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IEA Members have repeatedly called for increased energy technology development to help
countries respond to the climate-change challenge.The IEA Committee on Energy Research and
Technology (CERT) and the IEA Secretariat have therefore undertaken an assessment of the energy
technology developments that could generate significant cuts in CO2 emissions while also meeting
security and economic goals in the energy sector.

This paper presents the assessment’s initial findings. Annex 1 provides an overview of promising
areas for clean technology development.

THE GREENHOUSE GAS CHALLENGE 

Energy is crucial to economic growth and development. It powers the modern economy and
underpins economic and social welfare advances in developing countries. Demand continues to
expand worldwide for energy services such as heating, lighting, communications, transport and
industrial motor drive. Indeed, global electricity demand is likely to double by 2030 and could reach
many times that level by the end of the century. Current “business-as-usual” trends show fossil fuels
meeting most of this growth and remaining the dominant energy source for decades.

The “business-as-usual” scenario is neither sustainable vis-à-vis the environment nor
secure vis-à-vis supplies of energy. At the same time, each country’s aspirations regarding
economic growth must be respected in the pursuit of an alternative energy future.

Stabilising greenhouse gas concentrations in the atmosphere is therefore one of the most complex
environmental challenges facing the energy sector. The sector is responsible for around 85% of
anthropogenic greenhouse gas emissions. Current trends point to emissions of CO2 from the
global energy sector rising to 70% above today’s levels by 2030 (see Figure 1). Because CO2 has a
long lifetime in the atmosphere, stabilising greenhouse gas concentrations will require
sharp cuts in energy sector emissions.

As discussed in IEA/GB(2003)5 (“Beyond Kyoto: Next Steps”), additional policy approaches will be
needed to bring about deep reductions of energy-sector emissions.Regardless of the policy approach,
deep emissions reductions will come about only by transforming the global energy
system into one that relies extensively on advanced,efficient, low-emissions technologies
for supply, transport, storage and use of energy. This will not happen overnight. Advanced
energy technologies will have to be adopted progressively, whenever decisions are made to invest in
new energy technology and infrastructure. But new technologies will only be adopted if they are
available, have the necessary supporting infrastructure and compete well with conventional solutions.

Much capital stock – buildings, power plants, factories, heavy equipment – lasts a long time once in
place. Investment decisions taken now and over the next few decades will influence
global emissions for the rest of this century. Curbing the upward “business-as-usual”
emissions trajectory will require that advanced, competitive technology be available quickly so
as to capture new capital-stock investment as it is made. The sooner clean, efficient and
cost-effective technologies are available and in use the greater our prospects for
minimising atmospheric greenhouse gas concentrations at acceptable cost.

INTRODUCTION
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ACTING TO FOSTER R&D, DEMONSTRATION,
BASIC SCIENCE AND TECHNOLOGY UPTAKE 

Many promising advanced technologies are under development, if not already available. But
substantial further efforts are needed to make them competitive, even with the pull of
market incentives that governments are willing to provide. Success in combating climate change will
depend on rapid development and adoption of these technologies.

Developing advanced technologies requires not only applied research and technology
refinement, but also the innovation that stems from advances in basic science.
Knowledge flowing from basic research is what will feed the development of new materials,
bioprocesses, nanotechnologies and other approaches that could reduce clean technology costs. It
could also lead to new, unforeseen technologies and novel approaches to providing energy services.
Effective linkages between basic science and applied technology development will be important to
ensure that these opportunities are opened up.

The need for cleaner and cheaper capital stock for producing and using energy also has implications
for near-term decisions to promote adoption of new technology. Once launched on the market,
new technologies require time to gain the market experience and production levels that bring cost
reductions resulting from “technology learning”. Supporting uptake by the market of a
technology before it is competitive with alternatives is a key component in the drive
to make cleaner and cheaper technologies available.

Figure 1: Reference Energy-Related CO2 Emissions
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Current levels of energy R&D investment are unlikely to be adequate given the
magnitude of the climate challenge. Energy R&D investments by governments of IEA Member
countries peaked in 1980 and declined substantially thereafter (see Figure 2). Industrial energy R&D
investments have become increasingly short-term. Greater and sustained commitment is
needed to energy technology R&D, to technology demonstration, to the underlying
basic sciences and to market uptake of new technologies, in order to ensure that low-
carbon and low-cost technologies are available when needed.

Source: Data reported to the IEA by IEA Member countries 

Early action of three types is therefore needed:

� action to spur investment in technology R&D and demonstration;
� action to enhance support for underlying basic sciences and link them effectively with

applied R&D; and 
� action to influence technology investments worldwide.
Further delay will simply undermine our chances of avoiding high atmospheric concentrations of
greenhouse gases at reasonable cost.

A network of experts from IEA Member countries and the IEA Committee on Energy Research
and Technology (CERT), together with the IEA Secretariat, is reviewing the energy technology
pathways that could lead to major cuts in greenhouse gas emissions.The assessment covers three
time periods:
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TECHNOLOGICAL DEVELOPMENTS THAT COULD
SIGNIFICANTLY REDUCE CO2 EMISSIONS
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� from now to 2030, when available technologies and those close to commercialisation will
provide most of the emissions reductions;

� from 2030 to 2050, when transitional technologies (such as carbon capture and storage) will
begin to make a large difference; and 

� from 2050 to 2100, a period that will witness the widespread use of sustainable technologies
having radically reduced emissions.

Annex 1 reviews a selection of the technologies likely to play a central role in future
energy systems and the developments needed to bring their contributions about.

Numerous technology solutions offer substantial CO2-reductions potential, including renewable
energies, fossil-fuel use with CO2 capture and storage, nuclear fission, fusion energy, hydrogen,
biofuels, fuel cells and efficient energy end use. No single technology can meet this challenge by
itself. Different regions and countries will require different combinations of technologies to best
serve their needs and best exploit their indigenous resources.The energy systems of tomorrow
will rely on a mix of different advanced, clean, efficient technologies for energy supply and use.

Supply-side technologies are not alone in offering significant potential for emissions reduction.
Energy technologies for end-use efficiency in the transport, industrial, and residential and
commercial sectors are equally crucial. Whether powered by high-carbon or low-carbon energy
supplies, more energy-efficient end-use technologies will substantially ease the task of cutting back
CO2 emissions. Energy-efficiency technologies will also help lighten the very heavy burden of
investment needs created by growth in demand for energy services.

RENEWING COMMITMENT TO ENERGY TECHNOLOGY
INNOVATION AND ADOPTION

If our environmental and energy security needs are to be met, our energy systems must adapt fast
to a more diverse portfolio of energy supply and energy end-use technologies. This cannot be
achieved without reinforced commitment to energy technology innovation and adoption. But it
takes time for basic research findings to lead to new technologies, for technology development
and refinement to take place, for market-based efforts to reduce technology costs to bear fruit,
and for capital stock turnover and expansion to open up opportunities to use new technology.The
need for IEA governments to speed the rate of technology innovation and adoption
has now become urgent.

Action is called for on the part of both individual countries and countries acting in
concert. Enhanced international collaboration is crucial to:

� enhance information flows and reduce costs in R&D;
� facilitate sharing of costs of large facilities and demonstration projects; and 
� foster technology uptake so as to enhance “technology learning” and the cost reductions it

brings.
International collaboration to track progress in fostering more rapid innovation in key technologies
can help maintain technology at the forefront of international approaches to tackling the climate
challenge in the energy sector.
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ANNEX 1

PROMISING AREAS FOR CLEAN TECHNOLOGY DEVELOPMENT

Future energy systems will rely on a mix of advanced, clean and efficient technologies to achieve
deep cuts in greenhouse gas emissions.A network of experts from IEA Member countries and the
IEA Committee on Energy Research and Technology (CERT), together with the IEA Secretariat, is
reviewing the technology pathways that could lead to major cuts in greenhouse gas emissions.
Some initial results are presented below, as examples of technologies likely to play a central role in
future energy systems, and the technical developments needed to bring their contributions about.
Annex 2 provides examples of the actions needed to foster these developments.

Energy Supply – Renewable Energy

Renewable energy currently supplies 6% of total primary energy in OECD countries. It could play
a much larger role in future energy systems, for heat and electricity and for producing other
energy carriers and chemicals. Renewable energy technologies can be used in both central and
distributed electric generating systems to meet the clean energy needs of developed and
developing countries.

Three technologies that could play a particularly significant role in future energy systems are
offshore wind technology, concentrating solar power systems producing both electricity and
heat, and bioenergy systems. Advanced technologies using photobiological, photochemical and
photoelectrochemical processes, now in the basic research stage, should provide substantially
broader opportunities to use renewable energy in the long term.

Some scenarios see renewable energy use growing to take a substantial share of the world’s
energy supply, reducing greenhouse gas emissions and enhancing energy security.The scale of this
growth will be determined, in large part, by the cost comparison between renewable energy
technologies and fossil or nuclear-based alternatives. Equally important are characteristics of
renewable technologies such as temperature and dispatchability. Key to growth in renewables
will be the success of current and planned R&D, and diffusion-support efforts to reduce costs
through “technology learning”, in such areas as solar photovoltaics, solar thermal systems
producing power and/or heat, advanced wind technology, bioenergy systems, geothermal energy,
hydropower, ocean energy and so on, and eventually photolytic processes.

The principal goals of R&D efforts for renewable energy technologies are to reduce the costs of
energy and fuel production, increase the quality of energy delivered, and increase the reliability
of supply. It is equally important to better match supply with end-user demand, and so reduce
costs and losses in energy transport and distribution.

To facilitate the transition to an energy system more reliant on renewable energy, different kinds
of actions are needed for different categories of technology.Technologies may be commercially
competitive today but ill-matched with existing infrastructure. Or they may be technologically
proven but occupy limited commercial niches due to cost or performance handicaps. Again, they
may be just now emerging from R&D. A key factor for the success of a number of renewable
energy technologies is likely to be enhanced collaboration in efforts to support technology
uptake and to agglomerate technology purchases, and thus create orders commercially
interesting to manufacturers.
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An energy system incorporating a larger contribution from renewable energy requires advanced
energy storage technologies. These include hydrogen storage, electrochemical technologies
(advanced batteries, reversible fuel cells), mechanical processes (flywheels, pneumatic systems) and
purely electrical technologies (ultracapacitors, superconducting magnetic energy storage). The
major challenge for all storage technologies is cost reduction. Development of super-energy parks
sited at remote locations could be part of this future scenario, along with superconducting
electricity transmission.Advanced electricity system control technologies and modelling tools will
also be needed to integrate myriad distributed and intermittent resources into the electricity grid.
Advances in materials and biotechnology will be crucial for many renewable energy technologies.

Energy Supply – Fossil-Fuel Power Generation and CO2 Capture and Storage

Clearly, greenhouse gas emissions from the energy sector could be virtually eliminated by turning
to carbon-free energy sources and abandoning use of fossil fuels. Nevertheless, while the world’s
energy supply will undoubtedly be more diversified tomorrow than it is today, the fossil fuels
currently supplying the major part of the world’s energy needs will remain in abundant supply well
into the 21st century. So there will be no reduction in emissions due to fossil fuel resource
constraints during this century.

This will remain the case in spite of expected cost increases, as the cheapest oil and gas reserves
are depleted and distances increase from which new supplies must be transported. Global
electricity demand is rising, moreover, particularly in the developing world, where population and
economic growth are greater than in developed countries and where the rate of migration from
rural to urban areas is significantly higher. Developing and developed countries alike can be
expected to continue using their abundant coal reserves unless coal use is constrained by
government policies.

Continued fossil fuel use in a CO2 emissions-constrained world will call for switching among fossil
fuels, more efficient fossil-fuel combustion technology, and CO2 capture and storage.

Switching Among Fossil Fuels

Switching from more carbon-intensive to less carbon-intensive fossil fuels (particularly natural gas)
will play an important role in reducing emissions over the next few decades. Fuel switching cannot
be the sole solution, however. For example, if from today onwards, all current and planned fossil-
based generation capacity were fuelled by natural gas, current proven gas reserves would be
consumed before 2030. Moreover, increased reliance on natural gas could exacerbate energy
security concerns in several IEA Member countries.

Natural gas may also be seen as a fuel source for hydrogen production in a period of transition
towards non-fossil-based hydrogen production. (It is much less costly to produce hydrogen by
reforming natural gas than by hydrolysing water.) Natural gas is also a valuable feedstock for
petrochemical production. The future importance of natural gas underlines the importance of
further technology development today for gas exploration, discovery and exploitation.

More Efficient Fossil-Fuel Combustion Technologies 

More efficient fossil-fuel combustion technologies could also help reduce emissions, especially in
developing countries. China and India alone are expected to build hundreds of gigawatts of new
coal-fired power generation capacity over the next few decades. Emissions from a new coal-fired
plant can be reduced by 10% to 15% if a commercially-available supercritical plant (operating at high
temperature and pressure) is chosen over subcritical technology. More advanced technology
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promises yet greater emissions reductions.An important transitional step will be to foster use of
advanced pulverised coal systems wherever pulverised coal-based capacity is built worldwide.
Materials and component development will be critical for these technologies, as will demonstration
of next-generation systems.

Integrated gasification combined cycle (IGCC) technology converts solid or liquid fossil fuels
into a gaseous fuel. Pollutants are then removed and the resulting gas is burnt in a combined
cycle, resulting in very high efficiency. This technology is currently in the demonstration phase
and requires technical advances and cost reduction.The gasification technology could eventually
be combined with CO2 separation and capture to produce hydrogen for use in gas turbines or
fuel cells.

CO2 Separation, Capture and Storage

Although cleaner, less-carbon-intensive fossil fuels and more efficient fossil technologies will slow
growth in CO2 emissions, much larger cuts in CO2 emissions will be needed. Ultimately, in order
to stabilise atmospheric greenhouse gas concentrations, much larger shares of low-emissions or
zero-emissions energy sources must be phased in.The key to sustainable continued use of fossil
fuels will be CO2 separation, capture and storage.

New “clean” fossil-fired power generation systems featuring integral CO2 separation and capture
for sequestration are thus needed if fossil fuels are to retain their place in a carbon emissions-
constrained world. If such technologies can be made economical, and large-scale sequestration
proves feasible and publicly acceptable, continued fossil fuel use for power generation and/or
hydrogen production (via gasification) would be viable in a low-net-emissions energy system.

Emissions can be stored in depleted oil and gas reservoirs, unminable coal seams or deep saline
reservoirs. CO2 use in oil reservoirs for enhanced oil recovery, and CO2 storage in depleted
natural gas fields, are demonstrated technologies. CO2 injection into coal seams for both storage
and enhanced production of coal-bed methane is now being tested in pilot projects. Oil and gas
reservoirs and coal seams associated with current fossil-fuel resource recovery provide relatively
limited storage capacity compared with needs. But use of CO2 for enhanced recovery of oil, and
eventually gas, will contribute to cost-effective and publicly-acceptable storage in the short term.
Underground storage of CO2 in deep saline aquifers has been demonstrated in one commercial-
scale project. Such aquifers offer a potentially huge and widely-dispersed storage medium. Further
effort is needed, however, to provide convincing evidence that storage is safe and secure and to
provide better understanding of various geological formations. Storage in the deep ocean has also
been proposed, but environmental and legal issues must be resolved before this can be a viable
option. It is also possible, in principle, to react CO2 with naturally-occurring minerals like
magnesium silicate to produce carbonates that would be stored permanently, and to inject CO2
into underground reservoirs containing minerals that would react with CO2.

For CO2 storage to be effective in combating climate change, the CO2 must be stored for several
hundreds, or thousands, of years. Storage conditions must have low environmental impact, have
low cost and conform to national and international laws. More research is urgently needed on
storage capacities and techniques, on monitoring and verification methods, and on the
environmental effects of various approaches. International, large-scale demonstrations of the
security of storage in a variety of applications are also required.The costs of CO2 separation and
capture technologies also need to be reduced.
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Energy Supply – Hydrogen

Hydrogen, an energy carrier like electricity, could play an important and widespread role in future
energy systems, offering:

� a fuel for direct combustion;
� a means of producing electricity in fuel cells for both stationary use (power plants, buildings,

industry) and transport; and 
� a medium for storing electricity (hydrogen and electricity can be converted from one to the

other using fuel cells and electrolysers, though with associated losses); used with intermittent
renewable energy technologies, it could considerably expand use of those technologies.

Like electricity, hydrogen can be produced from many sources: fossil fuels with CO2 capture and
storage, renewable resources and nuclear power. Depending on its source its use can enhance
energy security as well as reduce greenhouse gas emissions.

Today, hydrogen is produced primarily from natural gas, using well-known, commercial thermal
processes. It can also be produced from biomass through conversion of fuel gas produced by
biological or thermal processes.Technical advances are needed to make this an economically viable
option.Tomorrow, hydrogen could be produced from water and sunlight by direct photobiological,
photochemical and photoelectrochemical processes still in the fundamental research stage.
Meanwhile, current technologies can be adapted to significantly reduce CO2 emissions from
hydrogen production, notably through carbon capture and storage and through improved efficiency
of the electrolysers that produce hydrogen from water using renewable and nuclear electricity.

A major transition to a hydrogen-based future will most likely start with hydrogen produced from
fossil fuels, particularly natural gas or coal. If CO2 capture and storage technologies become
economical and widely used in hydrogen production processes in a carbon-constrained world, fossil
fuels can provide many decades of clean hydrogen supply in the transition towards future energy
systems based on renewable or nuclear energy.

Hydrogen can be distributed and stored as a compressed gas or as a liquid.A distribution network
would be needed, for the transport sector in particular. Storage approaches currently under
development include storage in chemical hydrides, metal hydrides and carbon nanostructures.

Enabling technologies needed for a transition to widespread use of hydrogen include fuel cells
(which are still too costly and require materials development and other advances) and hydrogen
transport and storage media. Equally important will be infrastructure development to support a
hydrogen energy system.

Energy Supply – Nuclear Fission

For countries that choose to use nuclear energy, nuclear fission technologies could contribute
substantially to a low-net-emissions energy system and help meet the significant projected growth
in world energy demand. Nuclear fission reactors could serve both for stand-alone electricity-
generation applications and for co-production of electricity, hydrogen and high-temperature
process heat.The size of nuclear fission’s contribution to future energy systems will be determined
by relative technology costs, public acceptance and progress in dealing with radioactive wastes.

Current R&D programmes are targeting future fission technologies that are:

� more economical than today’s technologies;
� safer to operate in ways that are understandable to the public and, therefore, more publicly

acceptable;
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� capable of managing their wastes internally in a more socially and politically acceptable way;
� more resistant to diversion of nuclear materials for non-peaceful purposes; and 
� equipped with improved physical protection.

Other important steps include significantly reducing the lifetime and toxicity of residual radioactive
waste material committed for final geologic disposal. Fuel recycling to recover its residual energy
content and to treat long-lived waste constituents may be critical. Development of super-energy
parks sited at remote locations could be part of this future scenario, along with superconducting
electricity transmission. Progress in developing waste repositories is also needed.

Energy Supply – Fusion Energy 

Nuclear fusion energy could contribute significantly to large-scale electricity production during the
second half of the 21st century. Major technical progress has been made in both the physics and
the technology of fusion over the past decade.

The essential next step is construction of the first experimental reactor, the International
Thermonuclear Experimental Reactor (ITER), to demonstrate the scientific and technical feasibility
of harvesting electrical power from fusion energy. Commercial-scale generation of power from
fusion energy would then be a matter for further technology and systems development,
optimisation, testing and demonstration. Materials research and testing will be critical. According
to the IEA Fusion Power Co-ordinating Committee, if “fast-track” development takes place,
deployment of a first generation of fusion power plants could begin by mid-century.

Energy Use – Buildings

The built environment of tomorrow can revolutionise efficiency in energy use for services such as
heating, lighting and cooling, transforming itself gradually over time through modernisation and new
construction. It can shift to renewable or non-carbon sources of energy and power. Future buildings
could themselves be sources of clean electricity, well integrated into a larger, integrated power and
resource grid, with localised energy and environmental management systems and controls.

Future buildings will make greater use than today of such basic features as passive solar design,
optimised insulation, and efficient district heating and cooling systems. Moreover, they could be
almost alive with communicating sensors, controls and microprocessors managing energy
requirements from central and distributed power systems and allocating energy to building
equipment in response to user needs. Buildings could incorporate intelligent envelopes and
components, such as integrated photovoltaic cells, photo-luminescent wall and floor boards, and
materials for cladding, windows and roofs that can store and selectively transmit heat and light to
and through the building. They could optimise energy consumption, drawing on ultra-efficient
appliances, bio- and photonic sensors and actuators, and biotechnology and other applications for
water, air and waste purification.

Buildings could generate all the electricity they need on-site using local renewable resources, fuel
cells and energy storage systems, meeting additional energy needs from wireless or traditional grids
and even contributing surplus electricity to the grid.

Developments needed to help create such a future buildings sector include advances in materials,
“smart” building components, sensors and controls, and information systems.
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Energy Use – Transport

Transport systems in the latter half of this century could be dominated by vehicles, trains, ships and
aircraft with very low CO2 emissions.This scenario could feature a mix of vehicle types – fuel-cell
vehicles powered by hydrogen, electric-powered vehicles, vehicles running on biofuels, and hydrogen-
powered aircraft.The hydrogen, biofuels and electricity used in transport would be produced with
near-zero well-to-wheel CO2 emissions.

Tomorrow’s vehicles could be much more efficient than today’s, thus lessening the demand on
future clean energy supply systems, as well as helping to reduce emissions substantially during a
transition period.Whether vehicles are powered by hydrogen, electricity or biofuels in the future,
if their demand for fuel can be cut by half or more, the job of achieving a low-net-emissions
transport system will be much easier than otherwise.A 50% reduction in vehicle fuel use is quite
possible with aggressive application of incremental and advanced technologies. Hybrid vehicles
could be especially important, both as a source of substantial efficiency gains and as a transition
technology to fuel cell vehicles. Low-emissions biofuels could also play an important role, especially
during the transition period to hydrogen or electrically-powered vehicles.

Intelligent transport infrastructure and greater vehicle automation technologies could bring much
more efficient transport systems, especially for public transport. Increased use of more efficient
public transport can also result from system reforms and from priority treatment and use of
advanced information technologies. Public transport can also be more easily powered by electricity,
an emissions-free energy carrier that already has a widespread distribution network.

Developments needed to support the emergence of such a transport sector include advances in
fuel cells, batteries, and other electricity storage media, in hydrogen storage, and in cellulosic
ethanol production.

Energy Use – Industry

Industries and industrial facilities of the future could adopt an increasingly integrated, systems
approach featuring:

� greater use of waste heat and of plant-wide optimisation of energy sources and sinks;
� on-site generation of electricity with carbon separation and capture; and 
� greater process efficiency, making use of revolutionary processes as they emerge from R&D in

areas such as nanotechnologies, micro-manufacturing and bioprocessing.

Advanced industrial processes could also exploit high-speed and high-capacity computing, robotics-
using biological/computer interfaces, artificial intelligence, wireless communications, power
electronics and photonics. In the long term, continued R&D could yield increasingly bio-based
chemical products.

Improvements in the efficiency of existing processes can contribute to reducing greenhouse gas
emissions during a transition phase.As existing infrastructure reaches the end of its useful life, and
as new facilities are built, dramatic changes can be introduced.

Ultimately, flexible industrial/energy complexes able to accept a variety of non-renewable and
renewable primary fuels could emerge, capable of producing multi-product outputs: electricity,
hydrogen, chemicals and transport fuels. All input streams to such complexes could be used in
the final products, or converted to value-added inputs for other processes or industries.

To underpin this clean industrial future, advances are needed, notably in materials, separation
technologies, biocatalysis and bioprocessing, sensors and controls, and nanotechnology.
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Fundamentally new processes are also needed for energy-intensive industries such as steel-making
and pulp and paper production.

Basic Science and Advanced Technologies

Basic sciences can lead to innovations propelling particular technologies forward but also giving
birth to wholly new ways of supplying, storing and using energy. Such innovations are essential to
create energy technologies that can provide new fuels, seek out new supplies of traditional fuels,
and convert known fuels to more effective forms.They are essential to generate, store and transmit
electricity with less waste and to use energy more efficiently.

Advanced energy technologies would necessarily rely much more than today’s technologies on
advanced materials, particularly those that can withstand harsh environments; advanced bio-
processes; nanotechnologies; and advanced information systems, sensors and controls. Progress in
basic research could lead to new materials and technologies that could radically reduce costs, or
could reveal completely new approaches to providing energy services that are not conceivable today.

A key to transforming the world’s portfolio of energy technologies into one that can make deep
cuts in net CO2 emissions at reasonable cost is knowledge flowing from ongoing work in basic
sciences and from “use-directed” basic science targeted at energy needs. Examples of broad
priority areas for strengthening support for basic research, both curiosity-driven and “use-
directed”, include:

� biotechnology – including catalytic reactions in photoconversion processes and development
of micro-organisms and enzymes that can be used to process biomass to fuels and biochemicals;

� physical sciences – including chemical sciences, materials sciences and nanoscale science,
addressing areas such as materials by design, materials for use in harsh environments,
separations, advanced sensors and controls, condensed matter physics, basic electrochemistry,
superconducting materials, methane hydrate recovery, burning plasmas for fusion energy, and
hydrogen production and storage;

� computational sciences – including modelling of fundamental physical and chemical
properties, modelling of wind characteristics, and new software-based means for controlling
advanced processes and advanced infrastructures; and

� environmental sciences – including the biological and ecological processes that might affect
underground carbon storage capacity and hydrocarbon synthesis; the possible ecological effects
of CO2 sequestration in the ocean; characterisation of the environmental settings of methane
hydrate resources in support of technology development to recover them; and analysis of
indoor air quality issues associated with advanced buildings.

Advances in these and other areas being examined in the IEA assessment will contribute to many
of the technologies expected to play a role in a low-net-emissions energy system.

If basic science is to make the desired contribution to low-emissions technologies and systems, it
should be linked effectively with applied technology R&D.This will only happen if such linkages are
the focus of attention and action. Applied R&D is not only a consumer of the results of basic
science, but also a source of interesting questions that pose challenges to basic science. Improved
linkages can be fostered by increasing interactions between the two worlds and by support for
those people and institutions that attempt to bridge the gap.At the same time, some basic research
funding can be configured in ways that address particular issues important for applied energy R&D
Finally, increasing multinational co-operation is as important as ever.
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