCRI is the most popular variety
in the UK.
> Researchers at SCRI are working on
ways to increase the vitamin C
content of potatoes.
> Scientists at SCRI believe
blackcurrants might be able to
protect the human brain from
Alzheimer’s disease.
> SCRI scientists have identified factors
in wheat that influence the yield of
alcohol from distillation.
> SCRI is helping to develop a new type
of bread containing 20 per cent barley
– to reduce cholesterol and cut the
risk of heart disease.
> Researchers at SCRI have discovered
that baking rhubarb for 20 minutes
dramatically increases levels of anticancer chemicals called polyphenols.
> SCRI hosts the Commonwealth
Potato Collection – a major gene
bank containing 86 different species.
> Researchers at SCRI are developing
new ways to reduce the use of
pesticides on soft fruit, using
biological control and plant-derived
volatiles to trap insects.
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To study the pathology of different diseases and understand the genetics involved,
SCRI scientists first search for clues on how they overcome a plant’s defences.
When they understand the process and the chemicals plants use to fight the
attackers, they can start to work out how to prevent it. For example, says Gregory,
researchers are now beginning to understand how late blight “invades the cells”
of potatoes, and have identified the protein which appears to be to blame – the
same protein involved in malaria. With blackleg, “an organism which smashes
the cell walls of plants,” the pathogen responsible has many features in common
with bacteria found in the human gut. SCRI also does a lot of research into
soft fruits and barley, and is making rapid progress with diseases such as
rhynchosporium – a fungus which can reduce barley yield by up to 40 per cent,
and which, like many other diseases, is hard to detect until is too late to stop it.
If we could eliminate these common diseases, we could reduce wastage in some
crops by 30 per cent, but Gregory reveals that the problem is also more complex
than scientists used to believe. “In the past,” he explains, “we tended to look for
the major gene that controls the disease, but now we understand we can’t rely on
one single gene but a network of genes.”
Advances in bioinformatics have made a huge difference to genetic research,
and even in the last two years have led to rapid progress in our understanding
of common diseases such as blackleg and blight. For example, using the latest
computing techniques, scientists at SCRI recently discovered that blackleg
causes damage long before the disease starts smashing the cell walls of plants.
Researchers before then were “asking the wrong question” of the disease and
are now in a better position to identify the source of the problem and do
something about it.
Genetic breakthroughs and the fight against disease may grab the headlines,
but in recent years SCRI has stepped up its efforts across the whole spectrum
of research, particularly biodiversity and better land use, as well as better use
of nutrients (e.g. nitrogen and phosphorus) and water. Reducing wastage caused
by disease is important, but so too is the search for new alternatives for
fertilisers, pesticides and chemicals. On the one hand, there's a need to reduce
the amount of pollutants which end up in the water supply, and on the other
there’s a projected shortage of ingredients such as phosphates, which come from
rapidly diminishing guano reserves. Gregory also emphasises the need to “use
scarce resources wisely and help plants use nutrients as efficiently as possible.”
Since 70–80 per cent of the world's total fresh water supply is channelled into
agriculture, water management is also essential – for example, ensuring
clean water and developing crops which better utilise water, as well as
drought-resistant crops and better soil management.
The ‘carbon economy’ is also important to SCRI, and this means looking at the
way we use ‘high carbon cost’ ingredients such as nitrogen, as well as helping to
develop new solutions like biochar and using agricultural land to store carbon.
Farmers and scientists often use the expression “plough to plate”, but Gregory
uses the more down-to-earth “seed to sewage” to describe the agricultural cycle
and the work of SCRI. And when it comes to the environment and current crop
production methods used around the world, which can be highly wasteful,
uneconomic and also unhealthy, he asks: “Is this a sensible way to run a business?”
SCRI, which is based in Invergowrie on the outskirts of Dundee, recently launched
a new project at Balruddery Farm in nearby Angus, as part of its initiative to
conduct research on nutrients and water – with an emphasis on sustainability and
the long-term impact of climate change. The primary aim is improved arable
biodiversity, greater crop resilience and productivity, and “yield stability” at levels
which would satisfy commercial requirements. The project will gather data over
at least four rotation cycles, over a period of more than 20 years. To achieve this,
SCRI will design “a sustainable cropping system based on existing research to
optimise inputs, yield, biodiversity and ecosystem processes.”

Even if scientists develop a new strain which greatly increases the yield, the big question is: can this be sustained
over the long term? At Balruddery, the researchers are investigating what could be described as ‘crop rotation plus’
– looking at the long-term effects of rotating different crops and new varieties not just in terms of basic yield but
also of overall sustainability, the health of the soil and the general environment. It’s no good boosting yield by 100
per cent if this destroys the soil or chases the wildlife away, leading to more problems down the line. So, long-term
observation is required. Similarly, if we develop new disease-resistant crops using genetic techniques, it will still
take a few years to test them for longer-term, knock-on effects.
The Balruddery “experiment” is a miniature agricultural system, and Gregory hopes it will teach us to rethink not
just the biology of farming but also the geography. Can we do everything in the same place – balancing our drive to
increase production with the need to protect the environment? Or will we have to separate activities, maintaining
some places for farming and others for biodiversity and recreation?
As well as what it does at home, SCRI also helps producers all over the world – for example, developing new
virus-free seed potatoes for growers in Kenya and Malawi. In Africa, says Gregory, the critical issue is not just
climate change but climate variation, with periods of “feast and famine” posing major long-term planning
problems for farmers. In Australia, for example, where Gregory worked for a number of years, farmers keep a
range of four or five varieties of wheat, to cope with different climate conditions.
For Gregory, the biggest challenge farmers face today is how to strike a balance between competing interests and
reach a compromise between increased production, land use and environmental issues. “What are the trade-offs?”
he asks. “Very often, 'green' crops are equated with organic, but if this means reducing yield by 25 per cent, it
means we need 25 per cent more land for growing the crop. Organic may be greener in some ways, but
conventional systems can also be green.”
The ‘green agenda’ raises many critical questions, but Gregory suggests that although many people believe there
is one simple answer, the science is much more complex.
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Built environmentalism
According to Professor Susan Roaf, the challenge to cut carbon dioxide emissions
should start at home, with better architecture and engineering. Our ‘zero-carbon’
buildings should be able to withstand extreme weather conditions – functional
and eco-friendly rather than just ‘works of art’. Roaf believes that during the fossil
fuel age, we began to rely on machines to make our buildings comfortable, but as
oil and gas become more expensive, 21st-Century buildings will have to de-mechanise,
becoming more like “ships that we sail in the wind,” optimising performance in a
three-way relationship between people, structure and climate, to cope with the social,
economic and environmental problems we will face in the future...

Home is where the heart is – and the biggest source of
greenhouse gases on the planet. According to Professor
Susan Roaf, Professor of Architectural Engineering at
Heriot-Watt University, the built environment generates
roughly 50 per cent of all carbon dioxide emissions in
industrialised countries, and homes are responsible for
about half of that figure. Studies have shown that for about
£25 billion, every home in Scotland could be upgraded to
reduce demand for energy, and thus reduce carbon dioxide
emissions by more than 60 per cent. About half of that
improvement would come from reducing demand through
the actual design of the form and fabric of the house. More
efficient white goods, electronic equipment and lighting
would reduce emissions by a further 25 per cent, and that
in turn could be halved by reducing the “carbon intensity of
the supply” (i.e. using renewable energy). Adding all this
together would reduce the average emissions of new builds
by 75 per cent and refurbished properties by 60 per cent.
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The challenge of making a building more sustainable is
complex and involves the whole process of planning, siting,
designing, constructing and running the building.
The actual technology needed to create much greener
'zero-carbon' homes may prove to be as simple as getting
the right insulation in place, double glazing, controlling
air infiltration while using a range of natural ventilation
techniques, combined with an understanding of heat flows
through the building, solar gain, temperature, humidity,
wind speed, thermal mass for energy storage and building
fabric performance. And Roaf believes the first step is
to get the basic architecture right – and that is why she’s
training a new generation of architectural engineers to
do exactly that.

By investing an estimated £2 billion a year for 10 years,
Scotland could thus reduce its total emissions by 20–30
per cent. “This would provide a massive stimulus for local
industry and all but eliminate fuel poverty in Scotland,”
says Roaf. It could also go a long way to meeting Scotland’s
national emission-reduction targets of 42 per cent by 2020,
and even though £25 billion may seem a lot of money,
Roaf points out that RBS was planning to pay £1.3 billion
in bonuses this year. (A full discussion of the related
social challenges is included in the concluding chapter
of her recent book Adapting Buildings and Cities for
Climate Change.)

According to Roaf, there are many very difficult problems
to overcome, including vested interests, social inertia and
a lack of real vision among decisions makers. Roaf also
thinks it is inevitable that developers promote inappropriate
building solutions, because they think this means
more profits. She then suggests: “Entrenched design
professionals feel threatened by the trend towards rapid
change. It is also understandable that anyone who can fill
the vacuum can make lots of money, either posivitely
through great new design or by promoting products that
take us backwards – for example, whole-house mechanical
ventilation systems in social housing. How can people who
can't even pay for their cooking and lighting find the money
to pay to have air pushed around in their homes? In a
well-designed home, the sensible solution is simply to
open the windows.”

“We already have the technology to put the solutions in
place,” says Roaf. It’s the political will that we lack, she
continues, because the fundamental values that we hold
as a society are the same values holding us back from
doing ‘the right thing’.

Sustainable building solutions should take account
of historic and social realities as well as technology,
says Roaf. “Many developers also fail to realise that
‘green’ can mean opportunities to save build costs
rather than requiring extra expense,” she continues.
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The Carbon
Enlightenment

PROFESSOR SUSAN ROAF

“A typical office with air-conditioning will pass through UK Building Regulations, while
the same office with natural ventilation may marginally fail, requiring it to install
air-conditioning. Some developers and tenants actually prefer to boost their green
credentials – and comfort – by not having air-cons, but are pushed into it by planners,
building control officers and letting agents, who think they can get higher rental values
if the offices are fully air-conditioned. There are also many eco-minded, far-sighted
clients, developers and architects, but they are sometimes held back by old-fashioned
20th-Century views – and ‘fashionistas’ who confuse modernity with shiny glass exteriors
and see performance of the building as an afterthought. You can see the half-empty
results around the world as occupants increasingly avoid the goldfish-bowl office blocks.”
Legislation should be ‘smarter’ and planners should encourage more sustainable
designs, says Roaf. Most architectural students are interested in ecological issues,
and they should receive better training, to understand the energy and environmental
performance of buildings, so they can work with engineers to deliver better building
solutions. Roaf also thinks it was a big mistake to privatise the UK’s Building Research
Establishment, “depriving us of a generation of the world’s best blue skies thinkers
about buildings,” and believes it is harder to win funds for pure research today –
for example, if you want to analyse how buildings work in reality rather than simply
using simulation.
Roaf’s work at Heriot-Watt is part of what the university’s Energy Group sees as the
‘Carbon Enlightenment’ (see sidebar). She is involved in a wide range of issues related
to the architecture and engineering of buildings, including everything from solar panels
to thermal comfort, eco building and village design and carbon accounting for buildings.
Originally trained as an architect, she is proud of the fact that her job title now includes
the word ‘engineering’, not least because her father was an engineer from Heriot-Watt
whose work took him all round the world, taking his family with him. From an early age,
Roaf was aware of the importance of good engineering. Having grown up in Malaysia
and Australia, she subsequently worked in Iran, doing research on ancient technologies
and nomadic architecture. She also excavated in Iraq for seven years and worked in
the Middle East as a landscape gardener, design consultant and lecturer at Baghdad
University, and believes that this varied experience was an excellent preparation for
21st-Century design, in a world where the climate is changing. Roaf is also a pioneer
in building-integrated photovoltaics, having built the UK's first integrated solar roof on
her home in Oxford – the ‘Ecohouse’.

Heriot-Watt University has
been described as “the leading
university in the UK for climate
change research in the built
environment,” and is home to
several major research groups,
including the UK's top Flood and
Drainage Research Groups.
The department of architectural
engineering, for example, provides
a range of services across
the whole spectrum, advising
developers, testing new materials
and products, modelling high-tech
systems, assessing renewable
energy systems and researching
different aspects of design
such as thermal comfort, drainage,
materials and acoustics. It
also works with many other
departments, including Petroleum
Engineering and Life Sciences,
which is developing solutions
for reducing greenhouse gasses
using algae.
Professor Patrick Corbett, head
of the Energy Group at the
university, also coined the phrase
the ‘Carbon Enlightenment’.
“This provides a common vision
for researchers to work
effectively as a multi-disciplinary
community,” says Roaf. “We are
working to establish ourselves as a
centre of excellence for everything
that helps to reduce greenhouse
gasses, from carbon capture and
storage to solar technology
research.” Heriot-Watt and the
University of Edinburgh are
collaborating to build a centre
for climate change research via
their Joint Research Institutes in
Energy (www.erp.ac.uk/enegy)
and Subsurface Science and
Engineering, ECOSSE,
(www.erp.ac.uk/ecosse).
“The Enlightenment paved the
way for the industrial revolution,
which accelerated carbon dioxide
emissions,” says Roaf, “so now
we are trying to do the reverse
– for the new and post-industrial
revolution – built on similar
‘connected’ thinking.”
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Green agenda
for buildings
In the book Adapting Buildings and Cities
for Climate Change: A 21st Century Survival
Guide, Susan Roaf and her co-authors
David Crichton and Fergus Nicol set out
a range of recommendations for the city
of the future, including:
> No more development in flood plains
– managed retreat from worst-affected
areas;
> Water-proofing programme to make
city surfaces absorb more water;
> All south- and west-facing windows
to have external awnings/shades
(especially care homes and schools);
> Limited glazing in sensibly-sized
windows to prevent overheating;
> All buildings capable of being
naturally ventilated and every
window openable, if possible;
> Free insulation, draught stripping
and high-performance windows
for vulnerable people;
> ‘Safe Haven Refuges’ in every
community for extreme
heat/cold/stormy/flood events;
> Architects should have an extreme
weather/power failure response plan
for every building;
> Power all buildings with maximum
contributions from renewable
energy technologies;
> Plan settlements to optimise solar
potential;
> Design neighbourhoods with
optimally-protective ‘Urban
Micro-Climates’;
> Planners must allow a new aesthetic
for 21st-Century cities to be created
so that reactionary appearance
concerns do not hamper performance
improvements and the integration
of renewable energy systems;
> Develop laws for the above as soon
as possible before more tragedies
happen like the death of 15,000
people in one week in France in the
heatwave of July 2003, or the recent
flooding in Madeira;
> Ensure that every council/
municipality develops and
implements a Climate Change
Action Plan to ensure we survive
through the difficult decades ahead
with our civilisation intact;
> Spend £1billion a year in Scotland
on improving homes.
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“Architectural engineers nowadays have
to have a much broader range of skills
in the field of building performance,”
she says. “They have to be everything
from craftsmen to designers, scientists
and technicians, learning many different
aspects of design and construction as
well as human behaviour.”
For instance, she explains, the more
efficient buildings of the future should
use their windows, walls and floors
to collect, store and distribute the sun’s
heat in the winter and reject solar heat in
the summer, maximising daylight for
interior illumination. They should also
optimise the potential for good natural
ventilation systems.
In her drive to promote more sustainable
buildings, Roaf also focuses on crucial
political issues, including equality, social
inclusion and the need for strong
communities. “What’s the use of having
an ‘efficient’ and ‘profitable’ building

sector if all the profits are taken abroad
and none filter back down into the
communities?” she asks. “What’s the
point if every time a roof is damaged you
have to buy new sections from a faraway
supplier? In Scotland, a high proportion
of construction workers work locally,
so where are the programmes to train
them to be part of the local solutions to
our 21st-Century problems? Many
people want to improve the energy
performance of their own homes, so
where are the ‘One-stop Shops’ for
information and building grants to help
them apply those new building skills?”
Roaf also strongly believes that in order
for our major cities to survive, we must
make sure we don't create solutions for
elites. “It’s a matter of values,” she says.
“If we are not a strong, joined-up society,
then we have a very low chance of
long-term survival.”

Underlining the human dimension of urban survival, Roaf also
believes that “to reduce the exposure and the vulnerability of our
populations to the growing economic, social and environmental
hazards ahead will require all of us to act for the benefit of the
greater good, rather than the currently popular ethos of
self-actualisation.” Roaf then admits this will be difficult and
adds: “We need to re-order society in such a way that equality
of opportunity and access to resources becomes a reality and
the impacts of climate change are not disproportionately loaded
onto one sector of society to the benefit of others. To date,
climate change mitigation and adaptation strategies have
seldom been associated with re-thinking the social, economic
and physical infra-structures, but the recent carnage in the
world’s markets may change this.”
Roaf also wants to see a systematic programme to retrofit the
social housing stock in Scotland, starting with the ‘fuel poor’
– the 27 per cent of the population who spend more than 10 per
cent of their income on fuel. “The situation will only get worse
if energy prices continue to rise,” she says. “Where are the tried
and tested, home-grown solutions for Scotland’s bungalows,
tenements and tower blocks? They are there, but you have to
look hard.”
Roaf believes the current “business-as-usual approach” must
change, and says that the obsession with ‘efficiency’ alone has
led to some very poor ‘green’ buildings. For example, solar
energy is essential to Scotland and yet it has been strongly
resisted in some very influential quarters. She also criticises
eco-warriors and ‘green’ organisations who have not ventured
into “the heart of the problems” in buildings. She says:
“We have very high-profile political demonstrations against
new airports and coal-fired power stations but not against
energy – or water-profligate buildings like the glass towers
of Dubai, Las Vegas or London. There is a plan for a new
glass tower in Liverpool on top of a hill that will not only
consume about as much energy as all the rest of the housing
around it, but also be very dangerous in extreme heat waves,
storms and high winds. Such buildings were 20th-Century
dreams and should have little place in our world today.”
Roaf says this is not an easy message for architects who have
not been trained in the performance of buildings and have
focused largely on creating ‘sculptural statements’ and ‘works of
art’ rather than functional buildings. It is also difficult for people
who have specialised in increasing the machine efficiency of
buildings.
“Plan A is no longer working, however. It’s time for Plan B,”
she concludes. “Good architecture and building engineering is
crucial to human survival, and we need joined-up thinking to
make sure it happens – to build a locally-focused, low-carbon
world and at the same time create new markets, new prosperity
and a new future for Scotland.”

Did you know?
The word ‘ecology’ is based on
the Greek word oikos – house,
home or building. Oikos is also
the natural environment which
is “home to all the plants and
animals that live within it.”
(Source: Oxford Dictionary of Word Origins by Julia Cresswell)

Climate crime?
According to Professor Susan Roaf, the Burj Kallifa
in Dubai is a “climate crime” which represents a
backward step in modern architecture. At 828
metres high, the world's tallest building is also the
world's “first gigawatt building,” says Roaf, and
Dubai does not even produce enough energy to run
it and keep it cool when fully occupied – in summer
temperatures that can reach 50 degrees centigrade.
The cost of the building was also so high that it had
to be rescued by foreign investors.
Compared to this, another new development called
Masdar in nearby Abu Dhabi is a brand new car-free
city in the desert with walk-up homes for 50,000
people, plus 1,500 new businesses and an Institute
of Science and Technology (with links to MIT).
Designed by a new generation of architects and
engineers who have incorporated many traditional
features, the whole place is planned to run on
renewable energy, including solar power, wind
farms, geothermal and hydrogen power.
Unlike the Burj Kallifa, which is not connected to the
city’s sewage system and dumps all its waste into
tankers that dump it 20 miles away in pits in the
desert, the city of Masdar will recycle all its water
and biological waste for irrigation and fertiliser, etc.
“If we want to future-proof our homes and our cities,
we need such paradigm shifts in design,” says Roaf,
“and Masdar is the model to inspire us – not the
increasingly Fawlty Towers of Dubai or Las Vegas.”
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Constructive
criticism
Should the UK be spending tens of billions of pounds in a new infrastructure
to expand, clean and upgrade the electricity network, or invest more money
to reduce demand for power? Is the power consumption of buildings an
environmental, technological, economic or educational problem? Will we
soon be watching television on low-voltage devices which are powered by
the same cable used now for data transmission? These are just some of the
questions which a team of researchers led by Professor John Counsell at
the University of Strathclyde in Glasgow is seeking to answer...
“We’re failing in building design, because we don’t deliver
what customers ask for,” says Professor John Counsell,
Director of the BRE Centre of Excellence in Energy
Utilisation. “For example, most building control systems
fall well short of what people want or require. They are
generally very crude and simple and use technology that
goes back to the 1950s. Even the advanced BEM (building
energy management) systems use crude control
strategies which date back to that era”
Faced with the energy problems of most buildings,
ancient and modern, Counsell and his team of
researchers at the Strathclyde-based BRE Centre –
funded by the BRE Trust – are trying to transform the way
we manage and design the built environment, not just
developing new products and technologies for energy
demand reduction (EDR), electricity load management
(ELM) and advanced building control, but also helping to
develop the BRE’s standards and new methodologies
for assessing the energy efficiency and controllability
of buildings.
The problem is not just the buildings, however. The
challenge also lies with the people inside them, the
people who design them and the people who build them
and sell them. And Counsell sees the challenge for
the BRE Centre as not just the science but also the
“psychology” and marketing of commercial buildings,
getting all of us to think more about how we manage our
buildings and how to improve them, making advanced
controls for EDR and ELM a must-have, desirable feature
– not just an afterthought.
“When people buy a laptop,” says Counsell, “they want all
the latest new features. So why should buying a new
office building be different?” And the same approach
could also be applied to all appliances – and buildings.

page 12
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Energy conservation measures are very important, says
Counsell, but they don’t lead to radical improvements.
“It’s all about appliances and EDR and ELM,” Counsell
continues. “That's where the biggest revolution will
come.” Counsell also stresses the need for an integrated
approach to building design: “There is an almost zero
correlation between better insulation and EDR,” he
explains. “There’s no point insulating a building if you
then throw in a lot of inefficient electronic devices and
inefficient heating systems. We’ve known for many years
how to improve the basic fabric of buildings, but we’re
only beginning to learn how to manage them better, in
terms of energy management and utilisation.”
Counsell’s background is in mechanical engineering
and control systems engineering. He completed his
PhD at British Aerospace, before joining EA Technology
(formerly the Electricity Research Council) in 1991
– when he saw a “huge opportunity” to transfer his
skills in leading-edge systems engineering to the
demand-side energy-management business, including
work on domestic heating systems and field trials
involving more than 500 households. This was followed
by a spell at Lancaster University, then back to industry
with Brother International, before his current
appointment at the Strathclyde BRE Centre.
From aerospace systems to gas-fired central heating
boilers may seem a long way to come, but for Counsell
it's a logical progression, and as he himself puts it:
“People should be steering buildings much the same
as driving cars or piloting planes.” In fact, researchers
in his department are currently developing new
algorithms for centralised and decentralised building
control systems, basing their solution on algorithms
used in the aerospace industry.

PROFESSOR JOHN COUNSELL

One of Counsell's achievements during the 1990s
was the development of CELECT, a novel control and
communications framework for ELM and EDR that was
successfully applied to electric heating systems and has
since become recognised in the standard assessment
procedure (SAP) in the UK building regulations – a theme
which Counsell stresses can be key to the success of new
technologies and products. “The building industry is not a
free market,” he explains. “It’s a partly regulated market,
and the building regulations should be part of the business
plan for any new product.” Counsell suggests getting
engaged with the BRE as quickly as possible, to “reduce the
risk” of developing something which may not meet industry
standards. It can take up to 10 years to get a new product –
e.g. a component for a boiler – from concept stage to final
approval, but only five years if the company talks to the BRE
right from the start.
As well as helping to develop industry standards,
Counsell's work for BRE brings together products and
technologies with performance-assessment methodologies,
promoting best practice and innovation in the building
industry, as well as looking at demand-side management
systems and building-integrated renewable power
generation.

Power over Ethernet
One of the BRE Centre’s most promising projects is a
new power over ethernet (PoE) system. Counsell explains
that in the typical building, electricity is converted to and
from AC to DC a number of times in order to power devices,
but with PoE, low-voltage DC power is supplied using
standard Category 5 ethernet cables – the same wire used
for data transmission – to power LED-based screens and
laptops and, in the future, LED lights and other appliances
used in BEMs. The BRE Centre is planning to spin out a
business to market the system, which Counsell believes will
have a major impact on all sorts of buildings, making it
possible for small companies to install and customise their
own power networks at the same time as their information
systems infrastructure, since the low-voltage (less than 50
volts) cabling can be installed without the need for qualified
electricians. “It’s better to invest in high-speed cable,” says
Counsell, “than 240V wiring and sockets that can cost up to
£150 per socket.”
The BRE Centre is in partnership with BRE, Siemens and
Arup to develop its PoE system, which would have such
great potential in energy-efficient offices and in developing
countries as a low-cost solution to power computers and
lights – devices which are much more important in the
Third World than heating, ventilation and air-conditioning
systems, which consume most of the power in
industrialised countries.
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The BRE Centre is also involved in an EPSRC-funded project
with the University of Newcastle, using PoE for new “smart
pervasive sensor networks and controls,” including assistedworking solutions for “more human” energy-management
systems for office buildings.

Is advanced always advanced?
The human factor is a critical aspect of any building when it
comes to managing heat, light and power, and this is one of
Counsell's chief concerns in his work for the BRE Centre –
not just to make our homes and offices more comfortable and
reduce energy wastage, but also to improve our productivity.
As well as developing intelligent systems to ensure basic
comfort, using algorithms based on similar systems used in
the aerospace industry, the BRE Centre is developing methods
to assess the controllability of buildings – a concept which is
growing more important for climate-adaptive buildings which
have to be designed with controllability in mind.
“We want to develop a control system as sophisticated as the
control systems in planes,” says Counsell, “to achieve the
same advances in building control that we have seen in recent
years with fuel-injection engines, for example.”
Many academics and people in the industry don’t like the idea
of centralised building control, as if it’s too ‘Big Brother,’
but the CELECT field trials showed that if it works, people
“absolutely adore it,” says Counsell. The primary issue for
Counsell is that many so-called “advanced” systems simply
don’t work, and if they don’t work, people tend to interfere
with the system, switching things on and off and changing the
settings, so they perform even worse. The key, says Counsell,
is to understand requirements and deliver what the customer
wants – not introduce a “crude and simple” system that could
actually make the building less energy-efficient and less
comfortable. For example, he asks, what’s the point of having
thermostatic control if you put the thermometer over a
radiator? “The people who install systems in planes and cars
are highly skilled, trained individuals, and we need to establish
the same level of expertise in the installation of building
systems,” he adds.
When it comes to ELM methods, Counsell says we’re only
beginning to see these emerge – and there are still lots of
problems to solve. For example, one challenge is how to
balance demand and supply 24 hours a day, using active-load
control and storage (for power and heat). The major questions,
says Counsell, are how to size the system and how to control it,
then how to assess the stability of the system and balance the
load. “The methodologies are starting to emerge, but this is a
long-term objective,” says Counsell. “There has been a lot of
research and development, but the big challenge for the
researchers still remains: How do we guarantee power demand
and supply matching when we don’t know what the demand is
likely to be or what the nature of the future supply will be?”
Faced with this “massive uncertainty,” Counsell says we need
some kind of governor for matching energy supply and demand.
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Market forces
Thanks to his experience in industry, Counsell has no illusions
about the realities of market forces and recognises that it will
not be easy to change people's habits or persuade business
that it's worth it to invest in buildings designed to lower energy
use. “You can't buck the market,” he says. “Education is a
good thing but it's also a very slow process.”
One exception, he adds, is the IT industry. Three years ago,
Counsell gave a lecture on “expectations for reducing
demand” and predicted that by 2015, IT companies would cut
their energy consumption by 30 per cent – a target which
they've already met. “Ubiquity drives energy efficiency,”
Counsell explains. In other words, it's in the manufacturer’s
interest to improve the energy efficiency of its solutions. When
consumers shop for a laptop, for instance, they want the latest
model – and longer battery life is one of the main criteria for
their decision. Similarly, Counsell says, short-term success in
EDR and ELM will only be achieved if there is more value-add
for the customer – for example, the recent announcement of
feed-in tariffs. Removing the need for expensive 240V sockets
in buildings is potentially another big value-add to builders,
home owners and landlords, says Counsell.

A new technological paradigm
For Counsell, when it comes to the “energy crisis,” the big issue
is long-term investment. “The UK has historically invested in the
infrastructure as if that is the only way to make any progress,”
he says. “That may provide a lot of benefits but also burdens us
with higher taxation as well as higher energy bills. And in the
long term, the consumer pays, not the investors.”

In Counsell’s opinion, there is too much spent “propping up
what older generations have done,” rather than investing in
proactive solutions such as EDR and ELM, which would lead
to significant savings for every consumer as well as reducing
emissions and energy usage.
Apart from building insulation and more efficient boiler
initiatives, there is also too much spent on small-scale R&D
projects on the energy demand side, says Counsell, who
believes we need “some very large initiatives” to have a real
impact on energy issues in the future – creating jobs and
stimulating economic growth without increasing the national
debt. BRE is ideally positioned to lead such initiatives.
“We have the history of what has been done in the past,
unparalleled expertise in building energy utilisation and a
degree of independence to iron out green wash,” says
Counsell. “BRE can also help provide advice to government
on future building regulations.”
“If we don’t control demand for power, there’s no end to how
much we’ll have to spend on infrastructure,” says Counsell.
“That means we need a new technological paradigm – plus
significant investment in research and development to deliver
new solutions that work.”
And if Counsell is right, advanced controls for EDR and ELM
may be the “in things” in buildings in the very near future.

Take-off for hydraulics
power take-off
DR WIN RAMPEN

Dramatic shifts away from renewables in government policy at the start
of the 80s, the perception that hydraulics was a sunset industry, plus
economic recession at the start of the 90s, does not sound like a formula
for business success for engineers who want to develop hydraulics for
“alternative energy” systems. But the founders of Artemis Intelligent
Power appear to have weathered the storm, and the company may soon
become one of Scotland's leading developers of high-tech hydraulics
solutions for the renewables and automotive industries – in the process
helping cut carbon emissions and reduce overall energy costs.

“Conventional hydraulics have some real limitations,”
says the managing director and co-founder of Artemis
Intelligent Power, Dr Win Rampen. But the company’s
approach to business and hydraulics could never be
described as “conventional” – in fact, that seems to be
the secret of its recent success. Not only has it brought
hydraulics into the digital age, but it’s also followed
its own path in business and grown at its own pace,
owing nothing to banks or external investors.
Artemis has developed an “intelligent” hydraulics solution
called “Digital Displacement” that promises to have a
major impact on power and transport – used in everything
from sports cars to diggers and tractors.
For wind turbines, the hydraulics solution transfers the
power from the blades to the generator, which converts
the power into electricity, replacing the gearbox with a
more robust, more compact and more lightweight solution
that also offers very high efficiency – up to roughly 94 per
cent. For motor vehicles, the hydraulic system transfers
power from the engine to the wheels, and allows the
storage of power recovered during braking that would
otherwise be wasted. And Artemis has proved the
efficiency of its solution by building a prototype car that
has been independently tested at Millbrook by the Energy
Saving Trust, who confirmed that it reduced fuel
consumption by 50 per cent, in urban driving conditions.
Many people are surprised that hydraulics is attracting any
scientific interest in the 21st Century – as if it belongs to
a previous era. “Conventional hydraulics were largely
invented by the Victorians,” Rampen continues. “They are
fairly efficient at full output, but the losses remain
constant as you use less and less of the transmission.”
And that is where Artemis has the edge, he explains,

because the Digital Displacement system remains
extremely efficient even at very low outputs, as a result
of both the basic design of the valves, which permit free
breathing, and the control technique, which allows a
portion of the machine to be temporarily put into an idle
mode – with very low parasitic loss.
According to Rampen, Digital Displacement also offers
greater robustness and controllability than gearboxes
and conventional hydraulics solutions. In addition, the
intelligent hydraulics can operate efficiently in very
different conditions – i.e. they operate quite happily at low
or high speeds, and when the wind is low, they capture
more power than a conventional turbine because they
allow the rotor to spin more slowly, when it is more
aerodynamically efficient. The Artemis system also allows
the generation of power with a synchronous generator at
medium voltage (11kV), saving the three per cent loss
associated with low-voltage, full-power electronic
conversion.
What makes the new hydraulics solution so different is
the use of high-speed, electronically-controlled poppet
valves, connected to each pumping cylinder, which can be
independently controlled by special software “to smoothly
match the commanded output.” When every valve is
needed at maximum power, operation is simple – the
software shares the load among all the pumping
cylinders. When only a few valves are needed, the software
very quickly allocates the work to individual valves and
spreads the load so that no single cylinder does more
work than another. This means the intelligent hydraulics
can cope with large and very sudden changes in power
transmission – e.g. gusts of wind, frequent braking and
accelerating or moving big piles of earth – and have a
longer operational lifetime.
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“We have cracked the efficiency problem that usually
dogs hydraulics,” Rampen declares, “at the same time
as improving the reliability and robustness, plus other
knock-on benefits such as not needing the power semiconductors usually needed to match grid frequency.”

In terms of cost, the basic saving comes from lower
weight and the need for less steel in the turbine – with
hydraulic machines weighing 20 tons compared to more
than 50 tons for an equivalent gearbox at the 5MW
power level.

Rampen also explains that with some applications,
such as wind turbines, there can be a “big fight”
in the gearbox due to spikes of power – or torque –
that are imposed across it. This causes failures which
necessitate replacement and typically costs the
equivalent of one year’s production – plus a “logistical
nightmare” when it comes to repairs, particularly for
off-shore machines. The hydraulic transmission can
spread the load caused by these sudden shocks across
20 times as many lines of rolling contact than in a typical
gearbox. In addition, hydraulics can limit the shock by
capping the maximum pressure. Repairs are also easier
because you only need to service or replace relatively
small parts and can dismantle the system on-site,
rather than have to remove and replace a very large
and very heavy gearbox.

The Artemis solution is not only different but also ahead
of its time – but according to Rampen, its time may have
come, because the company is talking with some very
big players in the energy and transportation industries
to license its technology, adding to its current
agreements with companies such as Bosch Rexroth
and Sauer-Danfoss. This recent surge of interest from
the renewables sector is not just because Artemis
recently won the Innovator of the Year Award (2009)
from the Carbon Trust, or because there’s been a
step-change in technology, but because the industry’s
perceptions are gradually changing. Rampen says
hydraulics have often been ruled out for wind turbine
transmissions, for instance, because of a perception that
conventional hydraulic systems currently used in other
areas of the machine are not efficient enough.
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Digital
Displacement
hydraulics:
How it works

How it all started
The origins of Digital Displacement hydraulics can be traced back to Rampen’s
arrival in Edinburgh in 1978, soon after he graduated in mechanical engineering
from Ryerson University in Toronto. Inspired by what he’d read about Professor
Stephen Salter and his invention of the Duck, a revolutionary device designed to
convert wave power into electricity, Rampen travelled to Scotland. Arriving at the
King's Buildings campus where Salter was based, Rampen knocked on the first
door he came to and met researcher Jamie Taylor, working in the wave tank
built by Salter to test new “alternative energy” systems. Taylor phoned Salter to
explain why Rampen was there, and relayed the following message from Salter:
“Tell him to go away – unless he wants a job.”
A few minutes later, Salter arrived to “interview” Rampen while walking across
the car park, and when he discovered that Rampen knew how to operate a lathe
and could actually make things, offered him a job straight away – beginning a
relationship which carries on today, with Salter a co-founder and director of
Artemis.
One of the biggest challenges with Salter’s Duck was how to cope with variable
power input, coming from waves. Salter had realised that developing a power
transmission system capable of transforming the slow, high-force, irregular
motion of waves to a high-speed rotation needed to power a generator was as
difficult as all the other problems involved in designing the Duck. To solve this
problem, he put together a small team of engineers to explore the use of direct
oil hydraulics.
Rampen spent two years with Salter and the late Robert Clerk in Edinburgh,
assisting with the design of a very large hydraulic drive system. This
incorporated precessing gyros to serve as an inertial reference which the
“Ducks” could react against.
Rampen returned to Canada in 1981, shortly after which work on the Duck and
many other alternative energy systems was closed down by the government.
Then, in the late 1980s, Rampen came back to Scotland to work with Salter on a
new project funded by SERC (the Science and Engineering Research Council),
focusing on new hydraulics solutions for power take-off, using multiple valves
and intelligent software – a new approach called Digital Displacement. Salter
was still keen on developing hydraulics for large-scale renewable-energy
systems, but Rampen saw the need for a change in direction – and enormous
potential in developing mobile hydraulic systems for use in agricultural and
construction machines.

The core component of a Digital
Displacement system is a
hydraulic piston pump/motor with
actively controlled poppet valves
connected to each cylinder, to
rectify the flow into and out of it
as the associated piston moves
through its stroke. Banks of
cylinders can be assembled along
a common crankshaft to allow
multiple independent outputs.
Each valve is operated by a small
electro-magnetic latch so that it
can be opened and closed on a
stroke-by-stroke basis. The
solenoid coil in each latch is
activated by a power field-effect
transistor (FET), which is in turn
connected directly to the digital
output of an embedded controller.
In the case of a motor, each
cylinder has two actively
controlled poppet valves, one
to each of the high- and lowpressure manifolds. When idling,
the fluid flows in and out around
the low-pressure valve. The
high-pressure valve remains
closed and isolates the
reciprocating cylinder from the
high-pressure fluid. This idle
cycle typically has a parasitic loss
equivalent to one per cent of the
potential power of the active
cylinder. When pumping, the
microprocessor closes the
low-pressure valve to send fluid
to the high-pressure service.

sciencescotland

ISSUE 9 SUMMER 2010 page 17

Rampen spent the next few years developing the new
hydraulics concept at the University of Edinburgh, with
financial support from JH Fenner, a specialist in power
transmission and supplier of rubber-belting solutions for
the coal mining industry. Fenner wanted a variable-flow
water pump, and Rampen and his colleagues were able
to use this project as the catalyst for developing the core
technology for Digital Displacement. When Fenner was hit
hard by the economic downturn of the early 1990s, the
funding evaporated, and Rampen and Salter founded
Artemis, setting up their headquarters in a Portakabin,
sharing space with several other spin-outs from the
University of Edinburgh, including Pelamis – now well
established as a leading developer of wave-powered
energy systems.
“Funding was a problem,” says Rampen, “partly because
hydraulics was considered then to be a sunset industry
and partly because most hydraulics companies had long
ago disbanded their R&D departments.” For the first
few years, the company funded its activities through
consultancy, including work developing components for
racing car suspension and steering.
Artemis also made an important strategic decision after
being joined by Waverley Cameron, the company’s
chairman, who realised its future lay in becoming an
R&D licensing company, rather than a small-scale
manufacturer which would have to cope with every enduser of the company’s products. This led to a partnership
in 1998 with what was then Danfoss Hydraulics – a
company which also saw the value of reducing energy
loss at a time when the industry generally was not so
committed to environmental and energy issues. Danfoss
signed a licensing agreement with Artemis and also took a
long-term view of its relationship with the young business.
Since then, Artemis has managed to demonstrate 30 per
cent savings in fuel for mobile hydraulics applications.
Because environmental issues have also become more
important in the intervening period, both partners have
been proved right in their approach. “We hoped to bring
something revolutionary to a conventional industry,”
Rampen continues.
Artemis later signed a similar agreement with Bosch
Rexroth, another major manufacturer of hydraulic
machines, and continued to develop its technology in
automotive applications.
Artemis continues to focus on two key areas of research
– the core technology (hydraulic components – valves,
cylinders and software) and applications such as
agriculture, construction and materials handling. And, as
Salter hoped when he invented the Duck, the research
has returned again to large-scale solutions for wind and
marine current turbines, with growing interest in these
sectors promising to lead to further licensing agreements,
as Artemis proves its new solution works with 1.5MW
turbines.
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DR WIN RAMPEN RECEIVING CARBON TRUST INNOVATOR OF THE YEAR AWARD, 2009

Innovative technology is obviously critical to the success
of Artemis, but its business philosophy also appears to have
steered it along an “alternative” path. Rampen says the
company has never wanted to depend on external investors
and has focused on carefully building its team, which now
numbers 26 people, including representatives from 10
different countries with a total of five PhDs between them.
Since it was founded, Artemis has added just two or three
people each year rather than pursuing expansion for its own
sake, unlike many other new companies in the technology
sector “who are always under pressure to grow too rapidly
and deliver immediate returns with immature technology,”
Rampen explains.
Rampen also thinks that some conventional attitudes to
business growth are too formulaic when it comes to
analysing the individual needs of different companies in
different sectors. In his experience, external events which
are outwith control can easily turn any company's plans
upside down, although not always in a negative way – for
example, the recent focus on carbon emissions has actually
given Artemis a boost. Different business climates and
different cultures can also be critical factors. What matters

most to Rampen, however, is the team and providing
solutions to the company's licencees, at the same time as
developing the core technology so that it goes beyond current
requirements, “constantly looking for synergies between
applications and requirements.”
After making the first Artemis machines with one or two
assistants, Rampen realised his most important task was to
build “a competent and motivated team of people” to move the
technology forward. “It is their combined dedication and skill
that has enabled the technology to blossom,” says Rampen.

Artemis may have gone down “a path not recognised,”
but Rampen also believes that, despite a certain serendipity
along the way, the company has always been agile enough
and able to change course when needed, “seize opportunities
and adapt to change.” The company has also challenged the
status quo in business and technology. “No-one else has gone
so far towards creating efficient hydraulic drives,” he explains.
“Hydraulics was a shrinking industry, resistant to change,
but we have proved it has a future.”

sciencescotland

ISSUE 9 SUMMER 2010 page 19

On the road to success...
DAVID TONERY (RIGHT)

The automotive industry is one of the biggest and toughest in the
world, but David Tonery, the managing director of Oxy-Gen, is
determined to prove that a small company based in Dundee can
compete with the corporate giants with an invention that could
revolutionise engine design – and help to bring about a greener,
lower-carbon future...

The Holy Grail of engines has always been the perpetual
motion machine, but even though David Tonery has not
discovered the secret, he himself never stops moving as
he travels the world in his search for a corporate partner
to take his young company onto the next stage of growth,
in its quest to build a better, “greener” engine for
automobiles.
Tonery’s interest in making the internal combustion
engine more fuel-efficient began at the University of
Dundee, where he studied mechanical engineering.
And what inspired his final-year project to develop a more
economic engine was buying a 2-litre turbo-charged SAAB
which was costing the young Irish student “a fortune”
in fuel costs. With the automotive industry also under
pressure to reduce its emissions, it was also a good time
to emphasise low-carbon features in engine design.
After graduating in 2005, Tonery stayed in Dundee and
founded Oxy-Gen Combustion, a company whose mission
is “to bring about a greener evolution in combustion by
delivering low-carbon, lean-burning motor engines.”
Two years later, Tonery won the first of his two SMART
awards from Scottish Enterprise to develop his concept,
quickly followed by financial help from Michelin Tyre,
which has a manufacturing plant in Dundee. As well as
aiming to support small local businesses, Michelin's
corporate focus on “sustainable mobility” also fitted well
with Tonery’s ideas, and this year, the company will
showcase Oxy-Gen at a major exhibition in Rio de Janeiro.
In 2008, Oxy-Gen won the Shell Springboard Award
for Scotland, in recognition of its efforts to develop
low-carbon technology, and in 2009 it received a Scottish
Enterprise Enterprise Fellowship from the Royal Society
of Edinburgh and won the Low Carbon Vehicle Partnership
Challenge.
Interest in Tonery’s concept is gathering momentum for a
number of very good reasons, and Tonery may have a dual
role to play – helping to deliver higher profits at the same
time as producing greener vehicles.

page 20

sciencescotland

ISSUE 9 SUMMER 2010

The technology
What 29-year-old Tonery is offering the industry is
something that researchers have been working on with
mixed success since before he was born – a new type of
engine which uses a technology called homogeneous
charge compression ignition (HCCI). An HCCI engine
not only reduces emissions of carbon dioxide and
consumption of fuel by approximately 15-30 per cent, but
also improves the overall efficiency of the engine and
virtually eliminates emissions of particulates and nitric
oxide, and can be incorporated into any type of motor
vehicle without the need to modify the vehicle design.
Several other “green” alternatives are being promoted,
including electric cars and hybrid vehicles, but Tonery
believes that HCCI will emerge as the dominant engine
because all the alternatives have serious drawbacks.
Electric cars, for example, are not only expensive to make
but also need a new infrastructure to function, including
power points and power management systems to cope
with the drain on the national grid as soon as an electric
car is plugged in for charging. Even if the infrastructure
was in place, electric cars are not low-carbon solutions
unless they are able to utilise renewable energy sources.
Using the standard electricity network, the best electric
vehicle today produces the equivalent of 99g/km of carbon
dioxide – comparable to many conventional passenger
cars. With the huge increase in the number of cars sold in
developing countries over the next few decades (see
sidebar), the relatively unattractive economics of hybrid
or electric cars may hold back sales and persuade more
consumers to purchase conventional cars that are
“greener” in other respects. “And the solution,” says
Tonery, “is likely to be a fossil- or bio-fuel engine that can
burn fuel leaner and reduce emissions without costly
after-treatment systems – for example, HCCI.”
In the longer term, other alternatives may be developed,
but in the meantime Tonery sees HCCI as “the stepping
stone between present conventional motor engines and
the fuel cell, or hydrogen vehicles of the future.”

Best of both worlds
The homogeneous charge compression
ignition (HCCI) engine is designed to
reduce fuel consumption and carbon
dioxide emissions by 15-30 per cent,
without a major change in vehicle or
engine architecture – thus reducing
running costs as well as overall
manufacturing costs.
The simple explanation is that HCCI
can provide the best of both worlds
– the fuel-efficiency of diesel with
the “cleaner” combustion of gasoline
engines – without the need for spark
plugs, after-treatment systems to filter
emissions or three-way catalytic
converters.

How it works
In a controlled auto-ignition (CAI)
engine, a lean mixture of air and fuel is
compressed to the point of auto-ignition.
Because there is no spark plug,
combustion is flameless and there are
multiple points of ignition. The result
is “lean low-temperature combustion”
which reduces nitric oxide emissions
close to zero. According to David Tonery
of Oxy-Gen, this also removes the need
for a three-way catalytic converter and
delivers the fuel efficiency of a diesel
engine.

So what makes Oxy-Gen’s new HCCI engine so different? As Tonery explains, the
clue is the company name. The efficiency of an internal combustion engine depends
on the relationship between three different factors: fuel, heat and air. While other
developers focus on new types of fuels (including biofuels) and heat (for example,
re-circulating exhaust gas), Oxy-Gen focuses on the “air” aspect of the equation.
One of the problems in previous HCCI designs is that once you get rid of the spark
plug, you need perfect conditions for “spontaneous combustion” – balancing air
pressure, temperature and air-to-fuel mix. Some critics also point out that HCCI
operates best when the engine is running at medium speeds, below 55mph. At low
speeds or “light load,” HCCI can lead to problems such as misfiring or partial
combustion, while at high speeds or “high load,” ignition tends to run away and lead
to “engine knock” which not only harms performance but also damages the engine.
Tonery's breakthrough was to increase the oxygen used by the engine. Based on the
fact that air is roughly 21 per cent oxygen (which burns well) and about 78 per cent
nitrogen (which won't burn), he realised the simple solution was to enrich the oxygen
content. “Altering the composition of the air was one more tool to use to improve
HCCI,” says Tonery. “It is more volatile but also increases the ignition, and gives us
more control, efficiency and flexibility.” According to Tonery, Oxy-Gen’s current
technology can handle the engine load “90 per cent of the time,” and the target is
to further improve that to full load. Oxy-Gen already has two patents for its engine
technology, and after the company signs an agreement with an industry partner,
this could lead to a flood of new patents as the engine moves into production.
Within two or three years, says Tonery, other manufacturers will try to catch up,
but for the moment he has “an idea that works” and is confident he is a few steps
ahead of his rivals.

Compression ignition diesel engines
also have limitations and emissions
remain a big problem. Even though
combustion is leaner, it results in high
particulate and nitric oxide emissions.
Both of these emissions can be treated
in the exhaust system, but this can
reduce efficiency by as much as eight
per cent – adding about £1,500 to the
cost of the vehicle.
An homogeneous charge compression
ignition (HCCI) diesel engine makes the
transition to flameless low-temperature
combustion, reducing nitric oxide and
particulate emissions close to zero,
because the air and fuel is premixed.
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The automotive industry
> Before the recent economic
recession, more than 70 million
motor vehicles were sold every
year round the world – bringing
the total number on the road to
over 800 million. By 2030, this
figure is expected to reach 1.3
billion vehicles and by 2050, the
total will more than double
again to three billion vehicles –
mainly due to growth from
emerging markets such as
Brazil, Russia, India and China.
> In 2009, China became both the
largest producer of automobiles
(overtaking Japan) and the
largest market in the world
(overtaking the US). Total output
last year was 13.83 million
vehicles (up from 9.34 million
the previous year) while total
sales were 13.64 million. An
estimated 50,000 companies in
China make auto components.
> The UK automotive industry is
the 13th largest in the world.
It employs about 800,000
people, but like many other
more established producers,
output has declined in recent
years – down from about 1.8
million vehicles in 2000 to
about one million cars and
120,000 commercial vehicles
last year. Total turnover in 2004
was just under £50 billion –
more than 10 per cent of total
manufacturing output.
> Market research firm Global
Insight believes that HCCI will
power nearly 40 per cent of
heavy-duty vehicles by 2020.
Road transport is responsible
for an estimated 26 per cent of
UK carbon dioxide emissions,
so if this turns out to be true,
HCCI could help reduce total
emissions from transport by
over two per cent.
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Future plans
Tonery may not be re-inventing the wheel,
but with a little help from Michelin and
others, (including Zeochem – a world
leader in air separation systems whose
technology was used on the NASA Space
Shuttles), the next step is for Tonery to
build a team of 6–8 people to develop the
concept, perform benchtop testing and
finally “integrate all the components and
get into production.” Within two years,
says Tonery, the company will have a
production-ready demonstrator engine.
Stationary versions of the engine (e.g.
generators) could be rolling out in three
years, followed by marine versions.
HCCI automobile engines could follow
in five years.
A recent survey by NAIGT (the New
Automotive Innovation and Growth Team),
which polled the major players in the
automotive industry, found that most
companies agree HCCI will not be widely
available until 2020 at the earliest, mainly
due to problems with auto ignition.
Although this may appear to be
discouraging, for Tonery it means an
opportunity, because it buys him time
to perfect his invention and prove it is a
practical alternative that offers major
benefits compared to other HCCI engines,
thanks to its unique approach to how the
engine uses oxygen.

According to Tonery, the industry cannot
be sure yet exactly how much HCCI will
deliver in terms of fuel savings. Some
manufacturers mention a figure of
15 per cent, while others go as far as 30
per cent. Tonery may play it safe for the
moment, saying the reality is likely to be
somewhere in between, but he is quietly
confident that 30 per cent will be possible
within the next few years – especially if
Oxy-Gen's technology becomes widely
adopted. Some manufacturers, including
Honda, have already said that only one
engine will win the technological race,
with HCCI the favourite.
There have been many false starts in the
history of engines, including perpetual
motion machines and cars that run on
water, but Tonery is driven to succeed with
his version of HCCI. He believes the secret
of success in the automotive industry is to
understand what manufacturers want,
and he is sure HCCI will prevail because
it offers multiple advantages.
In Scotland, we have had James Watt and
Robert Stirling, the inventor of the “heat
economiser” Stirling Engine. Will David
Tonery and Oxy-Gen be next? “Asking too
many questions can kill innovation,” says
Tonery, but his new design for HCCI may
be the answer.

Solar power
to the people
While many countries focus on the problems of reducing their
emissions of carbon dioxide by switching to renewable energy
sources, more than one billion people worldwide do not have
access to electrical power of any description. According to Neil
Robertson of the University of Edinburgh, solar energy has the
potential to be a solution for all – and his department's work
plays a critical role in making the technology not only more
efficient but also more affordable...

Photovoltaic (PV) cells were invented more than 50 years
ago but even today, despite advances in technology and the
economies of scale made possible by mass production, the
cost of solar energy is still too high for many people all
around the world.
During the 1950s and 60s, the space race boosted the
development of solar cells for use in spacecraft, but it
wasn't till the 1970s and 80s that the technology became
cheap enough to come within the reach of consumers –
and even then it was regarded as a luxury.
In recent years, especially in countries with northern
climates, such as Scotland, which have about half the
“usable” sunlight of countries such as Spain, wind and
marine sources of energy have been grabbing the
headlines; but there is little doubt that solar energy will
play a major role in the renewables industry as time goes
by, thanks to recent advances which make solar energy
more cost-effective than ever before – even in Scotland.
According to Dr Neil Robertson of the Department of
Chemistry in the University of Edinburgh, the sun provides
10,000 times more power than all human beings require,
and a single hour of solar radiation is enough to run every
electric device for a year. This may not be news, of course,
but Robertson thinks that the tendency for many people in
Scotland to dismiss solar power is a major mistake, because
we'll soon have new technologies to help us exploit it.
Despite current prices, worldwide sales of PV cells are
growing by about 25 per cent every year, and Robertson
believes that we will soon reach a “tipping point” in solar
power, when it becomes more cost-effective than fossil
fuels, initially in warmer climates where conditions are
better for photovoltaics. “And in Scotland,” he says,
“it’s only a matter of time before solar energy also
takes off, as prices begin to decline.”

DR NEIL ROBERTSON

New technologies emerge
What makes Robertson so confident that we are on the
verge of a breakthrough is the rapid development of new
PV technologies that will make it much easier and cheaper
to tap solar power. Robertson is working on two of these
– a low-cost device called a “dye-sensitised solar cell” or
DSSC, and a light-collecting device called a “luminescent
solar concentrator” or LSC. Both these approaches are
better at absorbing lower levels of sunlight, including the
diffuse light which passes through clouds. DSSC units can
also be made very thin – flexible enough to be attached to
clothes or rucksacks.
Robertson’s research group develops new dyes for
PV devices – synthesising new functional molecules,
understanding their properties and finding new
applications:

1 Dye-sensitised solar cells (DSSC)
These cells use a cheap semiconductor – a network of
titanium dioxide (TiO2) nanoparticles – which does not
normally absorb visible light. When the dye is put onto the
surface, it gives the cell the ability to absorb the visible
light (photons) where the majority of solar radiation lies.
When a photon “excites” the dye, it transfers an electron
from the dye molecule to the TiO2 semi-conductor on the
electrode and the positive charge (the “hole”) which is left
on the dye is transferred to an electrolyte solution (liquid
or gel). The interface between the dye and the titanium
dioxide is “where it all happens,” says Robertson. The
charge separation gives the electrical potential desired,
and gets a current (the electrons) flowing through the
circuit which can then be converted to power.
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How DSSC works
Photovoltaic cells “harvest” the photons
in sunlight and convert solar energy into
electrical energy.
When a solar cell absorbs light, the
photons “excite” an electron, which
becomes separated from the “positive
hole” left behind in the atom. This charge
separation is the crucial first step that
captures the energy derived from the
incident photon. The negative electron
migrates to an electrode, and the
hole attracts another electron from a
neighbouring atom, effectively moving
the hole which ultimately migrates to
the other electrode. Thus the electrons
and the holes are collected at different
electrodes giving an electrical potential
(voltage). This drives a flow of the
electrons (current) round the outer
circuit where they can do some work
(e.g. light a bulb or turn a motor) before
combining with the holes at the other
electrode and returning the system
to its starting point..
Crystalline silicon cells are solid-state
devices that use a continuous lattice
of silicon. When the electron is excited,
it is easy to separate it from its positive
hole because they're both spread out
across the “infinite” lattice, so the
electrostatic attraction they feel for
each other is low.
In a dye-sensitised solar cell (DSSC), the
electron and the hole are created in the
same way, but they're very close together
because they are confined to one small
molecule, rather than spread out over a
very large lattice. This means there is a
strong negative–positive electrostatic
attraction between them and they tend
to stick together. The electron–hole pair
is called an “exciton,” and to get the
electrons to flow and produce an
electrical current, they are pulled apart
using an interface between dissimilar
materials – a dye with TiO2 on one side
and a redox electrolyte on the other side.
The major difference between DSSC
and crystalline silicon cells is therefore
that DSSC cells use molecules rather
than an infinite lattice, and also have to
use a different mechanism to separate
electrons from their positive holes –
a process described as “excitonic”
because it deals with excitons or
electron–hole pairs.
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2 Luminescent
solar concentrators
This is a light-concentrating device
– a flat perspex sheet with special
luminescent dyes inside – which catches
light over a large area and concentrates
it onto the edge of the sheet, reducing
the area and therefore the cost of the
solar cell unit required. The dyes inside
the perspex sheet absorb the incoming
light and then re-emit it. The emitted
light is trapped in the sheet in the same
way light is trapped in fibre-optics and it
is guided to the solar cells at the edge of
the sheet, which convert the light into
electrical energy. Robertson suggests
that the sheets could be made into
building components – like coloured
bricks or windows that can be visually
attractive as well as functional.
(The University of Edinburgh is working
on this project in collaboration with
engineers at Heriot-Watt University.)

The rise of DSSC
Even though Robertson may sing the
praises of DSSC, he believes there is
room for a number of different
approaches to PV design, including
conventional crystalline silicon cells, in a
market which is big enough for everyone
and continues to grow. Different criteria
make different options attractive. DSSC
is much cheaper and can be used in
much thinner, more portable units, while
crystalline silicon cells are more costly,
efficient and stable, which makes them
much more suitable for use in solar
power plants.

DSSC was first developed in the early
1990s, when it was shown to have a
power-conversion efficiency of about 11
per cent – lower than crystalline Si cells
but significantly cheaper, because it used
a relatively low-cost semi-conductor and
other cheap materials. To begin with, the
new type of cell was less stable than
crystalline silicon cells because it used
solution-based electrolytes as well as
more volatile solvents. This meant it
was harder to manufacture and did not
last as long as conventional cells, but
Robertson explains that despite all these
drawbacks, DSSC will have a huge
impact worldwide simply because it is
cheaper – and more practical for many
applications. As advances are made to
improve the stability, efficiency and
manufacturability of the devices, and
new applications emerge, sales could
increase dramatically in coming years,
both in northern countries and in
developing countries.
Robertson, who has studied and worked
in the UK and Germany, specialising in
synthetic chemistry and functional
electronic materials, is particularly
excited by the prospects of DSSC in
developing countries, because it is a
highly cost-effective alternative to other
PV devices. “People in remote villages
need very basic electric appliances such
as mobile phones and lights, and DSSC
is a very cost-effective solution with the
potential for production to be ramped
up comparatively quickly,” he says.

Collaboration
As well as developing new types of dye, Robertson and his
team also focus on the redox electrolyte – the transport
medium which moves the “hole” from the dye to the
positive electrode. When the electron separates from the
dye and moves through the TiO2 to the negative electrode,
it leaves behind on the dye a positive hole which is simply
the absence of an electron. The main objective is to move
beyond liquids and gels to solid-state hole transporters,
making the DSSC much more stable and easier to
manufacture.
Robertson and his team are members of the SuperGen
Excitonic Solar Cell Consortium, bringing together
researchers at Imperial College and the Universities of
Bath, Bristol, Cambridge, Loughborough, Oxford, Warwick
and Edinburgh. The main objectives of the project are to
develop new materials and novel designs, as well as to
optimise the fabrication methods. There are also plans
to work with other scientists in India to develop new
transport media for DSSC.
Steady progress has been made with DSSC designs
in recent years, but this is measured more in terms
of “understanding the mechanisms involved” rather

than simply efficiency, as researchers seek to improve
stability and manufacturability. This is already attracting
investment. For example, a Cardiff-based company
called G24 Innovations is now manufacturing DSSC
products on a commercial scale, making flexible solar
cells to charge mobile phones and power lighting –
the first in the world to do so.

Long-term benefits
According to Robertson, the relatively low efficiency
and shorter lifespan of DSSC is not necessarily a barrier,
since the whole point is to make low-cost devices that
can be used for applications such as portable or
wearable chargers. The major long-term benefits are
less embedded energy (less manufacturing energy and
materials) and lower capital costs – it is relatively easy
to set up a production plant, compared to traditional
silicon cells which require costly foundries.
The development of new dyes that harvest more photons
and are also more stable (less likely to decompose),
combined with solid-state designs, could lead to a
“step-change” in DSSC, says Robertson – suggesting
that when it comes to future technologies, the sky is
the limit.
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CCS: Time for action
It is widely believed carbon capture and storage (CCS) will play a major role around
the world in the bid to meet our future electricity demands at the same time as
reducing emissions of carbon dioxide. The basic technology for CCS has been around
for decades, but in recent years researchers such as Professor Stefano Brandani
have been investigating new techniques and new types of materials which promise
to make CCS not only much more efficient but also more economic...
Even though the media and some politicians may give the
impression that carbon capture and storage (CCS) will
enable us to “have our cake and eat it,” building lots of
coal-fired power stations which would actually reduce our
carbon footprint, there are no easy solutions to the energy
problem. CCS has the potential to reduce emissions of
carbon dioxide by 90 per cent, while still taking full
advantage of our vast reserves of fossil fuels, but the
testing of CCS systems in real-world conditions is only
beginning – and it may be another five years before the
first commercial-scale CCS system is running.
The benefits of CCS are obvious, but there is also a
downside – even though they will clean up emissions,
without proper integration CCS systems may well account
for up to 40 per cent of the total energy output of a typical
coal-fired power station. Researchers may be able to
reduce this to 30 per cent in the very near future, but
more effort is needed to achieve further improvements.
There is also no escape from the fact that CCS will take
some time to implement and will be very expensive, but
the cost of doing nothing would be catastrophic, says
Professor Stefano Brandani of the Institute for Materials
and Processes in the School of Engineering at the
University of Edinburgh.
The UK Climate Change Act 2008 aims to cut our
emissions by 80 per cent by the year 2050, but even if
we meet our targets, other countries may ignore the
problem and “tip the ecological balance,” so it's vital to do
something now, says Brandani. Most scientists agree we
need a mix of solutions – including renewables, fossil
fuels and nuclear – to meet demand for electricity. Even in
Scotland, where renewables offer tremendous potential,
no single solution would meet all our energy needs, but
we will need to use at least two of the three major options
– or we will find it very hard to reach our targets.
Fossil fuels will also play a major role in meeting future
energy needs, whether we like it or not. According to the
International Energy Agency (IEA), fossil fuels will still
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account for 80 per cent of the world’s primary energy mix
in 2030 and coal will continue to generate half of our
power. And that is why Brandani is determined to make
CCS more efficient and cheaper.
Every new power plant being constructed in Europe is
CCS-ready and most of the others can easily be retrofitted,
but the first generation of CCS systems is still at the
prototype stage. In Scotland, for example, ScottishPower
last year (2009) launched a test project to capture carbon
dioxide emissions from the Longannet power station in
Fife – the first time that this has been done at a working
coal-fired power plant in the UK. The prototype, developed
by Aker Clean Carbon, is a small-scale demonstration of
what is to come, testing the efficiency of different solvents,
but Brandani says that this is an important first step
towards a commercial-scale CCS project and agrees with
ScottishPower that CCS offers the potential to create a
whole new industry on the same scale as North Sea oil,
creating thousands of jobs.
The different options for CCS systems all have their
merits, says Brandani, and all will cost roughly the same.
Amine-based solutions (using chemical solvents) have
been used to separate carbon dioxide in industrial plants
since the 1920s and new plants continue to move the
technology forward. For example, Mitsubishi has a pilot
plant in Malaysia that captures emissions at a rate of 200
tonnes per day, but this is still very small compared
to the total emissions from a typical 1GW (i.e. 1,000MW)
coal-fired power station – about 750 tonnes per hour, or
almost 100 times more.
“We are confident that these solutions work but we
need to improve them,” says Brandani. “We will need a
significant research effort to optimise first-generation
amine-based systems, and also to get them working on
a much larger scale. In parallel, we must develop
second- and third-generation solutions to address
the limitations of the first generation.”

Hot air?
Conventional CCS uses three
basic methods: pre-combustion
(removing carbon dioxide from
the fuel before burning), postcombustion (capturing the CO2 in
the flue gas) and oxy-fuel (more
efficient combustion, using purified
oxygen). The more developed
countries have been pumping out
increasing amounts of carbon
dioxide since the dawn of the
industrial age, and as well as
emissions from power plants we
also have a problem with emissions
from transport, land use and
industrial production – for example,
cement factories and refineries.
This all adds up to a vast amount of
carbon dioxide in the atmosphere,
and one proposed solution is a
network of devices (like very large
windmills) to suck CO2 from the air.

PROFESSOR STEFANO BRANDANI

According to Brandani, one of the best ways to improve the efficiency of
post-combustion solutions is to develop new types of adsorbents, screening
novel microporous materials to identify the best candidates. Ultimately,
Brandani hopes these new high-tech “sponges” will be able to reduce the
energy diverted to CCS by about 50 per cent. “We are working on novel
adsorbents and processes, to develop the underpinning science for
these technologies, and all of this takes time and money. We can only test
so many new materials a day, but regardless of cost, we must do it.”
Brandani is currently engaged in a wide range of research projects, based
in his laboratory in the University of Edinburgh. For example, his group has
developed a semi-automated measuring device and a set of numerical tools
to analyse the properties of various nanoporous materials, and a novel type
of apparatus that will be used to “characterise the performance of adsorption
columns with several grams of solid material.” This new device will have
“direct applications to the characterisation of process parameters used for
gas separations,” and the main aim is to develop a proof-of-concept unit
that will extend the capabilities of the group's laboratory.

There are several arguments in
favour of air capture, including low
energy consumption. And according
to a recent report by the Institution
of Mechanical Engineers, based
on research carried out by the
University of Columbia, the cost of
a UK-wide network of air capture
devices (about 100,000 units) would
be about US$2 billion and cover an
area of only six square kilometres.
Professor Brandani vigorously
questions these figures, citing a
number of problems, including
humidity (the tests were carried out
in the New Mexican desert, not
humid or cold, damp climates
like that of Scotland), planning
regulations and production costs.
He believes it would cost 10 times
more than “conventional” CCS and
consume two to three times more
energy. It would also require
infrastructure to transport and
store the carbon dioxide it “scrubs”
from the air, says Brandani, which
would add even more to the cost.
“It is not difficult to produce air
with very low CO2 content,” adds
Brandani, citing examples such as
submarines and spacecraft.
“The difficult part is to concentrate
the CO2 – which is technically
feasible but also expensive, needs
considerable amounts of energy
and requires incentives and
legislation.”
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The
billion-pound
question
In 2007, the UK Government launched a
competition to stimulate development of CCS,
with a prize of about £1 billion to help fund a
commercial-scale post-combustion demonstration
project and get it up and running by 2014. This
emphasis on post-combustion meant that one plan
for a novel pre-combustion solution in Scotland,
developed by BP, Conoco-Phillips, Shell and
Scottish Southern Energy, was withdrawn from
the contest before it had even begun. The idea
was to generate 350MW of carbon-free electricity
(enough to power 250,000 homes) at the
Peterhead power station in north-east Scotland,
using hydrogen extracted from natural gas,
then transporting the carbon dioxide via an
existing pipeline to inject it in the Miller Field,
for long-term geological storage 240km offshore
in the North Sea.
Approximately 1.3 million tonnes of carbon
dioxide would have been stored in the oil field,
and according to a media release at the time:
“The injection of carbon dioxide into the reservoir
could increase the amount of oil extracted from
the field, potentially allowing the production of up
to 40 million additional barrels of oil and extending
the life of the field by 15 to 20 years.”
According to Professor Stuart Haszeldine, one of
Professor Brandani’s colleagues at the University
of Edinburgh, the decision not to go ahead with
the project was a missed opportunity for CCS in
general and a setback for pre-combustion in
particular. “It would have enhanced oil recovery
in the North Sea and got the oil companies
involved from the start – to kick-start the CCS
industry in Scotland. The Peterhead project
could have been a world leader, operational by
2009, if the Government had been ready for
commercialisation.”
In March 2010, the UK Government announced the
outcome of the initial phase of the competition
to build the first demonstrator of carbon capture
and storage. ScottishPower, with the planned
retrofit of Longannet, and E.ON, with the new
coal-fired power plant at Kingsnorth, have been
selected to carry out front end engineering and
design (FEED) studies to develop the process.
The 2014 deadline is now very close and
Brandani believes that much work still needs
to be done in order to develop the full CCS chain,
from capture to storage and long-term monitoring.
“It is an exciting time and with the support of
the UK and Scottish Governments, there is an
immediate opportunity for the University of
Edinburgh to become an international centre
of excellence in CCS, linking industry and
academia,” he says.
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Another of Brandani's long-term projects is research for the US
Department of Energy, in partnership with UOP, a Honeywell company,
to investigate and synthesise novel nanoporous materials for
post-combustion carbon capture. Now in its third year, the project
involves rapid screening of novel metal-organic adsorbents for carbon
capture, using a new type of “zero length column apparatus”
(a chromatographic technique that can provide both the equilibrium
and kinetic properties of adsorbents) developed by Brandani that allows
researchers to test the effects of simulated flue gas on a
very small scale in the lab. This new device contains a tiny amount
less than 15mg) of the material used to “filter” the gas passing through
it, extracting the carbon dioxide, and a mass spectrometer to study the
influence of water and other impurities. The University of Edinburgh
is the only non-US research partner involved in the project.
The new technique developed by Brandani makes it possible to screen
more materials and more variants than ever before. All the candidate
materials are compared and ranked according to different criteria such
as how much of the gas they adsorb, how quickly they do it and how
often the material will need to be replaced. How will they cope in
dynamic conditions? How will they interact with water and other
impurities such as sulphur dioxide? How much will they cost?

Brandani's work focuses on so-called
“second-generation solutions.” But he
strongly believes that even though
researchers may soon be able to double the
efficiency of CCS, we still need to implement
first-generation solutions as soon as we can.
“Twenty to 30 years from now, demands may
get more stringent and we may need to
capture 95 per cent of all emissions,
compared to our targets today. But the key
thing is to start doing it now, starting with
power stations, then quickly moving on to
other sources such as industrial plants.”
This urgency is not just because we have
no time to lose but because we need to see
different systems in action. “We need to find
out which technology will work best under
dynamic conditions,” says Brandani.
The UK demonstration projects in the
pipeline are for capturing carbon dioxide
at a scale of up to 400 megawatts of electrical
output. This is enough for the purpose of
testing the full carbon capture and storage
chain, he says, and it can be easily scaled
up in future.
There is a more favourable environment
for CCS today than 12 years ago in the wake
of the Kyoto Protocol, when Brandani's work
was starting to get off the ground, but he
strongly believes that we must start
implementing CCS solutions now, not just
in power stations but wherever greenhouse
gases are emitted, including industrial plants.
Working as part of a team based
in the University of Edinburgh, Brandani
also sees great potential in Scotland for CCS,
but says that if we want to be a leader, we
have to start investing right away – with
demonstration projects such as Longannet
key to success – so we can learn from our
experience and create the collaborative
framework required to develop the next
generation of CCS systems.

The scale of
the problem
> Carbon capture and storage (CCS) is a process
which separates, compresses and stores carbon
dioxide in porous rocks or holes in the ground
(e.g. saline aquifers and old oil & gas fields) –
and it is likely to be one of the most economical
options to reduce greenhouse gases.
> CCS can capture up to 90 per cent of the carbon
dioxide emissions from power stations, using
chemical solvents such as methyldiethanolamine
or special membranes, and it may be able to
contribute up to 50 per cent of the total reduction in
greenhouse gasses over the next few decades – in
other words, CCS could be half of the total solution.
> The average person in the UK is responsible for
about 10 tonnes of CO2 emissions every year.
The cost of storing CO2 in North Sea aquifers would
be an estimated £20 pounds per tonne – about £200
pounds per person – and improvements in efficiency
could halve this.
> The Intergovernmental Panel on Climate Change
(IPCC), set up by the United Nations Environment
Programme and the World Metereological
Organization, says there is a less than 50:50 chance
that CO2 will be stabilised in the atmosphere at 450
parts per million (ppm) – the so-called “safe” level
for climate change. The current figure stands at 383
ppm. The IPCC also states that global CO2 emissions
will have to be between 50 and 85 per cent lower
than 2000 levels by 2050, becoming negative by 2070
and beyond.
> The International Energy Agency (IEA) predicts a 50
per cent increase in global energy demand by 2030.
This would help to double CO2 emissions to about
14 billion tonnes per year by 2050, increasing the
amount of CO2 in the atmosphere from 800 billion
tonnes today to 1,200 tonnes by 2050.
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The business
of science
PROFESSOR STUART HASZELDINE

Carbon capture and storage (CCS) may increase the total cost of generating
power but it could also generate profits – at the same time as saving the planet.
And for Professor Stuart Haszeldine, if we want to tap its full potential, we
need an integrated approach to CCS, involving sociologists, economists and
lawyers as well as engineers and scientists...
He may be a geologist but Professor Stuart Haszeldine
of the University of Edinburgh believes that to make any
progress in reducing our emissions of carbon dioxide,
we need to do a lot more work in legislation, business and
technology – as well as pure science. “Science doesn’t have
all the answers,” he says. “CCS requires a multi-disciplinary
approach and that's what we are doing here in Edinburgh –
looking at the legal, socio-economic and political issues,
as well as the chemistry, geology and engineering.”
According to Haszeldine, who has focused on carbon
capture and storage (CCS) since 2003, Scotland could also
play a critical role in the CCS industry in future, not only as a
centre of research and development but also as a “storage
tank” for vast amounts of carbon dioxide – with enough
porous rocks and “holes in the ground” to store an
estimated 100 years-worth of Europe’s emissions of carbon
dioxide. Haszeldine describes CCS as oil and gas extraction
“in reverse,” and points out it could also help improve the
overall efficiency and extend the lifespan of North Sea oil
fields, if they are used for CO2 storage – extractng extra oil
for no extra carbon.
Haszeldine is also very frank about the scale of the CO2
problem – and the decisions we will have to make to solve it.
The evidence of climate change is hard to ignore – for
example, the acidification of the oceans. For 40 million
years, the pH level of the sea hardly varied, but since 1750,
it has gone down by half a per cent. By 2050, scientists
estimate that the ocean will be five times more acid than at
any time since glaciation. This means major changes in
nutrient levels, and marine experiments already show a
significant impact on sealife – for example, squid and
octopus numbers, plankton and coral. And the culprit is
carbon dioxide, released into the atmosphere by burning
huge amounts of fossil fuels for different applications –
half of which dissolves in the ocean.
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“We're all complicit,” he declares. “If we want cheap energy
(including electricity for transport) and decide that coal is
the answer, we will need CCS. There is lots of talk of energy
efficiency but we are likely to consume 30 per cent more
energy per head by 2030.”
We have a “fixation” on burning coal, says Haszeldine, but we
can’t ignore the fact that fossil fuels will be a major source of
energy for decades to come, because they are available at
such attractive costs. We may have reached the tipping point
in oil – having used up more than half of our total reserves –
but the planet still has huge amounts of coal and we’ve only
just started on natural gas. There are also huge reserves
of methane trapped under the icecaps. Haszeldine, who
worked for 20 years in the oil and gas industry, describes
coal and gas as our “insurance policy,” and if they continue
to meet a significant proportion of our energy needs, the
question is how to cut the carbon released into the
atmosphere – and the answer is CCS. About a third of
Scotland’s greenhouse gases come from coal-fired power
stations (plus 10-20 per cent from industrial plants and 25
per cent from land use), so to reduce our total carbon dioxide
emissions by 50 per cent by the year 2020 is highly unlikely,
Haszeldine says, unless we get a move on with CCS.
CCS will cost a lot of money, says Haszeldine, but it is
worth every penny and will become a lot cheaper in future.
Putting it into perspective, CCS power generation systems
today cost about the same as onshore wind and about half
the cost of offshore wind, but the cost will go down over time
as we implement projects more widely. CCS also adds about
50 per cent to the cost of a new gas-fired power station,
but this is not a huge amount compared to the alternatives.
For example, a nuclear power plant costs about four or five
times more to construct, and it takes about 15 years to
recoup the investment, compared to only three to four years
for a gas-fired plant. What we need, in Haszeldine’s opinion,
is price support to kickstart the CCS sector, in a similar way
to the wind turbine industry.

Is carbon storage safe?
It would be impossible to store thousands
of millions of tonnes of carbon dioxide in
conventional tanks, but natural containers do
exist – for example, old oil and gas fields.
One recent study estimated that the UK has the
capacity to store about 5.3 billion tonnes of
carbon dioxide in depleted oil fields and about
three times as much in gas fields – enough for
about 40 years of the UK's total emissions.
The carbon dioxide would be transported via
pipelines then pumped into oil fields several
kilometres under the surface. This would not
only get rid of the unwanted gas but would also
help to increase the amount of oil extracted,
from about 45 to 60 per cent of the total
available resource. This approach could even
lead to “zero carbon” energy by storing one unit
of carbon dioxide for every single unit that's
extracted.
Porous rocks – or “saline aquifiers” – could
store an estimated 700 billion tonnes of carbon
dioxide. “Our porous rocks are another huge
asset,” says Haszeldine, “and offer hundreds of
years of storage capacity. Carbon dioxide has
been naturally stored in rocks for 50-60 million
years, so it must be safe...”

The three professors
With CCS, says Haszeldine, we have an opportunity to learn
from our mistakes – and focus on the economic benefits rather
than on costs. The UK used to be a leader in nuclear power,
but we have lost a lot of talent through the years as investment
slowed down. Similarly, we invented a lot of the technology
for wind turbines then lost the initiative to overseas producers.
“We didn't have enough projects in the pipeline to sustain a
national industry,” says Haszeldine – a mistake that we
should not repeat with CCS. “We need a minimum of four
commercial-sized projects, and we also need to sort out
legal issues and certification,” he adds. For example, the UK
government has signed international agreements to permit
the storage of CO2 “in sub-seabed geological formations”
as well as in offshore sedimentary rocks beneath the North Sea
and the Irish Sea.
Haszeldine also believes that we are “living off the fat of the
nationalised industries” when it comes to the existing electricity
infrastructure. “The so-called free market is not free,” he adds.
“For CCS to work, we need to overcome strategic problems,
and the Government must intervene.”

The University of Edinburgh (UoE) has made
a major commitment to CCS research and
recently recruited Professor John Gibbins to
head up Power Plant Engineering & Carbon
Capture, working as part of a team which also
includes Professor Stuart Haszeldine, a
geologist who focuses on storage and the wider
issues involved in CCS, and Professor Stefano
Brandani, who specialises in the chemical
processes used in the capture of carbon dioxide.
The ultimate aim is to make UoE a centre of
excellence for CCS, looking after every step in
the process from capture to transport all the
way through to storage, taking into account
economics, social impact and legal issues, as
well as chemistry, geology and engineering.
The UoE is also doing research into specialist
topics like biochar, in conjunction with its
neighbours at Heriot-Watt University, helped
by a five-year grant from the Scottish Funding
Council.
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Biochar
Biochar is a fine-grained, highly
porous charcoal produced by
burning agricultural waste
(e.g. biomass or straw from
wheat, sugar cane and rice) to
generate power, then ploughing
the by-product into the soil.
The biochar helps the soil retain
nutrients and water and makes
it more fertile. The carbon in the
biochar resists degradation and
can be stored in soil for hundreds
to thousands of years – providing
farming benefits as well as
addressing the problem of
climate change. According to
Professor Stuart Haszeldine,
biochar could remove billions
of tonnes of carbon dioxide
from the atmosphere, at levels
comparable to CCS.
The University of Edinburgh
has three staff doing specialist
research in biochar, as part of the
UK Centre for Biochar Research,
looking at the different types of
vegetation and waste streams.
“Biochar needs authentication
and standards for measuring
efficiency,” Haszeldine says.
“We need to study the effects
to find out which parts oxidize
and which stay in the soil, as
well as studying the engineering
problems. We also need to
understand the social and
economic impact, to convince
more farmers to get more
involved.”

page 32

sciencescotland

ISSUE 9 SUMMER 2010

IMAGE: PETER BARR

We need to cut emissions, but the private sector has to make
profits. The government could force the power companies to
implement CCS in all power stations, but a more practical option
would be government subsidies to compensate the power
companies for the difference between the price of building a new
conventional fossil-fuel power station and one with CCS, as well
as the difference in operating costs.
The CCS industry does not need a handout, however – simply
strategic investment. In the long term, it would generate
significant profits at the same time as reducing emissions,
and be an integral part of an industry with an enormous
potential to generate and even export excess electricity.
“CCS is still a new industry,” Hazeldine says, “and new
industries cost money. But we have all the skills to develop
and commercialise CCS now, implementing projects which
will help us hold on to our talent.”

The UK Government has plans to fund major
CCS projects (see page 28), and the EU also
has seven medium-scale projects in the
pipeline, investing about 150 million euros
in each, including five post-combustion
amine-based projects plus 12 smaller
projects on the scale of Longannet. The first
EU-backed CCS project in the UK will be at
Kingsnorth, and should be operational
by 2014, with three more up and running in
the UK by 2018. “The current projects
are the bridge we need to full-scale
commercialisation,” says Haszeldine.
“We need public funding because power
companies generally do not take risks
– unlike oil and gas companies.”
The UK CCS Consortium – a three-year
programme involving a network of 14
universities funded by the NERC – was a step
in the right direction, says Haszeldine, and
the academic sector now has to rise to the
challenge ahead, not just collaborating with
each other but also with utility providers and
the oil industry (e.g. to find potential storage
sites), as well as major players in
transportation and engineering.
According to Haszeldine, Scotland also has
a great opportunity in CCS, with initiatives
such as the Scottish Centre for Carbon
Storage (SCCS) leading the way. “Scotland
has come from nowhere to become a major
international player,” he says. The EPSRC
recently set aside £38 million for new CCS
projects, including £2m for Haszeldine's
department to investigate a number of
topics, including environmental impact
and climate change.
Among the projects being carried out in
Edinburgh is one which looks at biochar –
a way of storing carbon in the soil, using
charcoal produced by burning biomass or
other agricultural waste, an approach which
could provide a very local solution for any
size of operation, from industrial farms to
allotments.
The UK aims to cut its emissions by 80 per
cent by the year 2050. Many people bury their
head in the sand when they think of the scale
of the problem, but Haszeldine suggests the
best solution is to face the facts and bury the
problem – and in the process make money.
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Underpinning most of modern biology, bioinformatics is an essential component of the
‘-omics’ high-throughput methods that are cataloguing the molecules of life. It is critical
to systems biology and synthetic biology, which provide more holistic insights into
living systems. Being the fusion of information and computing sciences with biological
science and medicine, it is multi-disciplinary by its very definition and is expanding its
cross-disciplinary nature by interfacing with bio-physics and chemi-informatics in a
number of fields, ranging from molecular structures to drug discovery.
A project of the RSE Scotland Foundation, the Scottish Bioinformatics Forum (SBF)
works together with government development agencies, universities, industry
organisations and networking organisations. The SBF’s mission is to suggest and
facilitate mechanisms and avenues for an integrated approach that will build and
improve capacity and capability in predictive and quantitative biomedical research.
The SBF supports the research community by providing linkage, coordination, training
and advice in computational biology to researchers active in life sciences and medical
research in academia, the NHS and in industry.
Key operational objectives of the SBF are:
• Enhancing knowledge and understanding, and facilitating the wide-spread
use of the most recent advances in bioinformatics technology in both
academia and industry;
• Establishment of a forum for interdisciplinary interactions, building bridges
between research pools, and stimulating novel collaborative research
projects;
• Maximising knowledge exchange in the field of bioinformatics.
For more information see http://www.sbforum.org/
or contact Dr Chris Janssen – SBF Director
tel: 0131 240 2783, email: contact@sbforum.com.

www.sbforum.org

Don’t miss our next issue:

Informatics

The Scottish Informatics
and Computer Science Alliance (SICSA)
Although the word ‘Informatics’ was coined in the 1950s, it’s become very much a
21st-Century concept.
As digital technology continues to extend its reach across the globe and into every
aspect of our day-to-day lives, the scope of computer science has broadened into
Informatics – the study of how natural and artificial systems store, process and
communicate information. Just as Informatics brings together disciplines as varied
as linguistics, artificial intelligence and robotics, Scotland unites academics,
researchers and business people who are increasingly working together as a
world-leading community of excellence.
Scotland’s expertise and enthusiasm has already generated a wealth of successful
and ground-breaking technologies and companies and in 2008 the Scottish Funding
Council with ten Scottish universities, agreed to commit over £29 million over a
seven year period to establish the Scottish Informatics and Computer Science
Alliance (SICSA).
This unique collaboration pools the universities’ research expertise and enhances
research capability, attracting top-flight students and staff and establishing a
world-leading presence on the international stage.
Research within SICSA is growing rapidly and we have already recruited to 30
new research posts and 60 new PhD posts. Further appointments will be made
over the next three years.
Advanced postgraduate training through the SICSA Graduate Academy is helping
to attract the world’s best research students and to inspire the next generation
of entrepreneurs.
Activities are focused across four key research themes and the next issue
of Science Scotland will provide a welcome opportunity for SICSA to showcase
these activities to the wider community.
SICSA aims to ensure that Scotland continues to shape tomorrow’s information
society and digital economy. Through focused investment – which fosters
fresh collaborations with academics, corporations, and agencies – SICSA will
generate a critical mass of research excellence to rival Boston, Pittsburgh, Kyoto
and Silicon Valley.

Science Scotland – bringing you the best of Science and Technology from Scotland
– is published by the Royal Society of Edinburgh, with support from:

The Scottish Government is responsible for most of the issues of day-to-day
concern to the people of Scotland, including health, education, justice, rural
affairs and transport.

The Royal Society of Edinburgh, Scotland’s national academy, was founded in 1783
and the Fellowship today includes some of the best intellectual talent in academia,
the professions and business. The RSE facilitates public debate, research
programmes, educational projects and strategy formulations. Its strength is its
diversity and impartiality. The Society’s unique multi-disciplinary approach enables
it to draw from and link with a broad spectrum of expertise to enhance the
understanding of globally-important issues. In fulfilling its Royal Charter for the
‘advancement of learning and useful knowledge’, the RSE seeks to contribute to
the social, cultural and economic wellbeing of Scotland.
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