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Scenarios & Strategies to 2050

The world needs ever increasing energy supplies to sustain economic growth and
development. But energy resources are under pressure and CO?2 emissions from
today’s energy use already threaten our climate. What options do we have for
switching to a cleaner and more efficient energy future2 How much will it coste
And what policies do we need?

This second edition of Energy Technology Perspectives addresses these questions,
drawing on the renowned expertise of the International Energy Agency and its
energy technology network.

This publication responds to the G8 call on the IEA to provide guidance for decision
makers on how to bridge the gap between what is happening and what needs to|
be done in order to build a clean, clever and competitive energy future.

. The IEA analysis demonstrates that a more sustainable energy future is within our
_reach, and that technology is the key. Increased energy efficiency, CO2 capture

B storage, renewables, and nuclear power will all be important. We must act

. now if we are to unlock the potential of current and emerging technologies and
~reduce the dependency on fossil fuels with its consequent effects on energy security

> _ and the environment.

- This innovative work demonstrates how energy technologies can make a difference in’ -
an ambitious series of global scenarios fo 2050. The study con’ralns f chnology rood ,.!&
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¥ FOREWORD

Towards an energy technology revolution

The world’s current energy prospects are — put simply — unsustainable. Despite
all the talk about climate change, in recent years energy demand has continued
to increase and global CO, emissions along with it. At the same time importing
countries are increasingly concerned about energy security even as oil, gas and
coal prices reach record highs.

The G8 and IEA energy ministers asked the IEA to identify and advise on
scenarios for a clean, clever and competitive energy future. In response, the IEA
has delivered a number of publications. This year’s edition of Energy Technology
Perspectives 2008 builds on the Energy Technology Perspectives 2006 and the
World Energy Outlook 2007.

This new study revises our estimates of what would need to be done to return
CO, emissions to current levels by 2050 and, for the first time, details what could
be done to reduce them by 50% in that same timeframe. These objectives cannot
be reached without unprecedented technological change and deployment, in
all aspects of energy production and use. This study identifies the technology
challenges that must be met to make the transition. And it evaluates the scale of
the practical change needed to achieve that outcome.

The change needed to achieve the aims of either long-term scenario is daunting,
amounting to nothing less than an energy revolution. Yet even the most
stringent goal can be realised, with sufficient worldwide commitment. But do the
commitment and will genuinely exist?

Aftaining either outcome would require a radical and fundamental change
in our current energy systems over a period of only forty years. To halve
today’s emission levels would require additional investments of the order of
USD 45 trillion. Although this is a large number in absolute terms, it is small
relative to the expected growth in global economic activity over the next forty
years - and small relative to the cost of not taking action.

It is reassuring to know that human ingenuity can rise to this challenge. Existing
technology — primarily energy efficiency — is an obvious first step, but it is
ultimately new technologies that hold promise of economic opportunity and
benefit for all the world’s countries — and a strong basis for common action
toward common objectives.

The International Energy Agency plays a key role in promoting technology
development and uptake though its network of Implementing Agreements. We
hope this analysis will stimulate even more international technology collaboration
both within the IEA framework and outside it. Extensive RD&D, deployment and



ForeworD [l

market development will be needed. Policy levers must be better understood
to put in place the long-term incentives that will encourage industry to take
decisions to reach the outcomes we seek. And the market needs to ensure the
framework conditions to stimulate innovation and maximise the impact we can
achieve with scarce global resources.

We look forward to working with governments and industry in realising the vision
presented in this document.

Nobuo Tanaka

Executive Director
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Introduction

We are facing serious challenges in the energy sector. The global economy is
set to grow four-fold between now and 2050 and growth could approach ten-fold
in developing countries like China and India. This promises economic benefits and
huge improvements in people’s standards of living, but also involves much more
use of energy. Unsustainable pressure on natural resources and on the environment
is inevitable if energy demand is not de-coupled from economic growth and fossil
fuel demand reduced.

The situation is getting worse. Since the 2006 edition of Energy Technology
Perspectives (ETP), global CO, emissions and oil demand have increased steadlily.
At 7% above our previous outlook, today’s best estimates under our “business-
as-usual” Baseline scenario foreshadow a 70% increase in oil demand by 2050
and a 130% rise in CO, emissions. That is, in the absence of policy change and
major supply constraints. According fo the Intergovernmental Panel on Climate
Change (IPCC), a rise in CO, emissions of such magnitude could raise global
average temperatures by 6°C (eventual stabilisation level), perhaps more. The
consequences would be significant change in all aspects of life and irreversible
change in the natural environment.

A global revolution is needed in ways that energy is supplied and used.
Far greater energy efficiency is a core requirement. Renewables, nuclear power,
and CO, capture and storage (CCS) must be deployed on a massive scale, and
carbon-free transport developed. A dramatic shift is needed in government
policies, notably creating a higher level of long-term policy certainty over future
demand for low carbon technologies, upon which industry’s decision makers can
rely. Unprecedented levels of co-operation among all major economies will
also be crucial, bearing in mind that less than one-third of “business-as-usual”
global emissions in 2050 are expected to stem from OECD countries.

In short, the global energy economy will need to be transformed over
the coming decades. The aim of this book is to explain how. It presents an
in-depth review of the status and outlook for existing and advanced clean energy
technologies, offering scenario analysis of how a mix of these technologies can
make the difference. This edition of Energy Technology Perspectives also offers
global roadmaps of the 17 technologies that we believe can make the largest
contributions, showing what action is needed to realise their full potential, and
when.

Our scenario analysis deals solely with energy-related CO, emissions, which
account for most of anthropogenic greenhouse gas emissions. However, the
ultimate climate change effect of reductions in energy-related emissions will
depend, to some degree, on whether other emissions can be reduced similarly.
Therefore a chapter on methane, another important greenhouse gas, is included.
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The analysis presented here draws on modelling work within the IEA Secretariat and
expertise from the IEA international energy technology collaboration network. Energy
Technology Perspectives is a companion fo the I[EA World Energy Outlook 2007, taking
the same Baseline scenario to 2030 and extending it to 2050. The present study
carries forward the analysis contained in the 2006 edition of ETP, in the light of the
IPCC 4" Assessment Report released in November 2007.

Several different scenarios are presented. The set of ETP 2008 “ACT Scenarios”
shows how global CO, emissions could be brought back to current levels by 2050.
The set of ETP 2008 “BLUE Scenarios” targets a 50% reduction in CO, emissions
by 2050. This summary focuses on just one scenario from each set, the ACT Map
and the BLUE Map.

ACT scenarios

Technologies that already exist, or are in an advanced state of development,
can bring global CO, emission back to current levels by 2050. Emissions
need to peak between 2020 and 2030. The ACT Map scenario implies adoption of
a wide range of technologies with marginal costs up to USD 50" per tonne of CO,
saved when fully commercialised. This level of effort affects certain energy related
activities profoundly. It would approximately double the generating costs of a coal
power station not equipped with CO, capture and storage. The marginal cost figure
is twice that estimated two years ago in ETP 2006, mainly reflecting accelerating
trends in CO, emissions and an approximate doubling of some engineering costs,
in part due to the declining value of the dollar.

The task is difficult and costly. Additional investment needs in the energy sector
are estimated at USD 17 trillion between now and 2050. This is on average around
USD 400 billion per year, roughly equivalent to the gross domestic product (GDP)
of the Netherlands, or 0.4% of global GDP each year between now and 2050.

BLUE scenarios

But returning emissions to 2005 levels may not be enough. The IPCC has
concluded that emissions must be reduced by 50% to 85% by 2050 if global
warming is to be confined to between 2°C and 2.4°C. G8 leaders agreed at the
Heiligendamm Summit in 2007 to seriously consider a global 50% CO, reduction
target.

Reducing CO, emissions by 50% (from current levels) by 2050 represents
a tough challenge. This scenario implies a very rapid change of direction. Costs
are not only substantially higher, but also much more uncertain, because the BLUE
scenarios demand deployment of technologies still under development, whose
progress and ultimate success are hard to predict. While the ACT scenarios
are demanding, the BLUE scenarios require urgent implementation of
unprecedented and far-reaching new policies in the energy sector.

1

All costs are in real 2005 US dollars.
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Based on optimistic assumptions about the progress of key technologies, the BLUE
Map scenario requires deployment of all technologies involving costs of up to
USD 200 per tonne of CO, saved when fully commercialised. If the progress of
these technologies fails to reach expectations, costs may rise to as much as USD 500
per tonne. At the margin, therefore, the BLUE Map scenario requires technologies
at least four times as costly as the most expensive technology options needed for
ACT Map. However, the average cost of the technologies needed for BLUE Map is
much lower than the marginal, in the range of USD 38 to USD 117 per tonne of
CO, saved. Figure ES.1 shows how the marginal costs of CO, abatement in 2050
increase as the targeted CO, savings increase beyond those in ACT Map to reach
the higher levels needed for BLUE Map.

Figure ES.1 P Marginal emission reduction costs for the global energy system, 2050
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Additional investment needs in the BLUE Map scenario are USD 45 ftrillion
over the period up to 2050. They cover additional R&D, larger
deployment investment in technologies not yet market-competitive (even with
CO, reduction incentives), and commercial investment in low-carbon options
(stimulated by CO, reduction incentives). The fotal is about USD 1.1 ftrillion per
year. This is roughly equivalent to the current GDP of ltaly. It represents an average
of some 1.1% of global GDP each year from now until 2050. This expenditure
reflects a re-direction of economic activity and employment, and not necessarily a
reduction of GDP. While there will be impacts on global GDP, these are hard to
predict and beyond the scope of this analysis.

Benefits from investment
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While the additional investments required for both ACT and BLUE scenarios are
a measure of the task ahead, they do not represent net costs. This is because
technology investments in energy efficiency, in many renewables and in nuclear
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power all reduce fuel requirements. In both ACT and BLUE scenarios, the
estimated total undiscounted fuel cost savings for coal, oil and gas over
the period to 2050 are greater than the additional investment required
(valuing these fuels at Baseline prices). If we discount at 3%, fuel savings
exceed additional investment needs in the ACT Map scenario, but not in the
BLUE scenarios. Discounting at 10%, results in the additional investment needs
exceeding fuel savings in both the ACT and BLUE scenarios.

Some investments, of course, are very cost-effective, particularly in energy efficiency.
By contrast, at the high-cost end of the range required for the BLUE scenarios, some
investments are only economic with a high CO, reduction incentive. Not all the
necessary investments reduce fuel costs, however. Investment in CCS will increase
the amount of coal needed for a given electrical output, because of the reduction
in power station efficiency.

A more balanced oil market

In addition to their environmental benefits, the ACT and BLUE scenarios
also show a more balanced outlook for oil markets. In the ACT Map scenario,
demand for oil continues to grow. It rises by 12% between now and 2050,
which is much less than in the baseline. The BLUE Map scenario shows a much
more marked difference, with oil demand actually 27% less than today in 2050.
However, in all scenarios massive investments in fossil fuel supply will be needed
in the coming decades.

The technology revolution

In both ACT and BLUE scenarios, energy efficiency improvements in
buildings, appliances, transport, indusiry and power generation
represent the largest and least costly savings. Next in the hierarchy of
importance come measures to substantially decarbonise power generation.
This can be achieved through a combination of renewables, nuclear power,
and use of CCS at fossil fuel plants. Whichever the final target, action in all
these areas is urgent and necessary. It is particularly important to avoid lock-
in of inefficient technologies for decades to come. In the BLUE Map scenario,
higher-cost options such as CCS in industry and alternative transport fuels
need to be deployed. Figure ES.2 shows the sources of CO, savings in the
BLUE Map scenario compared to the Baseline scenario. Policy makers should
remember that long lead times are frequently required to implement changes
and that priorities in each country will vary according to national circumstances.
Reducing energy sector methane emissions, moreover, is also an important part
of an overall climate change strategy, as these emissions offer significant near-
term and cost-effective greenhouse gas reduction opportunities.
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Figure Es.2 P Comparison of the World Energy Outlook 2007 450 ppm case
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Buildings and appliances

The ACT scenarios can become reality using technologies for buildings and
appliances widely available today and economically viable on a life-cycle cost
basis. But the BLUE scenarios call for new and emerging technologies; in some
cases technologies will be required that are only economic at relatively high
CO, reduction costs, at least when initially deployed. Widespread conversion of
buildings to very low energy consumption, and even “zero” energy buildings,
are part of the scenario. The policy implications for efficiency standards
for buildings and appliances are huge. A combination of building-shell
measures, heat pumps, solar heating and highly efficient appliances and lighting
reduces energy needs in buildings as well as shifting fuel use to renewables and
low-carbon electricity. USD 7.4 trillion of additional investment in residential and
service sector buildings is needed for the BLUE Map, against USD 2.6 trillion for
the ACT Map scenario.

The power sector

CO, capture and storage for power generation and industry is the most
important single new technology for CO, savings in both ACT Map and
BLUE Map scenarios, in which it accounts for 14% and 19% of total CO, savings
respectively. BLUE Map includes higher-cost applications of CCS for industry
and gas power stations. There is a massive switch to renewables for power
generation, especially to wind, photovoltaics, concentrating solar power
and biomass. By 2050, 46% of global power in the BLUE Map scenario comes
from renewables. Application of all renewable technologies combined, across
all sectors, accounts for 21% of CO, savings in the BLUE Map scenario against
the Baseline scenario. A substantial switch to nuclear contributes 6% of CO,
savings, based on the construction of 32 GW of capacity each year between
now and 2050. Nuclear accounts for nearly one-quarter of power generation
in BLUE Map and hydro for half as much, building on the important role both
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technologies already play in the Baseline scenario. Figure ES.3 illustrates the
annual rates at which new power generation capacity would need to be added
in each scenario.

Figure ES.3 ) Additional investment in the electricity sector in the ACT Map and
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A broad range of scenarios for power generation are considered, from which it can
be seen that considerable flexibility exists for individual countries to chose
which precise mix of CCS, renewables and nuclear technology they will use
to decarbonise the power sector. Total additional investment in the power sector
(excluding transmission and distribution) amounts to USD 0.7 trillion in the ACT
Map scenario and USD 3.6 trillion in the BLUE Map scenario. These investment
figures are the net result from combining higher capital costs per unit of capacity
with a one-fifth reduction in electricity production due to end-use eleciricity savings.
Substantial early retirement of capital stock occurs in the BLUE scenarios.
For example, one-third of all coal-fired power plants not suitable for CCS will need
to close before the end of their technical life. It is recognised that this will be a large
step for countries heavily reliant on coal, but a necessary step requiring careful
management.

In the ACT Map scenario, energy and emissions in the transport sector are saved
largely through major improvements in the efficiency of conventional vehicles
and through the increased penetration of hybrids. Low-carbon footprint biofuels
play a part, principally as a replacement for gasoline to fuel cars. It is essential to
curb the current trend towards larger, heavier vehicles.

The BLUE Map scenario is very challenging for the transport sector and
requires significant decarbonisation of transport, which is likely to be
costly in a sector dominated by oil products and the internal combustion
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engine. Low-carbon biofuels are expected to play a significant role in the BLUE
Map scenario, within the limits of sustainable production and cropping. Trucks,
shipping, and air transport are the chief users of biofuels, since other non-
hydrocarbon options are likely to be very expensive to apply to these transport
modes. While electric batteries and hydrogen fuel cells are the main alternatives
for cars, it is difficult to judge at this stage which of these technologies — or
which combination of them — will be the most competitive. Based on fairly
optimistic assumptions about technology progress and cost reductions, electric
and fuel cell vehicles are expected to cost around USD 6 500 more in 2050
than conventional vehicles. In the BLUE Map scenario, nearly one billion electric
and fuel cell vehicles need to be on the roads by 2050. Transport represents the
largest single area of investment in the scenarios. Additional investment needs
in transport are USD 33 trillion in BLUE Map and USD 17 trillion in ACT Map.

Industry

Directly or indirectly, manufacturing industry accounts for more than one-third of
global energy use and CO, emissions. The iron and steel, and cement industries
represent roughly half of industry’s emissions; chemicals and petrochemicals are
the other very large sources. Heavy industry has a good record of energy efficiency
gains in recent years, driven by the need to manage energy costs. But substantial
potential exists for further efficiency gains, especially in less energy-intensive
industries, notably through more efficient motor drive systems and combined heat
and power. Potential also exists for technology advances that are specific to each
industry and for application of CCS.

Very large reductions in CO, emissions from industry are hard to achieve.
In the ACT Map scenario, energy-related CO, emissions from industry are 63%
higher in 2050 than in 2005. In the BLUE Map scenario they are 22% below
today’s level, largely reflecting the widespread application of CCS at large, energy
infensive plants. Direct and indirect CO, savings in the BLUE Map scenario are
substantial, at nearly 10 Gt of CO, per year. The BLUE Map scenario requires
additional investment over the Baseline of USD 2.5 ftrillion in the upgrading of
industrial plant — mainly in the steel, cement, and pulp sectors — and for increased
deployment of CCS.

Energy efficiency trends

Big improvements are needed compared to recent energy efficiency trends.
Energy efficiency in OECD countries has been improving at just below 1% per year
in recent times. A sharp decline from the rate achieved in the years immediately
following the oil price shocks of the early 1970s. The ACT Map scenario requires
sustained global energy efficiency improvements of 1.4% per year and the BLUE
Map scenario calls for 1.7%. While these percentage differences may seem small,
the difference of 0.3 percentage points between ACT Map and BLUE Map results
in 1 544 Mtoe of additional final energy savings in 2050, 20% of total world final
energy use today.
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Research, development and demonstration

Some of the technologies needed for the BLUE scenarios are not yet
available. Many others require further refinement and cost reductions.
A huge effort of research, development, and demonstration (RD&D) will
therefore be needed. Yet public- and private-sector spending on energy RD&D
has been declining compared fo the levels of the 1970s and 1980s and has now
stabilised at a relatively low level. Many OECD countries spend less than 0.03%
of GDP. The exception is Japan, which spends 0.08%. Private-sector energy RD&D
spending now far exceeds public-sector outlay. While details are difficult to establish,
independent studies have suggested that public-sector RD&D needs to increase by
between two and ten times its current level. We do not set a specific target, but
it is clear that @ major acceleration in RD&D effort is needed both to bring
forward new technologies and to reduce costs of those already available. Further
advances and lower cost solutions are needed for critical technologies such
as solar PV, advanced coal plant, advanced biofuels, CO, capture, electric
batteries, fuel cells and hydrogen production. Even with large increases, the
cost of R&D is relatively modest — typically one order of magnitude lower — than that
of full scale demonstration and deployment programmes. Well directed energy
R&D represents excellent value for money.

Government support is also needed for the larger-scale demonstration of new
technology, reducing the risks of the first stage of commercialisation. There is an
urgent need for the full-scale demonstration of coal plants with CCS.

Basic science in areas such as geology, physics, chemistry, materials, biochemistry,
nanotechnology and applied mathematics can trigger breakthroughs in critical
areas. It is essential to enhance the science base and its links with
technology.

Deployment and technology learning

Regulation

Most new technologies have higher costs than the incumbents. It is only through
technology learning as a result of marketplace deployment that these costs are
reduced and the product adapted to the market. Governments must enhance
their deployment programmes. Second-generation renewables, for example
solar and biofuels, are amongst the technologies with the greatest potential. In the
ACT Map scenario, we estimate that USD 2.8 trillion needs to be spent between
now and 2050 on the additional costs (above market value) of deploying new
technology. For the BLUE Map scenario, the figure is USD 7 trillion.

The barriers to new technology deployment are not always economic. To
overcome these barriers, carefully designed regulations and standards are often
the most effective policy measures. Tough efficiency regulations for buildings,
appliances and vehicles will be essential in all scenarios. In both developed
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and developing countries, enhancing efficiency regulations, and strengthening their
enforcement often represent atftractive, cost-effective policy options for immediate
action. A critical element for the success of the BLUE scenarios will be public
acceptance of standards necessary to achieve very low-energy and zero-energy
buildings and a four-fold reduction in the CO, infensity of vehicles.

Private-sector investment is — and will remain — the primary facilitator of technology
deployment and diffusion. The IEA has discussed the implications of the BLUE and
ACT scenarios with chief technology officers from 30 leading international energy
companies. They stressed the urgent need to design and implement a range
of policy measures that will create clear, predictable, long-term economic
incentives for CO, reduction in the market. Only on this basis will business be
empowered to undertake the huge investment programmes required.

This analysis does not attempt to specify the mechanisms that will be needed,
recognising that this is to some extent the subject of negotiations in the context
of the United Nations Framework Convention on Climate Change. For the ACT
scenarios, we have estimated that these mechanisms will need to be sufficient to
incentivise technologies which, when fully commercialised, have a marginal cost
of USD 50 per tonne of CO, saved. For BLUE, the figure is at least USD 200 per
tonne of CO, saved, and could be as high as USD 500 if the progress of key
technologies is disappointing. The incentives need to be applied globally, within all
major economies, through a variety of policy measures.

These do not necessarily have to be uniform incentives with the same value for
all technologies. Especially in the BLUE scenarios, it may be appropriate to
have targeted schemes for the most expensive technologies. Packages of
measures, which could take a variety of forms, need to be in place for OECD
countries by 2020 and for other major countries by 2030. The BLUE scenario
assumes significant further tightening beyond these dates. To achieve full impadt,
and for a smooth transition, it is essential that the expectation of the targets and
incentives is clearly established well in advance.

Public opinion

Governments will need to give a lead to public opinion, making the connection
between the urgent need to address climate change, which is widely recognised,
and specific projects required, which often face public opposition. Neither the ACT
nor the BLUE scenarios can be achieved without a major shift in priorities, and in
the BLUE scenarios, this needs to be radical and urgent.

Taking forward international collaboration

International collaboration is essential to accelerate the development
and global deployment of sustainable energy technologies in the most
efficient way. A network for this already exists. The IEA itself has by far the most
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comprehensive network, in which thousands of technology experts from around the
world co-ordinate their energy technology programmes. The EU energy technology
programmes, Asia Pacific Partnership, Carbon Sequestration Leadership Forum, the
Biofuels Partnership, and the International Partnership for a Hydrogen Economy,
the Generation IV International Forum and the Global Nuclear Energy Partnership
are other important examples. These networks need strong international
leadership from policy makers at senior level.

This book offers first attempts at global roadmaps for key energy
technologies. We have identified 17 key technologies for energy efficiency, power
generation and transport. They are at the heart of the energy technology revolution.
We describe the actions required to deliver their potential. They are specific to
each technology and depend, in part, on their current state of development. Such
roadmaps can be particularly useful in providing guidance on how much abatement
should be sought from each sector and technology, as well as on whether this process
is on track. Further development of these roadmaps under international
guidance, drawing together the energy technology programmes of all
major economies, and in close consultation with industry, can provide the
focus for the much closer international collaboration needed to achieve a
global energy technology revolution. The IEA is ready to support this effort to
achieve a more sustainable energy future.

Key roadmaps in this study

Supply side

Demand side

CCS fossil-fuel power generation

Nuclear power plants

Onshore and offshore wind

Biomass integrated-gasification combined-
cycle and co-combustion

Photovoltaic systems

Concentrating solar power

Coal: integrated-gasification combined-cycle
Coal: ultra-supercritical

Second-generation biofuels

Energy efficiency in buildings and appliances
Heat pumps

Solar space and water heating

Energy efficiency in transport

Electric and plug-in vehicles

H, fuel cell vehicles

CCS in industry, H, and fuel transformation
Industrial motor systems
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Chapter

cHAPTER [EJ] INTRODUCTION

] INTRODUCTION

Secure, reliable and affordable energy supplies are fundamental to economic
stability and development. The erosion of energy security, the threat of disruptive
climate change and the growing energy needs of the developing world all pose
maijor challenges to energy decision-makers.

This book deals with those challenges. Innovation in energy technologies and a
better use of existing technologies will be fundamental to this. The book provides an
analysis of the status and future prospects of key energy technologies. It outlines the
barriers to the implementation of change and the measures that may be needed
to overcome those barriers. It explores how technology can change our energy
future.

In recent years, fossil fuel prices have risen considerably. IEA long-term projections
for fossil fuel prices have also been revised upward over the past few years. So far,
the impact of fuel price increases on global economic growth has been mitigated by
a combination of factors such as the decline of the United States dollar compared
to other main currencies, sustained energy subsidies in large parts of the world and
the decline of energy costs relative to world GDP in the past decades. At the same
time, the remaining oil and gas resources are concentrated in a smaller number
of countries. This raises concerns about energy security and the prospect that
sustained high prices may harm economic growth. Reduced fossil fuel dependency
is in many countries a key energy policy target.

These energy security concerns are compounded by the increasingly urgent need to
mitigate greenhouse gas emissions, including those relating to energy production
and consumption. About 69% of all CO, emissions are energy related, and about
60% of all greenhouse emissions can be attributed to energy supply and energy
use (IPCC, 2007). The IEA’s World Energy Outlook 2007 projects that unless current
policies change, global energy-related CO, emissions will grow 57% by 2030
from 2005 levels. Oil demand will increase by 40%. By 2030, fossil fuels remain
dominant, meeting 84% of the world’s incremental energy needs. The bulk of the
new CO, emissions and increased demand for energy will come from developing
countries. Even when analysing the impact of policies and measures already under
consideration, global CO, emissions rise 27% over current levels.

The United Nations Intergovernmental Panel on Climate Change (IPCC) has
concluded that only scenarios resulting in a 50% to 80% reduction of global
CO, emissions by 2050 compared to 2000 levels can limit the long-term global
mean temperature rise to 2.0 to 2.4 degrees Celsius (IPCC, 2007; see Table 1.1).
Higher emission levels will result in more significant climate change. The Stern
review has concluded that the benefits of limiting temperature rises to two degrees
would outweigh the costs of doing so, although other analyses result in varying
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conclusions depending on the assumptions on which they base their calculations
(Stern, 2007; Nordhaus, 2007).

The goal of the analysis in this book is to provide an IEA technology perspective on
the cost of deep emission reductions. The analysis does not deal with the political
feasibility of such targets.

However, it is obvious from the start that such a target cannot be met if only OECD
countries comply. Non-OECD countries must also take action to adopt clean
energy technologies. All countries must take action immediately if the goal of a
halving of energy related CO, emissions in 2050 compared to the 2005 level is to
remain technically feasible.

Table 1.1 P The relation between emissions and climate change according to
Climate Change 2007, IPCC

Temperature All GHGs Co, CO, emissions 2050
increase (% of 2000 emissions)
(°C) (ppm CO, eq.)  (ppm CO,) (%)

2.0-2.4 445-490 350-400 -85 to -50
2.4-2.8 490-535 400-440 -60 1o -30
2.8-3.2 535-590 440-485 -30to +5
3.2-4.0 590-710 485-570 +10 1o +60

Source: IPCC, 2007.

The political context

At the IEA Ministerial Meeting in May 2007, ministers concluded: “We need to
respond to the twin energy-related challenges we confront: ensuring secure,
affordable energy for more of the world’s population, and managing in a
sustainable manner the environmental consequences of producing, transforming
and using that energy” (IEA, 2007). They committed themselves to reinforcing
their efforts to “accelerate the development and deployment of new technologies”,
and called on the IEA “to continue to work towards identifying truly sustainable
scenarios and on identifying least-cost policy solutions for combating energy-
related climate change”.

Leaders of the Group of Eight (G8) countries have agreed on the need to “act with
resolve and urgency now to meet our shared and multiple objectives of reducing
greenhouse gas emissions, improving the global environment, enhancing energy
security and cutting air pollution in conjunction with our vigorous efforts to
reduce poverty” (FCO, 2005). This was reinforced at the June 2007 summit in
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Heiligendamm, Germany: “In setting a global goal for emissions reductions in
the process we have agreed today involving all major emitters, we will consider
seriously the decisions made by the European Union, Canada and Japan
which include at least a halving of global emissions by 2050” (Federal Press
Office, 2007).

The ongoing United Nations Framework Convention on Climate Change (UNFCCC)
process and the United States-led 17 Major Economies (ME) Energy Security and
Climate Change Initiative are seeking to secure the terms and conditions of a new
global agreement that addresses climate change without damaging economic
development or diminishing energy security. The ME process will culminate in
a Leaders Summit in mid-2008. The goal of the ME process is o complete a
framework for a new global agreement on climate change, particularly through
reinforcing and accelerating progress in the United Nations. Special attention is
focused on long-term targets, technology and sectoral approaches.

The purpose and scope of this study

Reducing the impact of climate change requires an integrated and global response.
Energy systems must play a central role in this response, which has to address
environmental stewardship, economic growth and energy supply and security.
The development and deployment of new clean energy fechnologies will be
fundamental.

This book addresses many of the challenges identified at the IEA Ministerial Meeting
in May 2007. It is also part of the IEA response to the request made by G8 leaders
to “advise on alternative energy scenarios and strategies aimed at a clean, clever
and competitive energy future” (FCO, 2005). It is intended to be a key reference
for policy-makers and others interested both in existing and emerging clean energy
technologies, policies and practices. It provides roadmaps for technology policy
and international technology cooperation that are essential to meet shared energy
policy goals.

The analysis builds on the study underpinning the IEA’s Energy Technology
Perspectives 2006: Scenarios and Strategies to 2050. It explores, among other
alternatives, a scenario for reducing emissions by 50% by 2050. Drawing from
World Energy Outlook 2007, it extends the analysis by two decades. The scenarios
are consistent with our need for economic growth. Focusing on technology and
technology pathways, it explains the scenarios along with their cost ceilings. The
choice of policy instruments is not detailed. The 2008 World Energy Outlook
will include an in-depth assessment of post-2012 climate change framework
architecture, including the merits of cap-and-trade systems, sectoral approaches
and hybrid options, and will examine the use of scenarios as an input to climate
negotiations.

The study draws heavily on the extensive IEA store of data and analysis, and is a
result of close co-operation between all IEA offices. It has profited greatly from the
unique international IEA network for collaboration on energy technology, described
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in Annex A. More than five thousand experts from 39 countries participate in the
IEA Committee on Energy Research and Technology (CERT), its Working Parties
and in 42 Implementing Agreements. The analysis in this book has benefited from
numerous contributions from network members.

The objectives of this book are to:

B Review and assess the status and prospects for key energy technologies in electricity
generation, road transport, buildings and appliances, and industry.

B Examine through least-cost scenario analysis the potential contributions that these
energy technologies can make to improve energy security and to reduce the
environmental impacts of energy provision and use.

B Discuss strategies on how to help these technologies make this contribution.
It has three major components:

Part |: Technology and the Global Energy Economy to 2050 presents in
Chapter 2 a set of scenarios to 2050. These scenarios include energy technologies
and best practices aimed at reducing energy demand and emissions and
diversifying energy sources. This is the first time such results have been detailed for
the G8+5 countries. It is also the first time an IEA scenario (BLUE) has explored a
50% emissions reduction. The chapter also addresses the post-2050 outlook and
its consequences for the 2025-2050 timeframe.

Part Il: The Transition from the Present to 2050 suggests short- and medium-term
strategies that can use energy technologies to help the world to move towards
a more sustainable energy future, and sets out technology roadmaps that can
achieve this objective. It explores the roles of RD&D (research, development and
demonstration), deployment and investment (the three steps in the technology
lifecycle) in supporting policy outcomes.

Part lll: Energy Technology: Status and Outlook provides a detailed review of the
status and prospects of key energy technologies in power and heat generation,
in road transport, in industry, and in buildings and appliances. It highlights the
potential for technologies in these sectors and their costs, and discusses the
barriers that each technology must overcome before its full potential can be
harvested.

Implications of the scenarios for climate change

The review focuses on three key scenarios — a Baseline scenario, an ACT Map
scenario and a BLUE Map scenario. These are described in more detail in Chapter 2.
As shown in Figure 1.1, each has different implications for CO, emissions:



51

Figure 1.1 >
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In the Baseline scenario, CO, emissions would rise from 27 Gt in 2005 to 62 Gt in
2050. CO, concentrations would rise from 385 ppm today to 550 ppm in 2050.

In the ACT Map scenario, CO, emissions would peak at around 34 Gt in 2030 and
drop to today’s level by 2050. This would result in a CO, concentration of 485 ppm
in 2050. Provided emissions continue to fall, reaching 14 Gt by 2100, this would
result in stabilisation at 520 ppm in the long term.

The BLUE Map scenario explores the energy implications of a reduction of global
Greenhouse Gas (GHG) emissions to 50% of current levels by 2050. In this
scenario, CO, emissions would peak in the next decade, fall to 14 Gt in 2050, and
stabilise afterwards. This most ambitious scenario could result in a stabilisation of
CO, concentrations at 450 ppm. It should be noted that other emission scenario
pathways could meet this target as well, and that the fiming of the peak could also
be somewhat later. This issue is not further elaborated in this study.

Between 2050 and 2100, the energy economy would be virtually decarbonised in
both the ACT Map and BLUE Map scenarios.

Provided non-CO, emissions are also significantly reduced (Box 1.1), the BLUE
Map scenario could be consistent with a world average temperature change of two
to three degrees Celsius above pre-industrial levels.

Energy-related CO, emission and CO, concentration profiles
for the Baseline, ACT Map and BLUE Map scenarios
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Note: Figures refer to CO, concentrations by volume (ppm CO,).

Key point

Only the BLUE Map scenario is consistent with a long-term stabilisation at 450 ppm CO,,.

These scenarios merely serves to reinforce the scale of the challenge we face in
transforming energy systems and the importance of our taking steps to do so as
soon as possible. This book above all aims to support that effort.
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Box 1.1 P Reduction of greenhouse gas emissions that are not
related to energy use

The CO, concentration in the atmosphere is 385 ppm, and is rising by about 2 ppm per
year. Approximately 58% of all emitted CO, stays in the atmosphere. Based on these facts,
it is possible to estimate future CO, emissions and concentration levels. However, the relation
between anthropogenic emissions and climate change is far more complex than just this.

In 2004, 49 Gt of CO, equivalent emissions were released, of which 77% was CO,, (IPCC, 2007).
CO, emissions from fossil fuel combustion accounted for only slightly over half of the total emissions
of the six groups of greenhouse gases covered by the Kyoto protocol. In reality, the situation is even
more complicated — as other factors also have global warming or cooling effects.

Stabilisation of climate change at two to three degrees Celsius will require substantial cuts in
emissions of non-CO, greenhouse gases and in non-energy related CO, emissions. There is no
choice of doing either one or the other: both energy-related and other emissions need to be
reduced significantly. Reducing methane emissions related to energy use is discussed in Chapter
14, and reducing CO, emissions from industrial processes in Chapter 16. But it is beyond the
scope of this study to discuss the reduction of other gases in greater detail.

Apart from reducing emissions, it is also possible to enhance sinks that remove CO, from the
atmosphere. Underground storage of CO, from combustion processes is discussed in detail
in this study. But natural CO, capture and storage processes can also be enhanced, such as
CO, uptake by oceans and through land use and forestry activities. These options are beyond
the scope of this analysis. Non-CO, greenhouse gases will be discussed in more detail in the
IEA World Energy Outlook 2008.
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Chapter SCENARIOS

Key Findings

In the absence of new policies, global energy demand and CO
emissions will more than double by 2050

2

In the Baseline scenario, global CO, emissions grow rapidly, oil and gas prices are
high, and energy security concerns increase as imports rise. In this scenario, energy
CO, emissions in 2050 are 130% above the level of 2005. Oil demand is 70%
above the 2005 level. These developments are not sustainable. Most of the growth
in energy demand, and hence emissions, comes from developing countries.

Despite CO, policies in many countries, the Baseline outlook has deteriorated
considerably since publishing the last edition of Energy Technology Perspectives
(IEA, 2006). Baseline CO, emission projections for 2050 have risen by 7%, primarily
due to projections of higher economic growth, higher oil and gas prices, greater
reliance on coal for power generation and an increased use of coal in the production
of liquid transport fuels. We can not delay any further taking decisive action.

Energy technologies can make the world’s energy sector
more sustainable

Emissions can be brought back to today’s level by 2050 if measures with a cost of
up to USD 50/t CO, are applied globally (as in the ACT scenarios). This can be
achieved using existing technologies or those under development. Energy efficiency
and emission reductions in power generation play a key role in meeting this target.

A halving of worldwide emissions by 2050 (as in the BLUE scenarios) would be
an extremely challenging target. This would require measures with a cost of up to
USD 200/tCO,. With less-optimistic technology assumptions, notably in
transportation, marginal costs could be USD 500/t CO,,. The transition costs will be
considerable. The average emission reduction costs in this scenario are about a fifth
of the marginal cost, and range from USD 38/t CO, to USD 117/t CO,,

The outcomes envisaged in the BLUE scenarios are not possible with the
technologies available today. All end-use sectors need to apply fuel-switching and
carbon capture and storage (CCS), where appropriate, in combination with energy-
efficiency measures. The transport sector especially will require new solutions, the
cost of which will be very high. In all sectors, new technologies are needed to bring
these costs down further.

CO, emission reduction policies can help to avoid very significant supply challenges.
This is especially the case in transportation. In both the ACT and BLUE scenarios, oil
and gas demand are significantly below the Baseline level in 2050. In the BLUE Map
scenario, oil demand is 27% below the 2005 level. However, fossil fuels remain a
key element of the world’s energy supply in 2050 in all scenarios.
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There is an urgent need for action in the next decade. Investments made in this
period, due to the long life-span of capital equipment such as buildings, industrial
installations and power plants, may need to be the subject of economically wasteful
early replacement or refurbishment if emission reduction targets are to be met.
The BLUE scenarios already envisage 350 GW of coal-fired power being replaced
before the end of its life-span.

The OECD countries account for less than one-third of global CO, emissions in
2050 in the Baseline scenario. Global emissions can only be halved if developing
countries and transition economies contribute substantially.

Deep emission cuts will require substantial application of CO,, capture and storage,
nuclear and renewable energy technologies. Emissions can only be cut significantly
if all CO,-free options play a role.

Policies that raise the CO, target incrementally risk a lock-in of options and
strategies that are unsuited for deep emission cuts. For example, the role of natural
gas in power generation increases in the ACT scenarios for moderate targets but
declines in the BLUE scenarios, where deeper emission cuts are needed.

Financial incentives to achieve CO, reductions could take many forms and need to
be supplemented by a range of other policy instruments.

Key technology options in the ACT and BLUE scenarios

End-use energy efficiency accounts for 36% to 44% of the emissions reductions in the
ACT and BLUE scenarios, compared to the baseline. CCS represents 14% to 19% of
reductions, nuclear 6%, and renewables 21%. In addition to the flexibility individual
countries have based on resource availability, some uncertainty about these shares
exists, which is explored through the five scenarios for the power sector and four
for transport. Improving energy efficiency should be a priority. Many efficiency
measures can be implemented with relatively short lead times, and full life-cycle
costs are often negative.

In the ACT Map scenario, the rate of energy efficiency improvement increases to
1.4% per year from the 0.9% per year of the Baseline scenario, driving down final
energy intensity by 2.2% per year on average. In the BLUE Map scenario even faster
rates of energy efficiency improvement are seen (1.7% per year) and consequently
final energy intensity falls by 2.5% per year.

These improvements in energy efficiency result in substantial additional energy
savings in 2050 in the ACT and BLUE scenarios compared to the Baseline scenario.
In the ACT Map scenario the savings total 23% of baseline energy consumption in
2050. In the BLUE Map scenario, savings rise to 33% by 2050.

Electricity will play an increasing role as a CO,-free energy carrier. The near
elimination of CO, emissions in the power sector is the cornerstone of achieving
deep CO, emission reductions worldwide. Advances in new technologies are key
to accomplishing this. Fossil fuels used with CCS, nuclear and renewables all
have an important part to play. Each faces challenges to wider use at reasonable
cost. A decarbonised power supply opens the prospect of increasing demand-side
electrification as a zero-emission solution for the long term.
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> To cope with increasing amounts of variable renewables, electricity grids will need
to be improved and electricity storage technologies will need to be deployed on
a larger scale. While the use of electricity as a substitute for fossil fuels plays an
important role in the BLUE scenarios in 2050, this development will need to be
accelerated beyond 2050.

> Decarbonising the transport sector is a major challenge. Demand for automobile
travel is projected to increase more than threefold, while freight will grow at an even
faster rate. Efficiency gains of 30% to 50%, available with conventional technology,
will be insufficient to outweigh demand growth. Biofuels, electricity from the grid
and clean hydrogen are the three CO,-free energy carriers that can be used in this
sector. All three need further development. The most challenging part is the emissions
reduction for trucks, ships and air transportation. Second-generation biodiesel and
jet biofuels look like the most viable alternatives for these transportation modes.
As biofuel availability is limited, development of other alternatives for automobiles
becomes imperative if deep emission cuts are fo be achieved.

> Energy efficient appliances and lighting and better building shells play a key role in
the ACT Map scenario. In the BLUE Map scenario, heat pumps and solar heating
increase the emissions reduction in the buildings sector further. In the BLUE Map
scenario, buildings must be retrofitted or replaced at an earlier stage.

> In the industry sector, a combination of energy efficiency (e.g. efficient motor
systems), biomass use, CCS and optimisation of materials life-cycles can result in
substantial reductions, but most of this potential has a relatively high cost.

> Sustainable and affordable CO,-free power generation should be a priority. While
CCS plays a key role in the ACT Map and BLUE Map scenarios in 2050, regional
storage potentials may limit sustained reliance on CCS beyond 2050.

> A number of CO -free energy sources have huge potential. Solar, geothermal and
nuclear fusion deserve special RD&D attention for the longer term, given their large
resource potential and applicability in many parts of the world.

Scenario characteristics

The scenarios in the Energy Technology Perspectives 2008 study build on and are
consistent with earlier IEA scenario analysis work, notably the ACT and TechPlus
scenarios presented in Energy Technology Perspectives 2006 (IEA, 2006) and the
Reference scenario and the 450 ppm case published in World Energy Outlook
2007 (IEA, 2007aq).

The Baseline scenario reflects developments that will occur with the energy and
climate policies that have been implemented to date. It is consistent with the World
Energy Outlook 2007 Reference scenario for the period 2005 to 2030. World
Energy Outlook trends have been extended for the period 2030 to 2050, based on
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the new Energy Technology Perspectives model analysis. The pattern of economic
growth changes after 2030, as population growth slows and the economies of
developing countries begin to mature.

The implications of two policy objectives have been analysed. The ACT scenarios
envisage bringing global energy CO, emissions in 2050 back to 2005 levels. The
BLUE scenarios envisage halving those emissions. The BLUE scenarios are consistent
with a global rise in temperatures of two to three degrees Celsius, but only if the
reduction in energy-related CO, emissions is combined with deep cuts of other
greenhouse gas emissions. Both scenarios also aim for reduced dependence on oil
and gas. The ACT and BLUE scenarios are based on the same macro-economic
assumptions as the Baseline scenario developed for this study. In all scenarios,
world economic growth is a robust 3.3% per year between 2005 and 2050. In
all scenarios too, the underlying demand for energy services is the same, i.e. the
analysis does not consider scenarios for reducing the demand for energy services
(such as by reducing indoor room temperatures or restricting personal travel activity).
The framework assumptions are described in more detail in Annex B.

The ACT and BLUE scenarios explore what needs to be done if we are to meet their
ambitious objectives. The analysis does not reflect on the likelihood of these things
happening, or on the climate policy instruments that might best help achieve these
objectives. The scenarios assume an optimistic view of technology development.
It is clear that these objectives can only be met if the whole world participates
(Box 2.1). How to get all countries on board is beyond the scope of this analysis.

Box 2.1 P A global effort is needed

The OECD countries will account for less than one-third of global CO, emissions in 2050. Serious
emission reductions will therefore be heavily dependent on developing countries and transition
economies.

Expected economic growth in developing countries and their sheer population size make any
meaningful global emissions reduction dependent upon their involvement. By 2050, out of a
total world population of 9 billion people, only 1 billion will live in OECD countries. The Energy
Technology Perspectives analysis shows that, even with an incentive of USD 200/t CO,, emissions
cannot be stabilised without the participation of non-OECD countries. If OECD countries alone
were fo implement an incentive even at this level, global CO, emissions in 2050 would be
42 Gt, i.e. 56% higher than in 2005.

The ACT Map and BLUE Map scenarios contain relatively optimistic assumptions
for all key technology areas. The BLUE Map scenario is more speculative than the
ACT Map scenario insofar as it assumes technology that is not available today. It
also requires the rapid development and widespread uptake of such technologies.
Without affordable new energy technologies, the objectives of the BLUE Map
scenario will be unachievable.
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In total, five variants have been analysed for the power sector for both ACT and
for BLUE. These are:

MAP: relatively optimistic for all fechnologies.

High nuclear (hi NUC): 2000 GW instead of 1T 250 GW maximum nuclear
capacity.
No carbon capture and storage (no CCS).

Low renewables (lo REN): assuming less cost reductions for renewable power
generation technologies.

Low end-use efficiency gains (lo EFF): assuming a 0.3% lower annual energy
efficiency improvement, compared to MAP.

The second set of variants applies to the transport sector, where four variants for
BLUE have been analysed:

BLUE Map (a combination of high efficiency, biofuels, electric vehicles and
hydrogen fuel cell vehicles).

BLUE EV success: a variant that is optimistic with regard to the development of
electric vehicles.

BLUE FCV success: a variant that is optimistic with regard to the development of H,
fuel-cell vehicles.

BLUE conservative: a variant where neither EVs nor FCVs are assumed to achieve
cost reductions sufficient for them to begin deployment. As a result, this scenario
has higher transport CO, emissions than the other BLUE variant scenarios.

These four variants apply only to the BLUE scenarios, because in the ACT Map
scenario only efficiency and biofuels are assumed to play an important role in the
fransport sector.

The reduction of energy related methane emissions is an intrinsic component of all
of these scenarios. Methane emissions and their reduction in the ACT and BLUE
scenarios are discussed in more detail in Chapter 14. Similarly, the scenarios
assume a significant reduction in industrial-process CO, emissions in cement-
making, as discussed in Chapter 16.

These scenarios are not predictions. They are internally consistent analyses of the
least-cost pathways that may be available to meet energy policy objectives, given a
certain set of optimistic technology assumptions. This work can help policy makers
identify technology portfolios and flexible strategies that may help deliver the
outcomes they are seeking. The scenarios are the basis for roadmaps that can help
to establish appropriate mechanisms and plans for further international technology
co-operation.

The results of the ACT and BLUE scenarios assume a wide range of policies and
measures to overcome barriers to the adoption of the appropriate technologies.
Both the public and the private sectors have major roles to play in creating and
disseminating new energy technologies.
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The increased uptake of cleaner and more efficient energy technologies envisaged
in the ACT and BLUE scenarios will need to be driven by:

Increased support for the research and development (R&D) of energy technologies
that face technical challenges and need to reduce costs before they become
commercially viable.

Demonstration programmes for energy technologies that need to prove they can
work on a commercial scale under relevant operating conditions.

Deployment programmes for energy technologies that are not yet cost-competitive,
but whose costs could be reduced through learning-by-doing. These programmes
would be phased out when the technology becomes cost-competitive.

CO, reduction incentives to encourage the adoption of low-carbon technologies.
Such incentives could take a number of forms — such as regulation, pricing, tax
breaks, voluntary programmes, subsidies or trading schemes. In the ACT scenarios,
policies and measures are assumed to be put in place that would lead to the
adoption of low-carbon technologies with a cost of up to USD 50 per tonne of CO,
saved. The ACT scenarios are based on the incentives being in place from 2030
in all countries, including developing countries. In the BLUE scenarios the level of
incentive continues to rise and reaches a level of USD 200 per tonne of CO, saved
ten years later.

Policy instruments to overcome other commercialisation barriers that are not
primarily economic. These include enabling standards and other regulations,
labelling schemes, information campaigns and energy auditing. These measures
can play an important role in increasing the uptake of energy-efficient technologies
in the buildings and transport sectors, as well as in non-energy intensive industry
sectors where energy costs are low compared to other production costs.

Energy prices in each of the ACT and BLUE scenarios respond to changes in
demand and supply. In the Baseline scenario, oil prices increase from USD 62
per barrel in 2030 to USD 65 per barrel in 2050 (in real present dollar terms).
This price trajectory is consistent with the World Energy Outlook 2007 Reference
scenario (IEA, 2007a). At these prices, substitutes for conventional oil (such as tar
sands) as well as transport fuels produced from gas and coal will begin to play a
larger role. If the necessary investments in conventional oil and gas production do
not materialize, the prices will be considerably higher (IEA, 2007a). The interaction
between availability of energy resources, the energy technology used, the demand
for energy services and energy prices is captured in the energy system model
used for this analysis (see Annex B). While lower oil and gas demand in the ACT
and BLUE scenarios will result in a price reduction, the precise impact on prices is
uncertain.

The ACT scenarios were already presented in Energy Technology Perspectives
2006 (IEA, 2006). A number of important changes have been made to the 2006
scenarios, however:

Economic growth projections have been revised upward.

Equipment costs have been revised upwards, due to a combination of rising
material costs, strong demand growth in Asia, resource scarcity and a growing
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lack of skilled labour. Typically, costs have risen by a factor of two. Long-term cost
projections for certain key technologies have also been revised upwards.

It remains to be seen if these factors will be sustained over the coming decades,
or if they will change. However, one significant consequence of this analysis is that
the CO, incentive level for emissions stabilisation in the ACT scenarios has been
raised from USD 25/t CO, to USD 50/t CO,,. It is a fact that, in the short and
medium term, deployment costs have risen significantly for most technologies. This
development has increased the challenge faced to achieve an energy transition
compared to the situation two years ago.

Box 2.2 P The alternative policy scenario

The Alternative Policy Scenario (APS) presented in IEA World Energy Outlook 2007 describes
outcomes that would result from the implementation of policies that are under consideration
today. This scenario shows that such policies can reduce global CO, emissions from 41.9 Gt (the
Reference scenario) to 33.9 Gt in 2030. This represents an increase over 2005 emission levels
of 27%. Many aspects of APS are comparable with the ACT scenarios, but APS has no generic
CO, incentive level, and it does not generate least-cost outcomes. Another important difference
is that APS does not include CO, capture and storage, while CCS plays an important role in the
ACT scenarios. As a result, CO, emissions in 2030 are lower in the ACT scenarios than in APS.

CO2 emission trends

In the World Energy Outlook 2007 Reference scenario, CO, emissions increase
from 27 Gt in 2005 to 42 Gt by 2030. Growth in CO, emissions continues in
the Energy Technology Perspectives Baseline scenario, reaching 62 Gt of CO, in
2050, an unsustainable 130% increase from 2005. The average annual growth
of CO, for the period 2005 to 2030 is 1.8%, compared to 2% for the period
2030-2050.

From 1990 to 2000, the average annual increase in emissions was 1.1% per
year. Between 2000 and 2005, growth accelerated to 2.9% per year, despite the
increased focus on climate change. High economic growth, notably in coal-based
economies, and higher oil and gas prices (which have lead to an increase in coal-
fired power generation) are the main reasons for the increase. Emissions from coal
use increased by 1% per year between 1990 and 2000, but they rose by 4.4% per
year between 2000 and 2005.

These recent trends also have an impact on the projections. The baseline outlook
for 2030 and 2050 has considerably deteriorated since Energy Technology
Perspectives 2006. Baseline CO, emission projections for 2050 have risen by 7%,
due to higher economic growth forecasts, notably for China and India (both major
coal-consuming economies) and because of higher oil and gas price projections,

2.
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which result in a switch to more coal in the Baseline scenario (IEA, 2007a). This
fuel-switching effect more than outweighs any additional efficiency gains caused by
higher fuel prices.

Worldwide economic activity in 2050 is estimated in all three scenarios to be
approximately four times that of 2005. Studies suggest that the impact of CO,
policies on economic growth is probably small and unlikely to affect the conclusions
of this study significantly (see Box 2.3).

In the Baseline scenario, primary energy use rises by 110%, and the carbon
intensity of primary energy increases by 11%. Strong decoupling of economic
activity and energy use — a consequence of technical energy efficiency gains and
structural change — is overshadowed by rapid economic growth and the increasing
carbon intensity of energy use. Although emissions from the power sector represent
the largest absolute increase, emissions are forecast to rise relatively faster in the
fuel transformation, transportation and industry sectors.

A shift towards more coal in the power sector energy mix, at the expense of oil and gas,
contributes a significant proportion of the emissions growth in the Baseline scenario.
Coal accounts for 52% of power generation in 2050. Although coal generation
requires higher initial investment, investors will weigh this up against the risk of oil and
gas prices continuing to increase in the next two decades. The investments undertaken
during this period risk locking the world info a highly carbon-intensive energy future.

Oil and gas demand will also continue to rise. IEA analysis suggests it is unlikely
that this demand will be constrained by a shortage of available reserves, although
it is less clear that the necessary investment will occur in time to exploit those
reserves. If investment in the OPEC countries and Russia does not materialise in the
coming decades, oil and gas prices will rise further, thus increasing the demand
for alternatives, whether high- or low-carbon. The BLUE scenarios show that deep
emission reductions result in a significant reduction of oil demand by 2050 compared
to today. Even so, all of the scenarios in this study assume technology will be
developed to secure unconventional resources such as deep oil, arctic oil and ultra-
heavy oil and to find new low-cost methods to develop small size oil and gas fields.

Even if the Baseline scenario is feasible from a resource perspective, it will result in
unacceptable climate change. It will also make oil and gas importers increasingly
reliant on energy imports from a relatively small number of supplier countries. This
will create further supply security risks for importing countries and may undermine
sustained economic growth.

The Baseline scenario is not a given, nor is it desirable from a sustainability
standpoint. The ACT scenarios illustrate that, with the right decisions taken early
enough, it is possible to move the energy system onto a more sustainable basis
over the next half century, using technologies that are available today or that could
become commercially available in the next decade or two. Achieving the objectives
of the BLUE scenarios would be more costly and less certain and would require
aggressive changes to the energy infrastructure.

In the ACT Map scenario, emissions are 35 Gt lower in 2050 than in the Baseline
scenario (-56%). In the four ACT variants — high nuclear, no CCS, low renewables
and low end-use efficiency gains — CO, emissions range between 5% below and
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16% above 2005 levels. Emissions in power generation are reduced particularly
significantly, through a combination of end-use electricity savings that lower
demand and a reduction in CO, emissions per unit of electricity generated.

Figure 2.1 P Global CO, emissions in the Baseline, ACT Map and BLUE Map scenarios
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ACT Map implies deep emission cuts in power generation and the fuel transformation sector; BLUE Map implies
deep emission cuts across all sectors.

In the BLUE Map scenario, emissions are 48 Gt lower in 2050 than in the Baseline
scenario. In the BLUE variants (in which the five power sector variants are combined
with four transport variants) CO, emissions are between 24% and 51% lower than
in 2005.

Reductions in CO, emissions by contributing factor

Figure 2.2 shows the reduction of global energy-related CO, emissions over
the period 2005 to 2050 for the BLUE Map scenario and for the World Energy
Outlook 2007 450 ppm case (to 2030). The graph shows the consistency of the
two |EA scenarios. End-use efficiency (for fuels and for electricity) and power sector
measures dominate the short- and medium-term emission reductions. However,
because of the deeper emission cuts needed by 2050, end-use efficiency and
power sector options are supplemented by more CCS and end-use fuel switching
between 2030 and 2050. This is the only way that the transportation sector and
industry can achieve deep emission cuts.

Figure 2.2 suggests a peak in emissions around 2012. The later the peak and
the higher it is, the more difficult it will be to achieve deep emission cuts by 2050.
Achieving the outcomes implicit in the BLUE Map scenario will require the peak
to be reached at moderate levels in the next one to two decades. If this does not
happen, the target will be unachievable. Given the long lead times before new
policies are put in place and will have effect, there is an urgent need for meaningful
global action very soon.
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Figure 2.2 P Contribution of emission reduction options, 2005-2050
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The BLUE Map scenario is consistent with the World Energy Outlook 2007 450 ppm case.

Figure 2.3 shows the emission reductions by sector for the period 2005 to 2050.
The CO, reductions from electricity savings have been allocated to end-use sectors.
This breakdown shows that in the next two decades, the power sector and all end-
use sectors together play an equal part in the emission reduction effort. However
beyond 2030, the end-use sectors have an increasingly important role to play in
reducing emissions. Within the end-use sectors, energy efficiency measures in the
buildings sector needs to play the biggest role in the next two decades, while the
importance of industry and transport increases in the later decades. To meet the
BLUE scenario emissions objectives, deep emission reductions are needed even in
the transport sector beyond 2030.

Figure 2.3 P Reduction of energy-related CO, emissions from the Baseline scenario
in the BLUE Map scenario by sector, 2005-2050
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The share of end-use sectors in emission reduction increases between 2030 and 2050.
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In the ACT Map and BLUE Map scenarios, OECD countries account for 30% of the
total global emissions reduction compared to the Baseline scenario. In BLUE Map
where a least-cost approach is aimed for, OECD countries reduce their emissions
by more than half compared to 2005 levels, while non-OECD countries reduce
their emissions by less than half. The difference reflects much higher economic

growth in developing countries than in the OECD countries in coming decades,
and it implies a significant effort in non-OECD countries. The sharing of the
financial burden for such change is beyond the scope of this study.

In the ACT Map scenario, end-use efficiency provides the most emission reductions
(44%) (Figure 2.4). Power generation accounts for 43% of the emissions reduction.
This order of importance changes in the BLUE Map scenario: end-use efficiency
accounts for 36% and changes in power generation account for 38%. CCS in
power generation, fuel transformation and industry accounts for 14% to 19% of
the total emissions reduction (Figure 2.4). Renewables account for 16% to 21% of
the total emissions reduction. About a quarter of the renewables contribution in the
BLUE Map scenario comes from biofuels, with most of the remainder from the use
of renewables in the power sector. It should be noted that this underestimates the
importance of nuclear and hydropower, as both options play already an important
role in Baseline.

Figure 2.4 P Reduction in CO, emissions from the Baseline scenario in the ACT
Map and BLUE Map scenarios by technology area, 2050
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End-use efficiency and power-generation options account for the bulk of emissions reduction.
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Box 2.3 P Costs and economic impacts

In this analysis:

B Fyel prices ignore excise taxes and subsidies. Average current gasoline excise taxes in Europe
equal about USD 400/t CO,. A CO, incentive of USD 200/t CO, is equivalent to additional
oil cost of around USD 80 per barrel (bbl).

B Transaction costs have not been specifically considered. This may underestimate costs in cases
where millions of small-scale investment decisions are involved.

B Policy costs have been split into research, development and demonstration, deployment
and technology learning, and investment. The cost of each of these components has been
assessed separately (Chapters 4-6).

B All options are evaluated based on discounted costs. The discount rate varies by sector and
by country. Regional and sector-specific discount rates have been applied that reflect a
combination of capital availability and risk aversion.

A switch from fossil fuels to other forms of energy will have supply security benefits. With the
reduced levels of demand envisaged in the ACT and BLUE scenarios, oil and gas prices may
fall, although this would be offset by the assumed carbon incentive which, at USD 200/t (the
equivalent of USD 80/bbl) would represent a significant increase of oil and gas prices for end-
users. For example, the oil price the consumers would “see” in the BLUE scenarios if the incentives
were taxes based on the carbon content of the oil products would be the USD 120/bbl to
USD 130/bbl price, despite lower global market prices. The actual level of oil and gas world
market price reductions due to CO, policies is uncertain.

The study is based on a partial equilibrium model. While this approach provides important insights
into the cost of policies for consumers and for the whole economy, the analysis does not assess
the full GDP impacts. The re-distribution of production factors will affect the growth potential
of the economy. Other studies have looked into the impact of climate policies on the global
economic structure and economic growth. A recent OECD study has assessed the economic
impacts of a 450 ppm scenario, which would equal a 45% reduction in global emissions by 2050
relative to 2005 levels — i.e. approximately the level aimed for in the BLUE scenarios. World GDP
would be reduced by 2.4% in 2050 relative to the Baseline scenario. This would be equivalent to
slowing annual world GDP growth rates by about one-tenth of one percent (0.1%) over 2005 to
2050. However, it should be noted that emission growth in the Reference Scenario of the OECD
study is considerably lower than that of the Energy Technology Perspectives Baseline scenario,
which helps to keep the cost down.

IPCC estimates also suggest that GDP impacts are of secondary importance, estimating that
stabilisation around 550 ppm CO,-eq would cost less than 1% of gross world product. For
stabilisation between 445 and 535 ppm CO, eq, costs are less than 3% of GDP (IPCC 2007,

pages 79-80). However, there may be important wealth-distribution consequences.

The IEA World Energy Outlook 2008 will model new frameworks for different stabilisation levels
and their impacts on prices, investment levels and economic growth.

Sources: OECD, 2008; IPCC, 2007.
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Table 2.1 provides a breakdown of emission reductions by technology option within
each sector. The table shows the important contribution of the power sector in the
ACT Map scenario and the importance of deep emission cuts in all end-use sectors
in the BLUE Map scenario. A range of technologies is needed to meet the policy
targets. Roadmaps for the most important technologies are elaborated in more
detail in Chapter 3.

Emission reductions by sector and technology option in the ACT Map
and BLUE Map scenarios in 2050
CO, Reduction CO, Reduction
ACT Map BLUE Map
(Gt CO,/yr) (Gt CO,/yr)

o0l e 3 . 48 ...
Power generation ... 139 e, 183 ...
CCS power generation 2.9 4.8
A s pe—
Solar =PV e O 0B
S0ar o D e 06 e, 1.2
NUClBar e, 20 . 28 ...
G e 0.7 e, 07 i
Ultra/Superaritical coal | 0.7 e, 07 .
BIGCC and biomass co-combustion 02 . 15,
Gas efficiency e 08 e, 04 ...
Fuel switching coaltogas 38 . 18 .
YArO ) 03 e, 04 ...
Geothermal e O e, 06
Buildings e 70 ] 82 .
Fuel savings 2.0 2.5
T F— o
Sorhesing T g g
Feat PUMPS 03 08 e,
TranSpOrt e 82 . 125 ...
Fuel efficiency 6.0 6.6
e s I
Pugins ond elecricehics g5 g
Hydrogen fuel-cell vehicles (FCYS) .o 0.0 s B
Industry (incl. BF + coke ovens) . BT ! 92 e,
CCS industry and fuel transformation ..o 20 43
Eledtric efficency ..o L0, S
Fuel officiency ..o, L, 23
Fuel and feedstock switching 0.8 1.2

Note: Industry excludes process CO, emission reductions for cement. Blast furnaces and coke
ovens have been allocated to industry. Transportation accounts for well-to-wheel effects (including
fuel transformation). Emission reductions in power generation due to electricity savings in end-use
sectors have been allocated to the end-use sectors. CCS is corrected for efficiency losses. CCS for
CHP is allocated to the power sector and to industry following IEA energy accounting guidelines.
BF=blast furnaces; BIGCC=biomass integrated gasifier combined cycle; CSP=concentrating solar
power; FCV=fuel-cell vehicle; IGCC=integrated gasifier combined cycle.
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The contribution of most technology options increases in the BLUE Map scenario
compared to the ACT Map scenario. Exceptionally, the contribution of fuel switching
from coal to gas in power generation and the efficiency improvement of gas-
fired power plants decreases between the ACT Map and BLUE Map scenarios,
as the share of fossil-fuelled — especially gas-fired — power generation in total
power generation decreases. While a switch to gas can help to reduce emissions
substantially compared to coal-fired power generation, it is not a CO,-free power
generation option. CCS is relatively expensive when applied to gas-fired power
plants, so gas becomes a less attractive option in the BLUE scenarios. This case
shows that more stringent policy goals can result in a very different energy system
structure. Policies that raise the CO, target incrementally risk a lock-in of options
and strategies that are unsuited for deep emission cuts. Clear and credible long-
term targets can avoid such lock-in.

Power generation

The power generation sector is significantly influenced by CO, reduction incentives.
Emissions are reduced considerably in the ACT and BLUE scenarios, partly due to
reduced demand for electricity as a result of end-use efficiency gains. Electricity
demand in the ACT Map scenario is 21% lower than in the Baseline scenario.
Further efficiency gains in the BLUE Map scenario are dwarfed by the additional
demand for CO,-free electrification in buildings and in the transport sector (notably
for heat pumps and plug-in hybrids). Electricity demand in the BLUE Map scenario
is therefore only 15% below the Baseline scenario level and 17% above the demand
in the ACT Map scenario.

Coal’s share of power generation declines from 52% in the Baseline scenario
to 17% in the ACT Map scenario. At the same time, gas increases from 21% to
29%. This represents a significant reduction in the average carbon intensity of
electricity from fossil-fuelled power plants. In the BLUE Map scenario, the share
of coal is slightly lower than in the ACT Map scenario (13%). The share of gas
declines significantly (to 17%), reflecting the fact that CCS — applied to virtually
all coal-fired power stations in BLUE Map — is significantly more expensive per
tonne of CO, saved for gas than for coal. About 70% of gas-fired power is
generated from plants equipped with CCS. In capacity terms, however, the share
of plants with CCS is much lower, as gas peaking plants play an important role
in the scenario. They act as backup for variable renewables, with a low number
of operating hours.

Nuclear power generation already plays an important role in the Baseline scenario,
with capacity increasing from 368 GW to 570 GW in 2050, and output increasing
by 41%. As most of the standing capacity must be replaced in the next 45 years, the
Baseline scenario implies on average more than 10 new reactors per year. Without
this capacity replacement, more CO,-emitting capacity would need to be built and
emissions would be even higher. The nuclear share rises further in the ACT Map
and BLUE Map scenarios. Nuclear power is constrained in the model at 1 250 GW,
in order to reflect growth limitations based on past experience of maximum annual
reactor construction rates (about 30 GW per year). Modelling of an increase to
2 000 GW (the HiNuclear scenario) shows that further nuclear expansion would be



69 cHAPTER ] SCENARIOS

cost-effective in both scenarios, largely at the expense of fossil-fuelled plants with
CCS. However it remains unclear whether such an increase would be acceptable
or feasible, as it would imply fuel reprocessing on a massive scale, which poses
a challenge for non-proliferation and the economics of nuclear power. The main
insight from this scenario is that an even greater expansion of nuclear does not
result in a further substantial reduction of emissions. The nuclear growth is largely
at the expense of fossil-fuelled power plants with CCS.

The total share of renewables in power generation increases to 35% in the ACT
Map scenario and to 46% in the BLUE Map scenario. In comparison, the current
share of renewables is 18%. As total electricity production also more than doubles in
the BLUE Map scenario between 2005 and 2050, it implies a more than four-fold
increase of power production from renewables. Most of the growth is in emerging
renewable technologies: wind, solar, biomass, and to a lesser extent geothermal.
The use of hydropower also doubles from today’s level.

CO, capture and storage (CCS)

The use of CCS in the industrial, fuel transformation and power-generation
sectors accounts for 14% of the emissions reduction in the ACT Map scenario
and 19% in the BLUE Map scenario. The total amount of CO, captured is
5.1 Gtto 10.4 Gt.

The growth of CCS between the ACT Map and BLUE Map scenarios accounts
for 32% of the additional emissions reduction in the latter. The CO, reduction
— using future advanced technologies — is approximately 10% to 20% lower
than the total amount of CO, captured because CCS itself entails significant
additional energy use. Fifty-four percent of this capture takes place in the
power sector in the BLUE Map scenario (Figure 2.5). The remainder takes
place in the fuel-transformation sector (refineries, synfuel production, blast
furnaces) and in manufacturing industry such as cement kilns, ammonia plants
and industrial CHP units.

In the power sector, the retrofit of power plants with CO, capture plays an
important role in the ACT Map scenario. It plays a smaller part in the BLUE
Map scenario, where CCS is adopted earlier into new build capacity. In the
ACT Map scenario, 239 GW of coal-fired capacity is retrofitted with CCS by
2050, while 379 GW of new capacity is equipped with CCS. The new plants
are largely IGCC based. In the BLUE Map scenario, only 157 GW of coal-
fired capacity is retrofitted with CCS, while 543 GW of new capacity with CCS
is installed. In the ACT Map scenario, 280 GW of new gas-fired capacity is
equipped with CCS; this increases to 817 GW in the BLUE Map scenario.
This includes industrial large-scale combined heat and power generation
units (CHP). In addition, black liquor gasifiers are equipped with CCS in both
scenarios and CCS is increasingly applied to industrial processes (e.g. cement
kilns and iron production processes) and in the fuel-transformation sector (e.g.
hydrogen production for refineries). CCS is especially important for industry
because it is the only way to achieve deep emission cuts in the production of
key commodities such as steel and cement.



70 PART 1 TECHNOLOGY AND THE GLOBAL ENERGY ECONOMY TO 2050

Figure 2.5 P Use of CO, capture and storage in the ACT Map
and BLUE Map scenarios
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CO, capture and storage can play a key role outside the power sector.

Fuel switching in end-use sectors

Fuel switching in end-use sectors plays an important role in reducing emissions.
Fuel switching to less carbon-intensive fuels in buildings, industry and transportation
contributes between 9% and 16% of the CO, emissions reduction depending on
the scenario.

In the Baseline scenario, electricity use triples and electricity increases its share of
total final consumption from 17% in 2005 to 26% in 2050, despite significant
energy efficiency gains. This is due to the rapid growth in electric end-uses such as
appliances. There is also an impact from the increased use of electricity as a substitute
for fossil fuels; particularly for heat pumps, and especially in countries where the CO,
intensity of power generation is low. The share of electricity stays at 26% of total final
consumption in the ACT Map scenario, but rises to 30% in the BLUE Map scenario in
2050, as low-carbon electricity increasingly substitutes for fossil-fuel uses.

In the ACT Map scenario, coal and oil lose market share in favour of gas and
renewables. End-use fuel-switching accounts for 8% of the total CO, reduction,
which equals approximately 2.9 Gt CO,. The share of renewables in final energy
use increases from 9% in the Baseline scenario to 16% in the ACT Map scenario.

The BLUE Map scenario assumes significant electrification in the buildings and
transport sectors. In the buildings sector, heat pumps play an increasing role. In
the transport sector, the scenarios assume an important role for plug-in hybrid and
electric vehicles. These changes result in a rise in electricity demand of the order of
4 000 TWh. The CO, impact depends on the CO, intensity of electricity generation.
In the BLUE Map scenario, the electricity sector is virtually decarbonised.
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In 2050, the share of renewables in end-use increases to 23% in the BLUE Map
scenario. Biomass plays a key role in the both the ACT Map and BLUE scenarios.
In the BLUE scenario its use quadruples compared to baseline. At the same time,
the efficiency of biomass use rises considerably as traditional biomass is phased out
and modern biomass technologies gain significant market shares.

In the buildings sector, the use of biomass is constant in the Baseline scenario. lis
use declines in the ACT Map and BLUE Map scenarios but, as it is used much more
efficiently, the share of biomass in delivered energy services increases. Solar water
heating and space heating systems increase more than threefold in the ACT Map
scenario and six-fold between the Baseline and BLUE Map scenarios.

In 2050, the share of biomass and waste in industry increases from 6% in 2005
to 12% in the ACT Map scenario, and to 18% in the BLUE Map scenario. Part
of this is biomass for steam and process heat. Biomass feedstocks also play an
increasing role.

The ACT Map and BLUE Map scenarios assume a significant use of biofuels. In
the transport sector, biofuels play an important role in emissions reduction. Their
use increases from 19 Mtoe in 2005 to 570 Mioe in the ACT Map scenario and
693 Mtoe in the BLUE Map scenario (Mtoe — million tonnes oil equivalent). Biomass
is used differently in the BLUE scenario, to reach the modes of transport that lack
other options (especially trucks, ships and aircraft). This results in an emphasis on
second-generation biodiesel instead of bioethanol production. Cars and light trucks
appear more likely to be amenable to switching to electricity and hydrogen fuel,
especially after 2030, and may not need substantial biofuels to achieve large cuts
in CO,. However, the use of biofuels for all modes will depend on development
of viable, sustainable, second-generation technologies that are not available
today at acceptable cost. A major change in the world’s effective management of
agricultural and natural lands will also be needed.

Achieving deep emission reductions in the transport sector will be challenging.
In both Map scenarios, modal shifts drive a reduction of about 15% in car, truck
and air travel by 2050 relative to the baseline as more people use efficient public
transportation. Far deeper reductions may be needed and strong policies to
moderate travel growth may be required. But the prospects for new propulsion
systems and fuel switching in transport depend on technology breakthroughs that
cannot be reliably forecast at this stage. Electric vehicles (EVs) and hydrogen fuel
cell vehicles will compete in the light-duty vehicle market, with plug-in electric hybrid
vehicles a likely interim option. The “BLUE FCV Success” and “BLUE EV Success”
variants assume over 90% sales share of fuel cell vehicles and electric vehicles
respectively in all OECD countries by 2040, with non-OECD countries following
about five to fen years later.

End-use energy efficiency improvements

In total, energy efficiency improvements constitute the single largest contributor to
CO, emission reductions in both the ACT Map and BLUE Map scenarios. This is on
top of significant efficiency gains in the Baseline scenario.
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Final energy demand in 2050 is 3 311 Mtoe to 5 155 Mtoe (23% to 33%) lower in
the ACT Map and BLUE Map scenarios than in the Baseline scenario. In the BLUE
Map scenario, around 18% of this reduction occurs in industry, 40% in the transport
sector and 37% in the buildings sector. These figures include the full benefits of
electrification on final energy savings (electric technologies often have much higher
end-use efficiencies than those using gas or oil products, but this excludes the losses
in power generation).

Since 1973, global energy intensity (final energy use per unit of GDP) has declined at
an average rate of 1.5% per year. This historical decoupling of energy consumption
and economic growth has been the main factor restraining the growth of CO,
emissions; the carbon intensity of energy use (CO, emissions per unit of energy)
changed very little between 1973 and 2005. There are important differences in
the rate of decline between regions. OECD countries achieved a rapid decline in
energy intensity following the oil price shocks of the 1970s. However, since then
the rate of reduction has slowed considerably and averaged at only 1.1% per year
between 1990 and 2005, which is half the rate seen between 1973 and 1990. But
as a result of particularly strong decoupling of energy use from economic growth in
developing countries and transition economies, the overall rate of energy infensity
reduction since 1990 has been slightly higher than in earlier decades.

Developments in final energy intensity result from a combination of changes in
energy efficiency and changes in economic structure. Structural changes, such as
a shift from the production of raw materials to less energy-intensive manufactured
products, can play a significant role in some countries.

Since 1973, final energy intensity in a group of 11 OECD (OECD-11) countries
has fallen by an average of 1.6% per year, with improvements in energy efficiency
(corrected for structural changes) accounting for around three-quarters of this
decline (IEA, 2004, 2007b). However, very different rates of energy intensity
reduction and energy efficiency improvements were seen over time. In the years
immediately following the oil price shocks of the early 1970s, final energy intensity
decreased rapidly, largely as a result of energy efficiency improvements running at
around 2.5% per year. Since then, lower rates of energy efficiency improvement
have been the major reason for the slowdown in final energy intensity reductions.
Since 1990, improvements in energy efficiency have averaged just less than 1%
per year.

Differences in the rates of final energy intensity reduction and energy efficiency
improvement are also seen among these countries. For instance, between 1973
and 2004, the rate of energy efficiency improvement in the United States and
Germany averaged around 1.5% per year, whereas the rate of improvement in
Japan (which already had low final energy intensity in 1973) was around half this
level.

The impact of these energy efficiency improvements in OECD countries has
been to significantly restrain the growth in final energy consumption. Without
the energy efficiency improvements achieved since 1973, final 2004 energy
use in the OECD-11 would have been 56% higher in 2004 than it actually was
(Figure 2.7).
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Figure 2.6 P Energy efficiency gains and structural change in major
OECD countries, 1973-2004
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use in OECD countries.

Sources: |IEA, 2004 and IEA, 2007b.

In OECD countries, improvements in energy efficiency have been the most important factor driving
reductions in final energy intensity.

Figure 2.7 P Long-term energy savings from improvements in energy efficiency,
OECD-11, 1973-2004
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Without 30 years of energy savings from improved energy efficiency, energy consumption in OECD
countries would be more than 50% higher today.
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The further decoupling of energy use and economic growth continues under all of
the scenarios (Figure 2.8). Under the Baseline scenario, global final energy intensity
falls at a rate similar to that seen over the past 30 years. This means that, by 2050,
the amount of energy used on average to produce one unit of GDP will be less
than half that needed today. In the ACT Map scenario, the global decline in energy
intensity increases to an average rate of 2.2% per year between 2005 and 2050.
This reduction in final energy intensity accelerates in the BLUE Map scenario to
2.5% per year, meaning that in this scenario, energy use per unit of GDP in 2050
is only about 30% of its level in 2005.

Historical and projected future changes in final energy
consumption per unit of GDP, by region
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Under the ACT Map and BLUE Map scenarios, very strong reductions in final energy intensity occur across all regions.

The energy intensity of the transition economies declines by more than that of the
OECD countries in all scenarios, reflecting the significant energy efficiency potential
in these countries. Many developing countries have experienced rapid economic
growth in recent years and have also seen their energy consumption relative to
GDP decline rapidly with the modernisation of their economies. In the Baseline
scenario, the strong decline in energy intensity continues, but at a slower rate
than between 1990 and 2005. The introduction of more energy efficient end-use
technologies in the ACT Map scenario increases the decline in energy infensity in
developing countries to a rate slightly higher than in recent years. In the BLUE Map
scenario this decline in the final energy intensity of developing countries increases
to 2.9% per year.

Global economic growth in the Baseline scenario averages 3.3% per year between
2005 and 2050, whereas the average annual increase in final energy consumption
is only 1.6% (Figure 2.9). This means that whereas global GDP more than
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quadruples over the period to 2050, final energy demand doubles. As in the past,
the decoupling of energy consumption from economic growth results both from a
structural and an energy efficiency effect. Changes in the structure of the economy
lead to the underlying demand for energy services growing at 2.4% per year, a
substantially lower rate than that of GDP. On average this structural effect therefore
reduces final energy intensity by 0.8% per year. A somewhat larger impact on final
energy intensity is due to the rate of energy efficiency improvements, which average
0.9% per year. This rate of improvement is in line with what has been achieved
by OECD countries since 1990. In the Baseline scenario, the combined impacts of
both structural and efficiency effects leads to a reduction in final energy intensity of
1.7% per year.

Over the period from 2005 to 2050, the cumulative energy savings from these
improvements in energy efficiency play a significant role in limiting the increase in
final energy demand under the Baseline scenario. In the absence of these savings,
final energy demand would be 45% higher in 2050 (i.e. final energy demand
would almost triple, rather than double).

Global trends in factors affecting final energy use under the Baseline
scenario
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A combination of energy efficiency improvements and structural changes are responsible

for reducing final energy intensity under the Baseline scenario.

In the ACT Map and BLUE Map scenarios there are substantial energy savings in
the final demand sectors compared to the Baseline scenario, due to improvements
in energy efficiency. In the ACT Map scenario, the rate of energy efficiency
improvement increases to 1.4% per year from 0.9% in the Baseline scenario.
This drives a reduction in final energy intensity of from 1.6% to 2.2% per year.
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In the BLUE Map scenario, the increased deployment of new technologies further
increases improvements in energy efficiency to 1.7% per year, with final energy
intensity decreasing in line with these improvements to 2.5% per year (Figure 2.10).
Structural effects are assumed to be the same under all three scenarios.

Figure 2.10 P Contribution of energy efficiency and structural changes to
reductions in final energy intensity under the scenarios
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Increases in the rate of energy efficiency improvement are responsible for the faster reductions
in final energy intensity under the ACT Map and BLUE Map scenarios.

Box 2.4 P Final energy intensity trends in China: the role of energy
efficiency and structural change

Between 1980 and 2000, China achieved a quadrupling of its GDP with only a doubling of
energy consumption, showing a significant decoupling of the relationship between economic
growth and energy consumption. This was a significant achievement, as increases in energy use
typically tend to be faster than economic growth in the early stage of industrialisation.

The significant reductions in energy intensity were driven largely by improvements in energy
efficiency. In 1980, the Chinese government began two major reforms. These involved allocating
capital investment to energy efficiency and creating a network of energy conservation service
centres throughout China. The institutions implementing energy efficiency continued to exert
substantial influence through the mid-1990s.

Further analysis of the effect of efficiency changes and structural shift in nine industrial sub-sectors
shows that from 1996 to 2003 there was steady efficiency improvement in China. However, the
rate of efficiency improvement has slowed down somewhat since 2000 (see Figure 2.11). In
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the meantime, structural shifts within industrial sub-sectors, including a rapid growth in cement
and steel production, have since 2001 more than offset the effect of efficiency improvements. In
2003, efficiency improvements in energy use in the industry sector was only about 30% of the
increase in efficiency intensity due to structural shifts among industrial sub-sectors. As a result, the
overall energy intensity of industry is higher today than its recent low point in 2001.

Figure 2.11 P Contribution of energy efficiency and structure to changes
in industrial energy consumption in China
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Key point

Recent increases in final energy intensity of China are due fo the rapid expansion
of energy infensive industrial sectors such as cement and steel.

Energy demand and CO, emissions by sector

Energy use increases in all sectors in the Baseline scenario. Energy use roughly
doubles in power generation, industry, transportation and buildings. The timing
of the growth differs, with an early rapid rise in industry as developing countries
industrialise. The energy used for fuel transformation accelerates from an average
annual growth rate of 2% between 2005 and 2030 to 4% per year between 2030
and 2050. This is due fo the increased production of synfuels from coal and gas.
The switch fo coal for production of liquid transportation fuels is the main reason for
the increasing rate of CO, emissions growth in the Baseline scenario after 2030.

Energy consumption in the transport, buildings and industry sectors increases on
average by 1.5% per year between 2005 and 2050 in the Baseline scenario, i.e.
slightly less than the 1.7% per year between 1971 and 2005. Driven by continued
strong population and income growth in developing countries, transportation
demand increases on average by 1.8% per year between 2005 and 2050. Energy
consumption in the industrial sector grows at an average of 1.6% per year. About
64% of the growth in industrial energy consumption occurs in developing countries.
Energy use in the buildings sector grows slightly more slowly, however, at on average
1.3% per year, with around 70% of this growth coming from developing countries.
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Figure 2.12 P Energy use by sector in the Baseline scenario

6 000

@ Industry
2 5000 — M Buildings
®
% 4 000 — I Power generation
9 M Transportation
& 3000 —
M Fuel transformation
2 000 —
1 000 —
0

T T T T T
1990 2000 2010 2020 2030 2040 2050

Note: Final energy use for end-use sectors, net consumption of power and fuel for the transformation sectors.
The power-generation sector includes heat plants.

ley point

Baseline energy demand continues to grow rapidly in all sectors.

Emission reductions by sector for ACT Map and BLUE Map are shown in Table 2.2.
Two indicators are used, one for the emissions reduction compared to the base
year 2005, and the other for the emissions reduction compared to the Baseline
scenario in 2050. The first is a measure for the emission reduction in absolute
terms, the second is a measure for the reduction in CO, intensity (CO,/energy).
Table 2.2 shows that the effort in terms of intensity improvement is comparable
across all end-use sectors. However, because the growth rate of the activity differs,
the emissions reduction is quite different in absolute terms and emissions increase
in some sectors in the ACT Map scenario, compared to the 2005 level.

Table 2.2 P Percentage emission reductions by sector in ACT Map and BLUE Map,

2050
Absolute reduction Intensity reduction
ACT Map BLUE Map ACT Map BLUE Map

(%) (%) (%) (%)
Reference 2005 2005 Baseline 2050 Baseline 2050
Power sector -43 71 -81 -90
Othe”mnsformohon ............... ]6 _62 _5]_84 ............
Tmnspo” ............................. 3]_30 ...................... _42_69 ............
|ndusfry ............................... 65 _2] _]8_60 ............
BU||d|ngs .............................. _2 _4] _3(,_6] ............
T01c.|2 _48 _57_78 ............

Note: Industry includes blast furnaces and coke ovens, as well as emissions from non-energy use of petrochemical feedstocks.
Industrial process emissions are excluded.
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In the ACT Map scenario, the net energy consumption of the electricity generation
and heat sector grows by 15% between 2005 and 2050. Energy consumption in
the fuel transformation sectors doubles. Synfuels from coal are largely replaced by
increased biofuels production.

In the BLUE Map scenario, the net energy consumption for power generation
increases by 21% compared to 2005. The increase in the BLUE Map scenario
compared to the ACT Map scenario is due to increased demand for electricity and
a switch to less-efficient but carbon-free forms of power generation. The energy
consumed in the fuel-transformation sector — which includes refineries, coal-to-
liquid, gas-to-liquid, blast furnaces and coke ovens — is about 10% less than in the
Baseline scenario. The lower demand can be explained by end-use fuel demand
reductions and changes in the iron and steel industry.

Energy savings compared to Baseline are achieved across all end-use sectors in
all of the ACT and BLUE scenarios, although to differing degrees (Table 2.3). The
largest reductions in energy use in the ACT Map scenario occur in the buildings
sector, reflecting the significant technical potential to reduce space heating and
cooling needs in both existing and new buildings, as well as to improve the energy
efficiency of lighting, electric appliances and equipment.

Table 2.3 » End-use energy savings in 2050 under ACT Map and BLUE Map,
relative to the Baseline scenario

Demand Demand Baseline ACT Map BLUE Map  ACT Map BLUE Map

2005 Baseline Annual Annual Annual Change Change

(Mtoe/yr) 2050 change change change compared  compared

(Mtoe/yr)  2005-2050 2005-2050 2005-2050 to Baseline to Baseline
(%/yr) (%/yr) (%/yr) 2050 2050

(%) (%)
Industry 2 564 5415 1.7 1.5 1.3 -8.8 -16.9
Transportation 2 141 4729 1.8 1.0 0.5 -30.8 -43.8
Buildings 2913 5234 1.3 0.4 0.2 -32.0 -39.8
Non-energy

use 129 306 1.9 1.9 1.4 0.0 -20.2
Total end-use 7 748 15 683 1.6 1.0 0.7 -23.0 -32.9

Note: Non-energy use of petrochemical feedstocks is included in industry.

Energy savings in transport are also very significant in the BLUE Map scenario,
reflecting innovations in both engine technologies and vehicle design. Industry
makes somewhat smaller savings, reflecting the high efficiencies already achieved
in a number of energy-intensive sectors and the need for energy that is intrinsic in
most industrial processes.

In all sectors, energy demand continues to grow between 2005 and 2050. The
highest growth rate is attained in industry, followed by transportation and buildings.
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Final energy consumption in the industry, buildings and transport sectors grows on
average 1.0% per year in the ACT Map scenario and 0.7% per year in the BLUE
Map scenario (Table 2.3).

Total final energy demand is 23% lower in the ACT Map scenario in 2050 and
33% lower in the BLUE Map scenario compared to the Baseline scenario (Figure
2.13). Absolute savings in the industry sector in the BLUE Map scenario total about
900 Mtoe, around one-third of this is in OECD countries and two-thirds is in non-
OECD countries. In the Buildings sector, savings total 2 083 Mtoe, with slightly less
coming from OECD countries than from non-OECD countries. The buildings sector
alone accounts for about 70% of the savings in electricity in the BLUE Map scenario.
In the transport sector, total savings amount to around 1 954 Mioe, with slightly
larger savings coming from developing countries than from OECD countries.

Figure 2.13 P Final energy use by sector in the Baseline, ACT Map and BLUE Map

Final energy demand (Mtoe)
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Final energy demand in ACT Map and BLUE Map is significantly less than in Baseline in 2050.

Figure 2.14 shows the marginal emission abatement curve against the Baseline
for progressively more expensive fechnologies in terms of cost per tonne of CO,
reduced. The y-axis shows the cost of the most expensive option that is applied
to meet different levels of emissions reduction (on the x-axis). The cost bands
reflect the difference between an optimistic view and a pessimistic view of specific
technology developments.

The approximate position of categories of options is indicated by the arrows.
While the objectives implicit in the ACT Map scenario can be achieved with
end-use efficiency and changes in power generation, achievement of the BLUE
Map scenario objectives will also require more costly measures in other end-use
sectors.
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Figure 2.14 P Marginal emission reduction costs for the global energy system, 2050
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Marginal costs increase significantly between ACT Map and BLUE Map, and the cost uncertainty increases.

Figure 2.14 is a schematic, greatly simplified, representation. The curve consists of
hundreds of options. It conveys, however, some important messages:

First, costs are relatively flat up to the ACT Map scenario objective of stabilising
emissions at 2005 levels in 2050. But they rise quickly as the additional emissions
reduction technologies implicit in the BLUE Map scenario are required.

Second, although there is a high degree of uncertainty about the cost of the
cheapest reduction measures, they are clearly negative. There is less uncertainty
about the cost of technologies needed to achieve the ACT Map target. But costs
become more uncertain again as the measures needed to achieve the BLUE Map
scenario emission reduction objectives come into play.

The uncertainty surrounding the efficiency options and the transport sector options
is of a different kind. For efficiency, the main issue is accounting for transaction
costs and for the cost of addressing some important non-economic barriers that
prevent the uptake of economic energy efficient technologies. In the transport
sector, the uncertainty hinges around the possibility of delivering technologies that
are not available today at anything near an acceptable cost.

This analysis suggests that, given the distinct sector emission reduction pricing ranges
and option characteristics, a single generic price or cap across the whole energy
system may not be the best approach fo incentivising CO, reductions, at least in the
BLUE case. In such circumstances, cheaper options could benefit from large windfalll
profits, which would raise the pressure to change the basis of the approach.

The lower-end estimate of the incentive needed to achieve the objectives of the BLUE
Map scenario is USD 200/t of CO, saved. More pessimistic assumptions about the



82

PART 1 TECHNOLOGY AND THE GLOBAL ENERGY ECONOMY TO 2050

cost of achieving savings, particularly in transport, suggest that a marginal cost of
around USD 500 per tonne of CO, may be needed to bring about the necessary
change. This curve assumes global action. If developing countries do not implement
all options up to a cost level of USD 200/, its shape would change significantly.

The analysis has not focused on “backstop” options at a price of several hundred
USD/t, because most of these options have not yet been studied in great detail.
However, these backstops would be cheaper than the upper end of the cost range of
the transportation sector options. One example is the use of biomass for production
of electricity with CCS. Therefore, while the cost of the marginal technology options
in fransportation shows a range of USD 200/t to USD 500/, the lower end of the
range is much more likely than the upper end.

Average costs are considerably lower than marginal costs. The total area under the
curve in Figure 2.14 is a measure of the total additional annual cost in 2050. These
costs range from USD 1.8 trillion to USD 5.6 frillion per year. Given the targeted
reduction of 48 Gt, the average cost ranges from USD 38/t CO, to USD 117/t CO,
in the BLUE Map scenario in 2050, making average costs only one-fifth the level

of marginal costs.

Box 2.5 P The importance of early action

While certain options are well suited for the ACT Map scenario, they may not represent the best way
of achieving more substantial emissions reductions. This underlines the need for a long-term vision.

Capital stock built in the next decade may still be in use by 2050. There is an urgent need to
clarify and agree on a set of long-term objectives to minimise the risk of needing to replace
capital stock prematurely — and possibly at substantial additional cost. This is especially the case
for power plants, buildings and industrial installations. In addition, long-term policy aims need
fo be settled quickly so as to reduce the policy risks faced by investors.

City and infrastructure planning processes also take significant time to change, sometimes on
a time scale of decades. In the BLUE Map scenario it is assumed that the transition starts soon.
Much more ambitious building efficiency standards are put in place and enforced in this scenario,
and the building envelope of existing buildings is improved significantly as they are renovated.
This way the number of buildings that need to be replaced before the end of their technical life
span can be limited to a small percentage of the global building stock.

In the BLUE scenarios in the power sector a significant proportion of coal-fired power plants are
closed down before they reach the end of their technical life span. This peaks around 2030,
when around 350 GW of coal-fired capacity without CCS is mothballed or closed down.

Uncertainty about long-term targets also significantly increases policy cost. Modelling shows
that constraining the decision-making time horizon to only 15 years, rather than extending it to
2050 as assumed in the scenarios, results in a significant increase in the CO, incentives needed
fo meet the target. The most significant cost increases occur in the 2015-2020 transition period.
By 2050, the marginal costs for 14 out of 15 regions increases by 7% to 47% compared to the
BLUE Map scenario, reflecting a CO, incentive level of between USD 214 and USD 293 per
tonne. Only in one region were costs 10% lower than in the BLUE Map scenario. The message for
policy makers is that credible long-term targets are needed to reduce very costly late adjustments
fo the energy system.
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Electricity generation

In the Baseline scenario, global electricity production increases by 179% between
2005 and 2050 (Figure 2.15). In 2050, coal-based generation is forecast to be
252% higher than in 2005. It accounts for 52% of all power generation. Gas-fired
power generation increases from 20% today to 23% in 2050. Nuclear decreases to
8%, hydro decreases to 10%, and wind increases to account for 2.5% of all power
generation.

Electricity production is responsible for 32% of total global fossil fuel use and
41% of energy-related CO, emissions today. Improving the efficiency of electricity
production therefore offers a significant opportunity to reduce the world’s
dependence on fossil fuels, and in so doing helps to combat climate change and
improve energy security (Table 2.4).

Table 2.4 P Technical fuel savings and CO, reduction potentials from improving
the efficiency of electricity production

Coal oil Gas All fossil fuels
(Mtoe/yr) (Mtoe/yr) (Mtoe/yr) (Mtoe/yr)
OECD 134-213 12-24 60-81 205-320
08 ...................... ”2]77 .............. 1017 ................ 9 3”5 .............. 2 ]33” .......
Pluste* .............. ]892447]2710 ................. 2027 .........
World .................. 3565043664 ............... ]05]34494702 .......
(Gt CO,/yr) (Gt CO,/yr) (Gt CO,/yr) (Gt CO,/yr)
OECD 0.53-0.85 0.04-0.08 0.14-0.19 0.71-1.12
68 ..................... 04 407 ] ........... 00 300 6 ........... 02 2027 ........... O 69 .]. 03 ......
PIUS Fwe* ............. 07 309 5 .......... OO 300 4 ........... OO 200 2 ........... O 77 .]. O] .......
World ................. ]4 0]98 .......... O] ] 020 ........... 02 503] ............ ] 75 2 50 ......

Note: Compared to the reference year 2005.
* Plus five is Brazil, China, India, Mexico and South Africa.

In the ACT Map scenario, significant savings in electricity demand in the
buildings and industry sectors reduce the need for growth in generation capacity.
Nonetheless, electricity demand more than doubles by 2050 in the ACT Map
scenario. Demand in the BLUE Map scenario is 10% higher than in the ACT Map
scenario, largely because of an increased demand for electricity for heat pumps
and plug-in vehicles.
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Figure 2.15 P Global electricity production by fuel in the Baseline, ACT Map
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There is a major shift from fossil fuels to carbon-free alternatives in the ACT Map and BLUE Map scenarios.

| |
2005 Baseline Baseline ACT Map BLUE Map

2030 2050 2050 2050

The CO, emission reduction incentives and other measures introduced in the
ACT Map scenario significantly change the electricity generation mix relative
to the Baseline scenario (Table 2.5). These generally result in nuclear and
renewables becoming more attractive compared to fossil-fuelled power.
The share of gas-based power generation increases by 8% in the ACT Map
scenario, but decreases to 17% in the BLUE scenario, in which virtually all coal-
fired production and 76% of all gas-fired production is from plants equipped
with CCS.

The power sector is the most important potential contributor to global
emission reductions in both low-carbon scenarios. The power sector is virtually
decarbonised in the BLUE Map scenario.

In the ACT Map scenario, power demand is reduced by 21% due to end-use
efficiency measures and reductions in transmission and distribution losses.
This results in reductions of more than 6 Gt of CO, by 2050 compared to
the Baseline scenario. This savings increases to almost 7 Gt in the BLUE Map
scenario. However, electricity demand is higher in this scenario because of
switching from fossil fuels to electricity. Compared to the Baseline scenario,
demand is 15% lower.

About 14 Gt of CO, emissions reduction is achieved in the ACT Map scenario
as a result of changes on the supply side. This increases further to 18 Gt in
the BLUE Map scenario. Figure 2.16 provides a breakdown of the relative
importance of the supply-side measures.
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Figure 2.16 P Reduction in CO, emissions from the Baseline scenario in the power
sector in the ACT Map and BLUE Map scenarios in 2050,
by technology area

ACT Map 14 Gt CO, reduction BLUE Map 18 Gt CO, reduction
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A mix of nuclear, renewables and CCS plays a key role in reducing emissions in the power sector.

The efficiencies of fossil-fuel power plants increase substantially in both the
ACT Map and BLUE Map scenarios, to the extent that coal-fired plants with CCS
in these scenarios are on average more efficient than coal-fired plants without
CCS in the Baseline scenario (Figure 2.17). Integrated-gasifiers combined-cycles
(IGCC) and ultra-supercritical steam cycles (USCSC) can both play a role in this
scenario.

The use of combined heat and power (CHP) triples in the Baseline scenario in
absolute terms between 2005 and 2050. lts share in power generation rises from
9% to 10%. In the ACT Map and BLUE Map scenarios, its share is even higher,
rising to 17% in the ACT Map scenario and 14% in the BLUE scenario. In the IEA
energy accounting system, the benefits of CHP show up as an efficiency gain for
electricity generation.

Most electricity generated by coal-fired power plants in the ACT Map and BLUE
Map scenarios, and half the gas-fired power generation in the BLUE Map scenario,
comes from plants equipped with CCS. Retrofitting of coal plants with CCS plays a
very significant role in the ACT Map scenario. But at the price of USD 200/t CO,
envisaged in the BLUE scenario, there is sufficient economic incentive to accelerate
the replacement of inefficient power plants before they reach the end of their life
span. In the BLUE scenario, 350 GW of coal-fired power-plant capacity is closed
down early. The remaining 700 GW consists of 80% new capacity that is equipped
with CCS, and 20% retrofits with CCS.
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The growth of CCS in the BLUE Map scenario compared to the ACT Map scenario
is largely attributable to gas and biomass generation being fitted with CCS. As
biomass contains carbon captured from the atmosphere, the capture and storage
of that carbon results in a net CO, removal from the atmosphere. This can offset
emissions elsewhere. However this option is costly: biomass transportation costs
limit plant size and CCS benefits from economies of scale.

Net efficiencies of fossil-fuelled power plants
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ley point

Efficiencies of power plants increase in the ACT Map and BLUE Map scenarios,
but the switch to CCS reduces the gains significantly.

The share of all electricity generation from renewables increases from 18% in 2005
to 35% in 2050 in the ACT Map scenario, and to 46% in the BLUE Map scenario
(Figure 2.18). In the BLUE Map scenario, variable renewable generation (wind,
photovoltaics and marine) produces around 20.6% of electricity worldwide in 2050
(about 3 500 GW).

Biomass and wind constitute the bulk of new renewables capacity up to 2020.
After 2020, solar starts to make a more significant contribution. Hydro grows
continuously over the whole period, but this growth levels off in 2030 to 2050 as
the availability of suitable sites poses constraints. Hydro, wind and solar make an
equally important contribution in the BLUE Map scenario in 2050.

2.
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Figure 2.18 P Growth of renewable power generation in the BLUE Map scenario,
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There is a very strong growth of different renewables options in BLUE Map.

About two-thirds of the anticipated solar capacity is based on photovoltaics (PV),
with the balance coming from Concentrating Solar Power (CSP). The capacity factor
for CSP is higher than for PV. It therefore generates about 40% of total solar power
generation.

The integration of a large volume of variable capacity in grids will need careful
management. But variability is not always a problem. For instance, the PV
production profile matches well with the need for air conditioning. Variability can
also be compensated for by additional electricity storage capacity. In the BLUE Map
scenario, this increases from 100 GW today to 500 GW in 2050. This storage
consists of a combination of pumped hydro storage, underground compressed air
energy sforage systems, and other storage options to a lesser extent. About 1 000 GW
of gas-fired capacity also operates as reserve for these variable renewables.

Table 2.5 provides an overview of power sector results for all five ACT and
BLUE scenarios. These variants show that total power generation, and the power
generation mix, depends on the assumptions that are made in the different
scenarios. This suggests that there is some room to choose among different CO,-
free power-generation options.

Among the BLUE variants, the one without CCS has the highest emissions. In
this variant the share of coal-fired generation drops by 10%. The share of gas
also declines. Total electricity demand is 7% lower and the share of renewables
increases. CO, emissions increase not only in electricity generation, but also in
industry and the fuel-transformation sector. As a consequence, it is not possible
to achieve the target of halving CO, emissions implicit in the BLUE scenarios. This
indicates the importance of CCS for climate policies.

In the high-nuclear variant, where nuclear generation is doubled to 2 000 GW
in 2050, almost all of the nuclear capacity is used. This is largely at the expense
of coal with CCS, but the share of renewables also declines by 3%. Total global
emissions in this variant are 0.5 Gt lower in 2050 than in the BLUE Map scenario.
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However this variant would require the construction of 50 GW of nuclear power,
on average, every year between now and 2050. This is twice the highest recorded
construction rate in the past.

In the low-renewables variant, the share of renewables is reduced by 5%, which is
compensated by more CCS and, to a lesser extent, reduced electricity use.

Another way to look at these scenario variants is o assume a constant level of
CO, reduction and to compare the impact on the marginal and total annual
incremental policy costs. In this analysis, the impact on incremental cost is based
on the difference in emissions between the Map case and the variant, multiplied
by the marginal abatement cost (USD 50 and USD 200 for the ACT and BLUE
scenarios respectively).

Box 2.6 P Electricity prices in the scenario variants

The five power-sector variants result in important variations in the electricity prices. Table 2.6
provides an overview of how average prices across the 15 regions for the period 2030 to 2050
compare with the Baseline scenario prices for the same period. The price range is also indicated
for the 15 regions.

Table 2.6 P Annual average electricity price increases for the ACT Map
and BLUE Map scenarios for the period 2030-2050, relative
to the Baseline scenario

Average increase Increase range Change compared
2030-2050 for world regions to MAP
(%) (%) (% points)
ACT Map 58 26-116
ACT n OCCS ................................ 5 8 ......................... ]9 .]. 22 ............................ O .............
ACTh|Nuc47 ......................... 10”9 ........................... - 5 .............
ACT | oREN ................................. 6 ] .......................... 2] .]. ]9 .......................... +3 .............
ACT | oEFF .................................. 6 4 ......................... 23 .]. 24 .......................... +6 .............
é |_U E qu .................................. 9 O ......................... 65 .]. 63 ...........................................
BLUEnoccs ............................. ]06 ......................... 5521]+]6 .............
é |_U E h.N UC ............................... 8 ] .......................... 37 .]. 62 ........................... - 9 .............
é |_U E |oREN ................................ 9 4 ......................... 46 .]. 80 .......................... +4 .............
BI_UE|OEFF ............................... 108 ......................... 52]86_“8 .............

Note: Electricity production costs excluding transmission and distribution.

The results show that the price increase compared to the Baseline scenario is higher in the BLUE
scenarios than in the ACT scenarios. From 2030 to 2050, prices approximately double in the
BLUE scenarios. Also, variations among the scenarios are more significant in the BLUE than in
the ACT scenarios. The availability of CCS technologies and high end-use efficiency gains in the
BLUE Map scenario results in prices that are lower by 16% to 18%. The availability of the full
range of options is of great importance to achieve deep emission reduction targets. The range of
price increases varies widely across the different regions, which can be attributed to differences in
emission mitigation potentials and needs.



90

PART 1 TECHNOLOGY AND THE GLOBAL ENERGY ECONOMY TO 2050

The highest additional cost occurs in the BLUE no CCS variant, where the
annual cost in 2050 is USD 1.28 trillion higher than in the BLUE Map scenario
(Table 2.5). This is an increase of about 71%. This shows again the critical
importance of CCS for deep emission reductions. The impact on marginal costs,
as calculated by the Energy Technology Perspectives model, is also highest in this
case, where they nearly double to USD 394 per tonne of CO,. Making more
nuclear power available results in a USD 9/t CO, reduction in marginal costs in
the ACT Map scenario (-18%) and a USD 18/t CO,, reduction in the BLUE Map
scenario (-9%).

Table 2.5 also shows the sensitivity of the BLUE Map scenario to high oil and gas
prices. This variant (BLUE hiOil&Gas) is the only one in which OECD countries
reduce emissions. Higher oil and gas prices (USD 65 to 70 per barrel, or bbl)
have only a very limited (although positive) effect on emissions and costs.
Marginal costs are reduced by 10%. This can be explained by the dominance
of the CO, incentives on end-use fuel prices. Lowering the discount rate from
the range of 3% to 28% across all regions and all sectors to 4% with the same
incentive levels results in a much higher substitution of fossil fuels by electricity in
the end-use sectors and in a much larger reduction in emissions.

Despite the increasing shares of coal and gas in the Baseline scenario, the CO,
intensity of electricity generation declines marginally between 2005 and 2050
(Figure 2.19). This is a result of improvements in generation efficiency that
more than outweigh the impact of the fuel mix becoming more CO, intensive.
In the ACT Map scenario, CO, emissions per kWh are 76% lower than in the
Baseline scenario. Electricity generation becomes largely decarbonised in the
BLUE Map scenario, with CO, emissions per kWh being reduced by as much
as 86%. The difference in the carbon intensity of electricity production between
OECD and non-OECD countries narrows in both the ACT Map and the BLUE
Map scenarios.

Figure 2.19 P CO, intensity of electricity production by scenario
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In the ACT scenarios, global CO, intensity of power production is less than half the baseline level

in 2050, while the power sector is virtually decarbonised in the BLUE scenarios.
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Figure 2.20 shows the marginal abatement curve for the power sector in the BLUE
Map scenario. The cheapest emission reductions are achieved through end-use
electricity savings. This represents about 7 Gt of emissions reduction, nearly one-
third of the total potential. On the supply side, the cheapest reductions come from
replacing baseload coal plants. However, costs increase substantially as emissions
from gas baseload plants, shoulder load and even peaking plants are addressed
to achieve a virtually carbon-free electricity sector.

The shape of the curve is influenced by RD&D and technology learning. As there
is a greater technology development effort in the BLUE Map scenario than in the
Baseline and ACT Map scenarios, the marginal cost for a given level of emissions
reduction is lower in the BLUE Map scenario.

Emission reductions can exceed baseline emissions if biomass with CCS is widely
applied for power generation. However, IEA analysis suggests this option would be
costly, because of the relatively small scale of stand-alone biomass power plants
due to logistical supply constraints.

Figure 2.20 P Electricity sector marginal emission reduction costs for the BLUE Map

scenario in 2050
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The costs of emission reductions in the power sector vary widely. Biomass with CCS

at more than USD 200 per tonne CO,, allows for negative sector emissions.

Transport

In the Baseline scenario, energy demand in the transport sector increases by
120% between 2005 and 2050 (Figure 2.21). Global transport energy demand in
2050 exceeds 4 700 Mioe. Oil products provide 75% of this, and liquid synfuels
produced from gas and coal account for about 22%. Biofuels, both biodiesel and
ethanol, only contribute 3%.
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Figure 2.21 P Transport energy use in the Baseline, ACT Map and BLUE Map scenarios,
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Demand for oil products in 2050 is 37% above the 2005 level in the ACT Map scenario,
and 5% above to 38% below the 2005 level in the BLUE cases.

A number of scenarios were created for the transport sector, with variants of the BLUE
Map scenario examined. The key assumptions for each of these scenarios are shown
in Table 2.7. These assumptions help explain the results of the different scenarios.

The fuel efficiency of cars, trucks and other modes of transport is considerably
higher in the ACT Map scenario than in the Baseline scenario, resulting in
a 30% reduction in transportation fuel demand (1464 Mtoe) compared to
the Baseline scenario in 2050. Demand for conventional oil products in the
ACT Map scenario in 2050 is 23% higher than in 2005. All synfuels are
eliminated and oil product use is reduced by over one thousand Mtoe. This is
equivalent to a reduction of 37 mbd (million barrels per day). These reductions,
especially for synfuels, have important CO, benefits. Biofuels increase to 17%
of total transportation fuel demand, with roughly equal shares of ethanol and
biodiesel. Second-generation biofuels dominate, with sugar cane as the only
first-generation biofuel feedstock that continues to provide significant fuel
production after 2030.

Further fuel savings and emission reductions are possible, but they are more costly
and depend on more speculative technology. The four BLUE scenario variants
explore this. The BLUE Map scenario combines biofuels, electric vehicles and
hydrogen fuel-cell vehicles, and assumes success in several key technologies, as
described in the transport chapter. One BLUE scenario assumes earlier and greater
success for electric vehicles (BLUE-EV), while another assumes earlier and greater
success for hydrogen fuel cell vehicles (BLUE-FC). The BLUE conservative scenario
assumes that neither hydrogen FCVs nor EVs are successful enough to play a
significant role before 2050.
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Figure 2.22 P Emission reductions in transportation compared to Baseline
for the ACT Map and BLUE Map scenarios, 2050

ACT Map 8.2 Gt CO, reduction BLUE Map 12.5 Gt CO, reduction

Electrification Hydrogen FCVs

9% 14%\

Electrification

17%

Biofuels
22%
Fuel Fuel
\eﬁiciency Biofuels efficiency
69% 1 7%/ 52%

-poiht

Fuel efficiency options dominate transport sector CO, reductions in the ACT Map scenario;
alternative fuels play a larger role in BLUE Map.

In the BLUE scenario variants, fuel use in 2050 is up to 47% lower than in the
Baseline. BLUE Map uses the most biofuels, about 700 Mtoe, representing 26%
of total transport fuel demand. Biofuel demand in the other variants is between
500 Mtoe and 700 Mtoe. The use of conventional oil products is 35% below
the 2005 level in the BLUE Map scenario. This constitutes a significant supply
security benefit.

The contribution from hydrogen is near zero in the ACT Map scenario, where
it remains a niche fuel. In the BLUE Map scenario, though, hydrogen plays a
more important role. Fuel cell vehicle sales and the construction of a hydrogen
infrastructure begin in earnest after 2020 and grow steadily over time. In “BLUE
FC”, fuel cell vehicles are assumed to reach a commercial scale by 2030 and
to come to dominate vehicle sales in OECD countries by 2050. Electricity
gains ground in all variants through plug-in hybrids, but reaches a much more
prominent position in the EV variant — in which pure-electric vehicles are assumed
to become fully commercial by 2030 and dominate vehicle sales by 2050.

On a life-cycle “well-to-wheels” basis, CO, emissions from transportation
in the Baseline scenario, at 18 Gt in 2050, are 150% higher than in 2005
(Figure 2.24). Emissions increase faster on this basis than tailpipe emissions, due to
the significant introduction of natural gas and coal-based synfuels in the Baseline
scenario. The production of these fuels more than doubles emissions (relative
to petroleum fuels) on a well-to-wheel basis. Tailpipe CO, emissions are about
13.8 Gt by 2050.
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Figure 2.23 P Use of biofuels, electricity and hydrogen in the transportation sector
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in the Baseline, ACT Map and BLUE scenarios, 2005-2050
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The use of alternative transportation fuels grows rapidly in the ACT Map and BLUE scenarios.

Growth in CO, emissions, like growth in energy demand, varies by region.
Developing countries show much steeper increases than do developed countries.
In the Baseline scenario, CO, emissions from transport in non-OECD countries
increase by more than 300% by 2050, while OECD countries see an increase
of about 50%. This is mainly due to differing rates of growth in vehicle sales and
transport activity, but also to the faster deployment of clean and efficient transport

technologies in OECD countries.

In the ACT Map scenario, well-to-wheel CO, emissions are 45% (8 Gt CO,) lower
by 2050 than in the Baseline scenario. Nearly half of this reduction is related to
the elimination of synfuels, the other half coming from efficiency gains and from
the use of biofuels. All biofuels in this scenario are second-generation or cane-to-
ethanol after 2030, which averages about an 80% reduction in CO,eq emissions

on a well-to-wheel basis.

Further increases in efficiency and in the use of low-CO, fuels reduce emissions
even further in the BLUE scenarios. By 2050, transport CO, emissions are about
20% below the level of 2005 in all of the BLUE variants except in BLUE conservative
— where they are about 10% above 2005 levels (and about 2.5 Gt above the level
of the other BLUE variant scenarios). The difference between the BLUE conservative
variant and the other BLUE variants shows that emission reductions to below
today’s levels can only be achieved if transport technologies that are not available

M Hydrogen
W Electricity
B Biodiesel
B Ethanol

at an acceptable cost today come through to commercialisation.

In the BLUE Map scenario, efficiency gains for all transportation modes provide
about half the CO, reduction. The other half comes from the use of biofuels and

the introduction of electric and fuel cell vehicles.
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Figure 2.24 P Well-to-wheel CO, emissions in the transport sector in the Baseline,

ACT Map and BLUE scenarios, 2005-2050
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Improved fuel efficiency accounts for half of the CO, emissions reduction in the BLUE Map scenario:

the combination of biofuels, electric and fuel cell vehicles accounts for the other half.

Despite the strong growth in fuel use to 2050 in the Baseline scenario, there are
significant reductions in the fuel intensity of cars, vans, SUVs and small delivery
trucks (light-duty vehicles, or LDVs) in this scenario (Figure 2.25). The fuel-intensity
of new LDVs in 2050 averages some 17% less than it did in 2005. Among other
things, this trend reflects policy-driven improvements to 2020 in OECD countries
and China, and an expected rapid growth in sales of small and very small cars in
countries such as India.

Additional improvements in the fuel economy of LDVs (and other modes) provide
most of the CO, emissions reductions in the ACT Map scenario relative to the
Baseline scenario. In this scenario, the average fuel intensity of new LDVs in
2050 is about 50% lower than the 2005 level. This reflects a combination of
the maximum use of fuel-efficiency technologies in gasoline and diesel vehicles,
increased dieselisation, and (by 2050) the dominance of hybrid-electric vehicles. It
also assumes that the share of light trucks (including SUVs and vans) grows much
more slowly than in the reference case. We also assume that by 2050 about 25%
of hybrids are plug-in hybrids running about half the time on grid electricity. In
comparison, in the Baseline scenario, hybrid-electric vehicles reach only about 10%
of new vehicle sales worldwide by 2050, and none are plug-in capable.

In addition, in the ACT Map scenario just over one-third (35%) of medium-freight
trucks and two-thirds of buses have hybrid systems by 2050. Efficiency improvements
derived from the hybridisation of the powertrain (i.e. from regenerative braking,
smaller engine size and increasing the time spent in the internal combustion engine’s
optimal operating range) leads to about a 30% improvement in energy efficiency in
urban driving situations — where most delivery trucks and buses operate.
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Figure 2.25 P New LDV fuel economy in the Baseline, ACT Map and BLUE Map

scenarios
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In 2050, average fuel intensity of new light-duty vehicles is 51% lower than the 2005 level
in the ACT Map scenario and 63% lower in the BLUE Map scenario.

In the BLUE Map scenario, the fuel intensity of LDVs in 2050 is reduced to less
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than half the 2005 level in nearly every region. The additional improvements
over the ACT Map scenario come mostly from the introduction of more plug-in
hybrid-electric vehicles and pure EVs, and from the introduction of hydrogen
FCVs. Pure EVs and FCVs are more energy-efficient than hybrids, and both
reach 25% of sales, on average, around the world by 2050 in the BLUE Map
scenario (although their shares are lower in non-OECD countries than in OECD

countries). If either technology fully dominates (as in the EV and FCV BLUE

variants), they are assumed to reach nearly 90% of sales by 2050 and to bring

the average fuel consumption of new cars even lower than in the BLUE Map
scenario. If neither option is successful, efficiency gains would be considerably
lower, as reflected in the BLUE conservative scenario. The use of these different
scenarios reflects the fact that, based on the data available today, it is not

possible to identify a winning option for LDVs.

An important challenge in the achievement of the BLUE Map scenario outcomes is
that non-LDV modes must also be decarbonised. Trucks, shipping and airplanes

currently account for about half of the total energy used and CO, emitted in

transportation, and their share is projected to grow to 60% in 2050 in the Baseline
scenario. The efficiency potentials for these modes may be substantial, but it is
more uncertain than for LDVs. The ACT and BLUE scenarios assume 10% to 30%

additional technical efficiency gains beyond the baseline for long-haul trucks, rail,

aircraft and ships. If 30% improvements in efficiency can be achieved for these
modes, they will make an important contribution to overall emission reductions. But
the role of elecirification and fuel cells appears likely to be very limited in some of
these modes, particularly in ships and aircraft. This may make the use of biofuels
especially important in achieving deep reductions in these modes. Even the wide
availability of low-carbon biofuels is uncertain, however. They are assumed to
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reach a maximum of only 30% fuel demand for these modes, helping to keep
the total biofuels demand to 700 Mtoe or less in all scenarios. Overall, the CO,
emissions in long-haul (heavy duty) trucking, aviation, and shipping sectors in 2050
are cut by about half in the BLUE variant scenarios compared to Baseline.

The transport sector has the highest emission reduction costs and sets the
marginal emission abatement cost in the BLUE variant scenarios. The marginal
abatement costs for LDVs are shown in Figure 2.26. Gasoline and diesel efficiency
improvements are of negative net cost through 2030. By 2050, most advanced
technology costs have come down substantially. The cost for new FCVs drops
between 2030 and 2050 and is below USD 200/t in the optimistic case. For
EVs, the costs are already slightly below USD 200/t in 2030.The optimistic case
assumes successful RD&D, good rates of technology learning and robust sales.
In the pessimistic case, the marginal abatement cost for FCVs and EVs is around
USD 500/, taking into account vehicle plus life-cycle fuel costs.

Plug-in hybrids have a lower abatement cost, but do not yield the same level of
emissions reduction unless biofuels are used. In the BLUE Map scenario these
biofuels are needed for other transportation modes.

Figure 2.26 P Marginal abatement cost for light-duty vehicle options, 2015-2050
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The abatement cost for light-duty vehicles determines the marginal abatement

cost for the BLUE Map scenarios.

Given the high cost of emissions mitigation, the lack of readily available fuel
substitutes and the fact that millions of small emission sources are involved,
transport can be considered the most challenging sector for deep emission
reductions.
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Total energy use in the buildings sector was around 2 900 Mtoe or 38% of global
final energy consumption in 2005. The buildings sector consumed 57% of alll
electricity.’ In 2005, 28% of the building sector’s global energy needs were met
by renewables, mainly traditional biomass in developing countries. Electricity
accounted for 25%, with natural gas and oil tfogether accounting for a further 37%.
Overall, energy consumption in the residential sector is more than three times as
high as in the service (commercial) sector. In OECD countries, the difference is less
pronounced, with the service sector consuming around 459 Mioe (39%) and the
residential sector 721 Mtoe (61%).

The consumption of coal, oil and natural gas in the buildings sector produced only
38% of the sector’s total direct and indirect CO, emissions in 2005. Allocating the
upstream CO, emissions from electricity and heat generation to buildings results
in 62% of the total direct and indirect emissions attributable to electricity and heat
consumption. Total direct and indirect CO, emissions were 8.8 Gt CO, in 2005
(33% of total emissions).

In the Baseline scenario, energy demand in the buildings sector increases to
5 257 Mtoe in 2050, or 1.3% per year. The residential sector accounts for around
58% of this growth and the service sector for around 31%. The remainder is
aftributable to the agriculture and fishing sectors, and to other non-specified
sectors. Continued economic growth leads to more demand for commercial floor
space, and the number of households continues to expand. Electricity demand
grows rapidly — at 2.4% per year — and accounts for most of the demand growth.
Non-biomass renewables grow at 5.9% per year, but from a low base, while gas
grows at 1.3%, heat at 1.5% and oil at 1%. Biomass growth is zero, while coal
demand declines at 1% per year. CO, emissions attributable to the building sector
increase by 129% between 2005 and 2050.2

The relatively modest growth in residential energy consumption, 1.2% per year,
reflects unexceptional growth in the number of households through to 2050
and the saturation of demand for heat and hot water in most of the OECD
and transition economies. Global energy consumption per household grows on
average at only 0.1% per year. However, electricity gains a significant share, as
electricity consumption in the residential sector more than friples to 1 200 Mtoe
in 2050. Electricity use per household doubles on average, while non-electric fuel
use per household declines by 19%. In developing countries, the reduced share
of low end-use efficiency biomass in the household energy mix helps to offset to
some extent the growth in electricity demand and in demand for other commercial
fuels. The absolute level of energy consumption per household not only depends
on the efficiency of energy use, but also varies significantly by region depending on
climate, with cold-climate countries having much higher energy consumption needs
than warm-climate countries.

1. The buildings sector is dominated by the residential and service sectors (accounting for around 88% of energy
consumption), but also includes agriculture, fishing and “other non-specified” sectors.

2. Upstream CO, emissions for electricity and heat in 2030 and 2050 are calculated using the 2005 intensity of electricity
and heat, so that the changes in the CO, emissions infensity of electricity generation are attributed to the power-generation

sector.

2
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Energy consumption in the service sector grows more strongly in the Baseline
scenario, at 1.7% per year. This increase is driven by strong growth in commercial
floor space, particularly in developing regions, as well as by increases in the level
of energy services provided in commercial buildings, notably for air-conditioning.
Electricity demand increases from 294 Mtoe to 744 Mtoe in 2050. The use of heat
and renewables in the services sector grows strongly, but from low levels.

The use of renewables in the buildings sector increases by only 67 Mtoe between
2005 and 2050. This is the net result of a slight decline in biomass use, which is
offset by rapid growth in solar and geothermal heating, albeit starting from a low
level. The renewables share of consumption drops from 28% to 17%. Non-biomass
renewables grow the most rapidly, at 5.9% per year between 2005 and 2050.
However, they still represent only 2% of the sector’s energy consumption in 2050.
Electricity demand grows at 2.4% per year, becoming the largest energy source
in the buildings sector by 2015 and accounting for 41% of the sector’s energy
consumption in 2050. This reflects the growing demand from eleciric appliances
and other electrical uses. By 2050, 55% of final electricity use is accounted for by
the buildings sector.

In the ACT Map scenario, buildings sector energy demand is around one-third
less than in the Baseline scenario in 2050. In the BLUE Map scenario, demand
is reduced by 41% against the baseline in 2050 (Figure 2.27). In the ACT Map
scenario, fuel use reduces by between 31% and 41% by fuel, with the exception
of non-biomass renewables, which increase by 144% over their Baseline level
in 2050. In the BLUE Map scenario, fuel use reduces by between 35% and
63%, except for non-biomass renewables which increase by 285% compared
to Baseline.

Figure 2.27 P Buildings sector energy demand by scenario, 2005-2050
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Figure 2.28 shows the energy savings in each sub-sector by end use. In the ACT Map
scenario, savings in the residential sector below the Baseline scenario in 2050 are
1 007 Mtoe or around 1.8 fimes those in the service sector (550 Mtoe). This ratio is
little changed in the BLUE Map scenario as savings increase to 1 267 Mtoe in the
residential sector and 682 Mtoe in the services sector. Savings in space and water
heating account for around 60% of the savings in each scenario in the residential
sector, while the same end uses account for around half of the savings in the service
sector due to the relatively greater importance of the savings from lighting and other
electrical uses in the service sector. In the ACT Map scenario, savings in the residential
sector range from a low of 17% below the Baseline scenario for cooking to a high of
41% below the Baseline scenario for lighting. In the BLUE Map scenario this range
is from around a 27% reduction in cooking fo a reduction of around half in lighting
and cooling. In the service sector, savings below the Baseline scenario range from
a reduction of 28% in water heating to a high of 48% in cooling and ventilation. In
the Blue Map scenario, this range of reduction below the Baseline scenario is from
38% to 58%.

Figure 2.28 P Buildings sector energy savings in the ACT Map and BLUE Map
scenarios by end-use
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Space and water heating account for over half of total final energy savings.

In the ACT Map scenario, appliances are shifted to least life-cycle cost levels,
whereas in the BLUE Map scenario they are shifted towards best-available
technology. Lighting efficiency is improved by two-thirds to three-quarters in the
BLUE Map scenario, reducing energy consumption to around half the baseline
level. This could be reduced even further quite economically, depending on the
success of commercialising LED lighting. Cooling demand is set to grow rapidly in
the residential sector in the Baseline scenario, but from a very low level. Much of
this growth will come from developing countries. In the BLUE Map scenario, this
demand is reduced significantly, but it contributes only around 5% to the savings,
due to its still low share.



102

PART ‘1 TECHNOLOGY AND THE GLOBAL ENERGY ECONOMY TO 2050

In the BLUE Map scenario, efforts are needed to reduce all sources of emissions,
including those from cooking. Substantial savings are achieved in developing
countries by switching from the use of traditional biomass fo modern biomass,
particularly dimethyl ether (DME) produced from bioenergy sources. Marginal
savings also occur in OECD countries, with the switch from gas or oil fo electricity,
as the near-complete decarbonisation of the electricity generation sector makes
electricity an effective abatement option.

In the Baseline scenario, CO, emissions from the buildings sector increase by 129%
between 2005 and 2050.2 This is reduced significantly in the ACT Map scenario to
72% below the Baseline scenario level in 2050 (using the ACT Map 2050 emissions
factor for electricity and heat). The reduction in coal consumption accounts for 1%
of the CO,, savings in the ACT Map scenario, with oil accounting for 7% and gas
6%. Direct fossil-fuel CO, emissions in the buildings sector are reduced by 6% from
their 2005 level. In the ACT Map scenario, 86% of the savings are attributable to
electricity savings (including upstream). Taking into account the reduction in the
upstream CO, emissions infensity as a result of electricity decarbonisation, by
2050, direct and indirect CO, emissions from the buildings sector are reduced by
35% below 2005 levels (Figure 2.29).

Figure 2.29 P Buildings sector CO, emissions by scenario, 2005-2050
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Electricity savings dominate CO, reductions.

3. These calculations use the 2005 electricity sector CO, emissions factor to allocate upstream power generation CO,
emissions to the electricity consumed in the residential and services sectors. Any reduction or increase in the CO, intensity
of power generation is then attributable to the power generation sector.
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In the BLUE Map scenario, fotal CO, emissions are reduced by 85% below the
Baseline scenario in 2050, allocating upstream emissions with the BLUE Map 2050
emissions factor. Direct emissions from coal, oil and gas are 64% lower than the
baseline. The need to decarbonise the buildings sector in the BLUE Map scenario
leads to an increased share of the savings coming from fossil fuels, with reductions
in oil and gas consumption accounting for 11% and 7% of the emission reductions
respectively.

The near complete decarbonisation of the electricity system in the BLUE Map
scenario means that electrification, particularly for space and water heating, but
also for cooking, becomes an important abatement option. Taking the reduction
in the upstream emissions intensity of electricity and heat info account sees CO,
emissions reduced by 85% from the baseline in 2050, equivalent to a 66%
reduction on 2005 levels.

Figure 2.30 P> Buildings sector direct emissions marginal abatement cost curve

for the BLUE Map scenario in 2050
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Direct emissions can be reduced by around 3 Gt for costs up to USD 200/t CO,,

The buildings sector offers some of the lowest cost abatement options and is
critical to achieving the ACT Map and Blue Map scenarios at reasonable cost.
Measures with negative costs include tightening of new building standards for
residential and commercial buildings, shifting to condensing gas boilers, district
heating and small-scale CHP (in some circumstances), switching to heat pumps
(in some circumstances), replacing single glazing with double-glazing (at time of
refurbishment), solar hot water systems in developing countries, energy-efficiency
improvements to the building shell at the time of refurbishment, and additional
insulation of hot-water systems. However, these measures maybe more costly;
much depends on individual country circumstances.
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The BLUE Map scenario, however, requires a shift towards a substantially
decarbonised buildings sector and this will require applying policies to market
segments within the building sector where the costs begin to rise significantly.
Options with positive costs include using heat pumps where insulation levels
are already high for instance (USD 100-400/t CO,), switching from gas-fired
water heating to heat pumps, solar hot water systems in cold-climate countries,
refurbishing buildings to passive house standards, replacement/reconstruction of
part of the building stock. Significant uncertainty surrounds the right-hand side of
the abatement cost curve as relatively few studies have looked at deep emissions
cuts in the buildings sector (Figure 2.30).

In the ACT Map scenario, energy consumption in the buildings sector in 2050 is
1 684 Mtoe lower than in the Baseline scenario. The residential sector accounts
for 60% of these savings. The adoption of more efficient technologies results
in per-household energy consumption declining by between 0.2% and 0.9%
on average per year between 2005 and 2050, depending on the region. This
represents a reduction below the Baseline scenario level in 2050 of between
16% and 40%, depending on the region. District heating is 37% lower in the
ACT Map scenario than in the Baseline scenario, reflecting the big potential
for energy savings in buildings heated with district heat in transition economies
(Table 2.8). Electricity demand is 30% lower than in the Baseline scenario and
savings in electricity account for 35% of all savings in the residential sector.
The reduction in biomass below the Baseline scenario in 2050 is 253 Mtoe, or
34%. This is largely a result of reduced biomass demand from the increased
penetration of improved cooking stoves in developing countries, and from fuel-
switching to modern energy sources.

Around 40% of all energy savings in the ACT Map scenario in the residential
sector come from space heating. This reflects the impact of more energy-efficient
regulations for new buildings and energy-efficient retrofits of existing buildings, as
well as improvements in heating systems and their operation. Appliances account
for 23% of the savings. Significant savings come from reduced standby power
losses and from reductions in the consumption of a wide variety of small electric
appliances. Water heating accounts for about 20% of total energy savings in the
ACT Map scenario. Lighting and air conditioning show significant percentage
reductions in consumption below the Baseline scenario (41% for lighting).
Together they account for 10% of the total energy savings in households. Cooking
contributes 7% of total global energy savings in the residential sector, all from
non-OECD countries.

In the service sector, energy demand is reduced by 41% below the Baseline level
in 2050. Fuel-switching and energy-efficiency result in significant reductions in
fossil-fuel use. By 2050, the demand for fossil-fuels from the service sector is 36%
of the sector’s total energy demand in the Baseline scenario, 29% in the ACT
Map scenario, and just 17% in the BLUE Map scenario. The largest percentage
reductions occur for fossil-fuel use, while non-biomass renewables increase — from
a very low base — by 538% over the Baseline level in 2050.

In the BLUE Map scenario, energy demand from the residential and services
sector is reduced by 38% and 50% respectively below the Baseline scenario in
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2050. Energy demand by fuel is reduced by between 17% and 90%, while non-
biomass renewables increase by between 270% and 538% from their 2050
Baseline level.

Energy demand reductions below the Baseline scenario
by scenario in 2050

Residential Services Buildings (total)

ACTMap BLUEMap ACTMap BLUEMap ACT Map  BLUE Map

-58% -90% -56% -68% —41% -62%
-46% -74% -61% -82% -41% -62%
-31% -61% -48% -75% -36% -63%
-30% -27% -39% —-45% -34% -35%
-37% -45% -31% -17% -31% -35%
-34% -42% -28% -27% -33% —40%
128% 270% 328% 538% 144% 285%
-31% -38% -41% -50% -32% -41%

Note: Buildings (total) includes reductions from the agriculture, fishing and “other non-specified” sectors.

Energy demand in the residential sector in the BLUE Map scenario is reduced by 38%.
Fossil fuels’ share of energy demand in the residential sector falls from 34% in 2050 in
the Baseline scenario to 31% in the ACT Map scenario and just 19% in the BLUE Map
scenario. The reduction in fossil-fuel demand for space heating is due to significant
tightening of building standards, so that all new residential buildings in OECD
countries meet the equivalent of the passive house standard from 2015 onwards.
Cold-climate non-OECD countries will take a parallel path. The scenario assumes
that policies are introduced to ensure that existing buildings are refurbished to passive
house standards. This is a key component of the BLUE Map scenario, given the low
capital stock turnover of the residential sector in OECD countries. Some 200 million
houses and apartments will require energy efficiency refurbishment by 2050.

In the residential sector, water heating accounts for 20% of the savings in BLUE Map,
as system efficiency is improved through the use of solar hot water, gas condensing
boilers and heat pumps. Reductions in demand for lighting and appliances account
for around 22% of the total savings in the BLUE scenario. Cooling demand is set
to grow rapidly in the residential sector, but from a low starting level, with much of
the growth coming from developing countries. In the BLUE scenario, this demand
is reduced significantly, but only contributes around 5% to savings given its still-low
share.

The service sector achieves significant savings from improved lighting efficiency,
due to its generally higher levels of lighting and lighting hours compared to
the residential sector. Water heating accounts for around 16% of service-sector
savings in BLUE Map, and the share of hot water provided by heat pumps

2.
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and solar hot water systems increases significantly. Solar hot water systems
provide between 14% and 42% of hot water needs in the service sector in 2050,
depending on the region. Tightened building standards are essential to reduce
space heating intensity in the OECD countries and to reduce cooling loads in
developing countries. Space heating and cooling account for 32% and 13%
respectively of the savings in the BLUE Map scenario.

Energy consumption per household grows only very modestly in the Baseline
scenario between 2005 and 2050. However, this masks significant growth in
the demand for energy services, as policy-driven improvements in building shells
and improving appliance efficiency in the OECD countries help to mute growth in
energy demand. In developing countries, a switch to commercial energy and the
more efficient use of biomass mean that even larger increases in energy services
are met by relatively modest increases in per household energy consumption.

In the ACT Map and BLUE Map scenarios, global average energy consumption
per household falls by 31% and 38% respectively by 2050 compared to Baseline
(Figure 2.31). The relatively modest drop between ACT Map and BLUE Map
represents the importance of fuel-switching to de-carbonise the buildings sector.
Developing countries experience the smallest reduction below the Baseline
scenario in both scenarios, in part reflecting their lower share of space and
water heating.

Figure 2.31 P Energy use per household by scenario
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The ACT and BLUE scenarios result in significantly reduced energy use per household in all regions.

Industry

In the Baseline scenario, energy consumption in industry grows from 2 564 Mtoe
in 2005 to 5 415 Mtoe in 2050. The changes in the fuel mix are relatively small.
Final energy use in 2050 is 9% lower in the ACT Map scenario and 17% lower in
the BLUE Map scenario compared to the baseline. While changes in the energy
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mix are relatively small in the ACT Map scenario, coal and oil use are significantly
lower in the BLUE Map scenario, which is partly compensated for by increased use
of biomass.

Figure 2.32 P Industrial energy use in the Baseline, ACT Map and BLUE Map
scenarios
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Note: In the IEA energy statistics, blast furnaces and coke ovens are accounted for in the “other transformation” sector. This
figure excludes the transformation-sector component of industry activities. As these are typically industrial operations, they
have been included with industry in the following analysis. The same applies for non-energy use (oil and gas feedstocks)
for the chemical industry.
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Industrial energy use more than doubles in the Baseline scenario between 2005 and 2050.

In the ACT Map scenario, the highest percentage reduction by 2050 is for coal
use (24%), followed by gas (13%) and oil (11%). Electricity use declines by 9% and
the use of biomass grows by 68%. The highest percentage reductions in the BLUE
Map scenario, compared to the Baseline, are also for coal (-49%), gas (-25%)
and oil (-22%). Electricity demand is reduced by 18%. Use of biomass increases
by 128%.

The reduction in coal use can be attributed to fuel substitution and improvements
in the efficiency of both iron- and steel-making and steam generation and use.
The reduced oil use can be attributed to increased plastic recycling and a switch to
biomass feedstocks. In general, the fuel substitution is from coal to natural gas and
renewables. The reduction in electricity use can largely be attributed to the higher
efficiency of motor systems. In addition, aluminium smelters, chlorine plants and
electric-arc furnaces achieve a higher efficiency than in the Baseline scenario, due
to the introduction of new technologies.

The percentage reduction is highest in the transition economies, followed by OECD
countries and developing countries. The significant savings in transition economies
can be explained by the currently low energy-efficiency of their industries.
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In the iron and steel industry, existing energy-efficiency measures such as residual-
heat recovery technologies in blast furnaces, coke ovens, basic oxygen furnaces,
sintering plants and hot stoves are more widely applied. Larger furnaces, pre-
reduction of iron ore during sinfering, more reactive coke and top-gas recycling all
reduce coal and coke use. The injection of waste plastic and its use in coke ovens
increases. Direct reduced iron (DRI) will increasingly be produced at locations with
cheap, stranded gas reserves, reducing the coal-based production of pig iron in
large integrated plants. New technologies such as coal-based integrated smelt
reduction and DRI production processes will reduce the coal and coke demand per
tonne of iron and steel produced.

The remainder of the reduced coal demand is to a large extent accounted for by
less coal use in boilers, notably in China and India. More-efficient boilers, better
coal quality as a result of washing and improved operation of boilers all play an
important role. More natural gas is substituted for coal, notably in small-scale boilers
in urban environments. This development is driven by local air pollution concerns.

Apart from energy efficiency measures based on existing technologies, a large
number of potential options for mitigating CO, emissions from industry have been
considered in the ACT Map and BLUE Map scenarios. These include efficiency
measures based on new technologies, including materials and product efficiency
as well as process innovation, energy and feedstock substitution, and CO, capture
and storage.

Figure 2.33 P Industrial CO, emissions in the Baseline, ACT Map and BLUE Map
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In 2050, industrial direct and indirect emissions in the ACT Map scenario are above
the 2005 Baseline level, but drop below today’s level in the BLUE Map scenario.

4. This figure includes upstream electricity emissions. These are allocated using the global average CO, emissions intensity
for the electricity-generation sector in the specific year and scenario. The change in CO, emissions from upstream electricity
generation over time in this figure is indicated separately. The coal use in coke ovens and blast furnaces is presented
separately as well, as this is accounted for in the fuel-transformation sector. Process emissions that are related to industrial
activity (mainly cement-making) but which are not related to energy use are also shown separately.
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In the Baseline scenario, industrial CO, emissions, including the upstream
emissions from electricity and heat generation and coal use in coke ovens and
blast furnaces, and including process emissions, increase by 134% between 2005
and 2050, reaching 23.2 Gt CO, in 2050 (Figure 2.33). More than half are
direct emissions, the remainder are indirect emissions in power generation. In the
ACT Map scenario, direct emissions are reduced to 10.9 Gt CO, and in the BLUE
Map scenario they are reduced to 5.2 Gt CO,, a drop of 8 Gt CO,, resulting in
emissions that are 61% below the Baseline level in 2050 and 22% below the 2005
level. Total fuel and electricity savings account for 41% of the emissions reduction
in the BLUE Map scenario (Figure 2.34). The main difference between ACT Map
and BLUE Map scenarios in terms of emissions reduction is the growth in CCS use.
In the BLUE Map scenario, CCS plays a key role and accounts for 37% of total
emissions reduction (Figure 2.34). This CCS is used with iron-making processes,
cement kilns, ammonia production, large CHP units and black liquor gasifiers in
pulp production.

Figure 2.34 P Industrial CO, emission reductions in the ACT Map and BLUE Map
scenarios in 2050, compared to the Baseline scenario
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Note: Includes savings from coke ovens, blast furnaces and steam crackers, and CO, emission reductions in power generation
due to reduced electricity demand in industry.

s
Efficiency gains account for 64% of the total CO, reduction in ACT Map,
CCS gains ground in BLUE Map.

Table 2.9 lists the CO, reductions by industry sector. The savings compared to
emission levels in 2005 depend on the growth of production and the potential to
reduce emissions. The emission reductions compared to Baseline are similar, but
the production growth rates are different and therefore the emission reductions
compared to the base year of 2005 show a wider range.
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Industrial direct CO, emissions and reductions by sector in the ACT Map
and BLUE Map scenarios, 2050

Reference ACT BLUE ACT BLUE

Baseline Baseline 2005 2005

2050 2050
(%) (%) (%) (%)

Ironandsteel 20 65 7126
Cement el 22 68 38 ...TA4
Chemicals and petrochemicals - 2o, B3 101 S
Other 15 53 69 o, 5.
Total -16 -61 66 -22

Note: Iron and steel includes blast furnaces and coke ovens. Industrial-process CO, emissions
are included.

Industrial cogeneration of heat and power (CHP) doubles in the Baseline scenario and
quadruples in the ACT Map and BLUE Map scenarios. In the IEA energy accounting
system, the benefits of CHP are allocated to the power sector, where they show up as
higher efficiencies in power plants (mainly in gas-fired power generation).

The marginal abatement cost in industry can be split info three main parts. First
are energy efficiency options, many of which are cost-effective on a lifecycle basis
provided they are introduced during the regular capital stock turnover cycle. Second
is the industrial use of CCS, which is generally more costly than for coal-fired power
plants, but which is essential for deep emission reductions in key industries such
as iron and steel and cement-making. The third category includes more costly
options for fuel and feedstock substitution, notably a switch to biomass. The shape
of the curve (Figure 2.35) explains why emissions continue to rise in the ACT Map
scenario and are only reduced below today’s level in the BLUE Map scenarios.

Figure 2.35 P Industrial sector marginal abatement cost curve for the BLUE Map scenario,

2050, compared to the Baseline scenario (direct and indirect emissions)
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A significant potential exists in the USD 50/t to USD 100/t cost range, largely CCS-based.
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Box 2.7 P Carbon leakage and sectoral approaches

Government policies that lead to higher energy prices may cause industry to relocate to
countries with lower energy prices. If this happens, CO, reductions in one country can result
in increased emissions in another. The increase can exceed the reduction; for example, if an
industry relocates to a country where process efficiency is lower. This may have potentially
significant economic and environmental costs.

Modelling studies give different estimates of the likely impact of this relocation effect. Some
energy-intensive industries are very sensitive to energy prices and have already relocated as a
response to higher energy prices. Major energy and feedstock cost differences will mean that
the growth of the petrochemical industry in the coming decades will be in the Middle East.
Such relocation will happen irrespective of climate policies, but CO, pricing may accelerate it.
Econometric models calibrated to past price sensitivities may underestimate the future impact
of CO, policies on location choice and carbon leakage as markets are liberalised, logistics
improve and developing countries have access to the latest production technologies.

In Europe, for example, the pulp and paper industry faces higher feedstock prices as
renewables policies favour the use of wood for energy. Russia is planning an export tax on
timber. These are cases where climate policies can already be seen to have an impact on
location choices. In the United States, cement is already imported on a large scale from Asia
into California, and similar effects are anticipated in Europe as production expands rapidly
in North Africa and the Middle East. The case of cement is extreme, as this is a cheap and
heavy material in which transportation costs matter. If carbon leakage can occur for cement,
it is even more likely for other products. Therefore more analysis and monitoring is needed.

Many industries are increasingly competing on a global scale. Such effects need to be
borne in mind by policy makers approaching the issue of industrial emission reductions.
Increased emphasis should be given to energy efficiency (which increases competitiveness
and is supported everywhere) and international sectoral approaches. The IEA is working
with industry associations, other organisations and companies to develop these approaches
further.

Global industrial energy use is currently 2 800 Mtoe, representing 35% of total
final energy use. Energy consumption is dominated by a small number of energy-
infensive sectors: iron and steel, chemicals and petrochemicals, non-ferrous
metals, non-metallic minerals and pulp and paper account for more than two-
thirds of current industrial energy use. This energy-intensive industrial production
is also concentrated in relatively few countries. China accounts for about 80% of
the growth in total industrial production over the past 25 years and today is the
largest producer of commodities such as aluminium, ammonia, cement, and iron
and steel. The United States, Western Europe and China are together responsible

for half of global industrial energy use.

Industrial energy intensity has declined substantially over the last three decades
across all manufacturing sub-sectors and all regions. However, the absolute
levels of energy use and CO, emissions have continued to increase worldwide.
Industrial final energy use increased by 72% between 1971 and 2005, at an

average annual growth rate of 2%.

2.
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Recent analysis shows that there is a substantial potential for improving
energy efficiency based on best practice technologies that are available today.
Manufacturing industry can improve its energy efficiency by 18% to 26% based
on proven technology. This estimate does not consider the economics of such
change. Part of this efficiency potential will already be realized in the Baseline
scenario (IEA, 2007¢).

Figure 2.36 P Trends in final energy intensity for key energy-intensive industry
sectors under the different scenarios
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All energy-intensive sectors in all regions show substantial improvements in energy efficiency
compared to today’s levels.
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In the Baseline scenario, industrial energy use (including industrial processes
in the transformation sector) increases to 5 820 Mtoe by 2050, with China
representing 28% of the total. The share of industrial energy use in OECD
countries falls from 44% in 2005 to 27% in 2050. There are important
energy-efficiency improvements under the Baseline scenario due to the
natural replacement (i.e. retirement and refurbishment) of capital stock and
the construction of new, more efficient plants to meet increasing demand
for industrial products. As a result, the overall energy efficiency of industry
improves by around 10%.

In the ACT Map and BLUE Map scenarios, no structural changes are assumed.
But as a result of increased energy efficiency, energy use in 2050 is 550 Mtoe
(9%) and 1 100 Mtoe (19%) lower than the Baseline. Over 60% of the energy
reduction occurs in developing countries and nearly 30% in OECD countries.

The development of the energy intensity for key commodities is shown in
Figure 2.36. In all cases it improves significantly — apart from the case of
cement, where additional energy use for CCS exceeds all energy-efficiency
gains. The efficiency potential for high-value chemicals is less than for other
commodities because of the high share of feedstock energy, where no
efficiency improvements are possible.

Sector results are discussed in more detail in Chapter 16.

Energy demand by fuel

In the Baseline scenario, total primary energy supply (TPES) grows at 1.6%
on average per year, from 11 428 Mtoe in 2005 to 23 268 Mtoe in 2050
(Figure 2.37). This rate of growth is less than the 2.1% per year that occurred
between 1971 and 2005, but it still represents an increase of 104% in primary
energy demand between 2005 and 2050.

By 2050, coal becomes the predominant fuel and accounts for 37% of primary
energy use. It surpasses oil demand in absolute terms between 2030 and
2050. Oil’s share of TPES declines from 35% in 2005 to 27% in 2050. The
share of natural gas declines 1%, to 20%. Non-fossil fuels account for just 16%
of demand in 2050, down from 19% in 2005. Of the non-fossil fuels, nuclear’s
share declines from 6% in 2005 to 4% in 2050, and other renewables from
11% in 2005 to 10%, while hydro remains at 2%. It should be noted that the
accounting for nuclear and renewables in primary energy terms does not
properly reflect their importance for the energy system, as the conversion
efficiencies from electricity o primary energy are somewhat arbitrary for these
energy sources.

In the Baseline scenario, fossil fuel’s share of total demand increases from
80% in 2005 to 84% in 2050, despite the growth in nuclear and renewable
energy in absolute terms. It follows that concerns about energy security would
continue, and significant climate change would be a consequence.
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Figure 2.37 P World total primary energy supply by fuel in the Baseline scenario
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Primary energy use more than doubles between 2005 and 2050, with a very high reliance on coal.

The use of fossil fuels in 2050 is significantly lower in the ACT Map and BLUE
Map scenarios than in the Baseline scenario. This ranges from 45% lower in the
ACT Map scenario to 59% lower in the BLUE scenario (Figure 2.38). In absolute
terms, total demand for fossil fuels in the BLUE Map scenario in 2050 is 13%
below the level of 2005. But even in the BLUE scenarios, fossil fuels constitute
a key component of the energy system. The reduction in fossil-fuel use can be
attributed to energy efficiency gains and fuel-switching. The use of carbon-free fuels
increases much faster than the total primary energy supply. Biomass exemplifies
the magnitude of change: its use in 2050 reaches nearly the level of oil use today.

Figure 2.38 P World fuel supply for Baseline, ACT Map and BLUE Map, 2050
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Fossil fuels continue to play a key role in the ACT Map and BLUE Map scenarios.
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In the Baseline scenario, coal demand ftriples between 2005 and 2050
(Figure 2.39). Coal’s share of total demand grows from 25% in 2005 to 37% in
2050. Between 2030 and 2050, coal eclipses oil as the single most important fuel.
Coal’s strong growth in the Baseline scenario is driven by three factors. First, high oil
prices make coal-to-liquids (CTL) technologies more economical, and the production
of synfuels from coal increases significantly after 2030. In 2050, nearly 1 800 Mtoe
of coal is being consumed by CTL plants, predominantly in the OECD countries and
a few developing countries. Second, high gas prices result in more new coal-fired
electricity-generating plants being built. Third, energy-intensive industrial production
grows rapidly in developing countries, especially China and India, which have large
coal reserves, but limited reserves of other energy resources.

Figure 2.39 P World coal supply by scenario, 2005-2050

B OECD
B Non-OECD

i N

e

2005 Baseline Baseline ACT Map BLUE Map

2030 2050 2050 2050

There is a strong reduction in coal demand in the Act Map and BLUE Map scenarios

relative to the Baseline scenario.

Oil

Coal demand in the ACT Map scenario, at 2 466 Mtoe in 2050, is 15% lower than
in 2005. This is the result of lower electricity demand in the ACT Map scenario, but
is also a consequence of higher efficiencies and fuel-switching in power generation.
In the BLUE Map scenario, coal demand in 2050 is 22% below the 2005 level. In
percentage ferms, coal use declines most in OECD countries. Coal use in 2050
in non-OECD countries is about equal to today’s consumption in the BLUE Map
scenario.

Oil demand in the Baseline scenario increases by 86% between 2005 and 2050,
from 4 000 Mtoe in 2005 to 6 287 Mtoe in 2050. This is an increase from 85 Mb/d
to 135 Mb/d. Such growth is unlikely to be capable of being met by conventional
oil, which would account for about 92 Mb/d. A significant growth in the production
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of non-conventional oil is needed (heavy oil, tar sands, shale oil and arctic oil),
to about 40 Mb/d. These resources account for 30% of total supply in 2050. A
rising share of demand is also met by synfuels produced from coal and gas, which
increase from very low levels today to 1 039 Mtoe in 2050 (14% of supply). Biofuels
play some, albeit limited, role in the Baseline scenario.

Liquid fuel demand grows most rapidly in the transport sector, at 1.8% on average
per year. In the buildings sector it grows by 1.3% per year and in the industrial
sector by 1.1% per year.

Oil demand in the ACT Map scenario in 2050 is 30% less than in the Baseline
scenario, reaching just 4 394 Mtoe. Primary oil supply (excluding synfuels) grows
by 10% in the ACT Map scenario between 2005 and 2050. Synfuels from coal and
gas are reduced by about two-thirds below the Baseline scenario and contribute
346 Mioe in 2050. Total liquid fuel demand is 22% lower in 2050 in the ACT Map

scenario than in the Baseline scenario.

In the BLUE Map scenario, the increased use of biofuels and improvements in
the average fuel efficiency of transportation vehicles mean that oil demand is
only 2 840 Mtoe in 2050, 55% lower than the Baseline scenario. Oil demand in
2050 drops about 27% below the current level. The supply security benefits of this
development are obvious.

In the Baseline scenario, synfuels make up 14% and biofuels 1.7% of liquid fuels
in 2050. In the ACT Map scenario, the share of synfuels drops dramatically, while
biofuels account for 11% of supply.

40 P World liquid fuel supply by scenario, 2005-2050
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Primary oil demand in 2050 is below the 2030 Baseline level in all ACT scenarios,

and below today’s level in the BLUE scenarios.

While oil demand in the ACT Map scenario is 10% higher in 2050 than in 2005, it
is 27% lower in the BLUE Map scenario. However, oil still accounts for the maijority
of fuel consumption in the transport sector in all of the ACT scenarios, and a
substantial oil dependency remains.
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Because of these significant demand reductions, there is less need for non-
conventional oil and synfuels. This has important CO, benefits. The reduction
in demand for oil in the ACT Map scenario — and even more in the BLUE Map
scenario — has important supply security benefits.

In all of these scenarios, OPEC oil production in 2050 stays ot least af the level of
2005. In the coming decades a substantial expansion of OPEC production will be
needed in any scenario. Very large investments, especially in the Middle East, will be
required to meet demand growth and to maintain secure supplies of transport fuels.
Development of sufficient new oil supply is a key challenge in any of the scenarios.

Figure 2.41 P World oil supply by scenario, 2005, 2030 and 2050
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In the ACT Map scenario, oil demand in 2050 is below the 2030 Baseline level.
Oil demand is below today’s level in the BLUE scenarios.

Box 2.8 P World Energy Outlook 2008: analysis of oil supply prospects

The 2008 edition of the IEA’s World Energy Outlook will include an in-depth analysis of the
medium- to long-term prospects for crude oil production. It will focus on the factors that will
determine future production rates at the world’s currently producing fields, the rate at which other
fields that have already been discovered are developed, and the prospects for new discoveries.
This analysis is intended to support the growing demand for more transparency in oil-reserve
and production data and to provide insights into underlying trends in decline rates at the world’s
biggest oilfields, the adequacy of current investment plans, and the technical and economic
feasibility of continuing expansion of global hydrocarbons production through to at least 2030.

The analysis will comprise a mixture of detailed quantitative analysis of historical data on
resources and production; modelling and projections of oil and gas supply; and qualitative
assessment of technological and structural factors, including opportunities for international oil
companies to gain access to reserves. A central pillar of the work will be a detailed field-by-field
analysis of trends in and prospects for production from more than 250 of the world’s largest
producing oilfields, with the aim of identifying the impact of geology and the application of
technology on production and recovery rates. The work will also involve a bottom-up assessment
of recent trends in upstream investment and near-term plans for such investment, including
major new projects and capacity additions at existing and yet-to-be-developed fields.

2



PART ‘1 TECHNOLOGY AND THE GLOBAL ENERGY ECONOMY TO 2050

The reduction of oil demand in both the ACT and BLUE scenarios can be
largely attributed to the transport sector (Figure 2.42). This reflects the fact
that oil demand for transport is rapidly rising in the Baseline scenario. The
reduction of primary oil demand is less than the reduction in the demand for
oil products as synfuel production is phased out in the scenarios (796 Mtoe
less synfuel in 2050).

Figure 2.42 P Reduction in oil demand by sector in the ACT Map and BLUE Map
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Savings below the Baseline scenario in 2050 in ACT Map are around half of current total oil demand.

Natural gas

In the Baseline scenario, non-OECD countries’ share in oil demand rises from 47%
in 2005 to 68% in 2050. In the ACT Map and BLUE Map scenarios, however, it is
around 62% in 2050. This lower share can be explained by the higher efficiency
improvement potential of non-OECD countries.

Primary demand for natural gas in the Baseline scenario grows at 1.3%
on average per year between 2005 and 2050, rising from 2 354 Mtoe to
4 605 Mtoe (Figure 2.43). Global gas use by the electricity generation sector
doubles, from 909 Mtoe in 2005 to 1 488 Mtoe in 2050. Natural gas used
in other transformation activities grows at 1.6% per year, from 300 Mtoe in
2005 to 828 Mtoe in 2050. Most of this increase is for gas-to-liquids plants
and refinery hydrogen production. Demand for natural gas in the final
consumption sectors grows at 1.6% per year, with little difference between the
sub-sectors at the global level.

5. Includes conventional oil, non-conventional oil, and synfuels from coal and gas.
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Figure 2.43 P World gas supply by scenario, 2005-2050
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Despite significant reductions below the Baseline scenario in 2050, demand for natural gas

in the ACT Map and BLUE Map scenarios is still significantly higher than today’s level.

Electricity

Clobal use of natural gas in the ACT Map scenario grows by 1.1% per year on
average, with total consumption reaching 3 945 Mtoe in 2050. This is 660 Mtoe
less than in the Baseline scenario in 2050, but still 68% higher than in 2005.
Gas demand is 2 951 Mtoe in the BLUE Map scenario in 2050, 25% higher than
today.

Primary demand for natural gas in developing countries increases by 230% in the
Baseline scenario, from 660 Mtoe in 2005 to 2 351 Mtioe in 2050, or 2.8% per
year on average. The share of non-OECD countries in world gas demand rises
from 49% in 2005 to 65% in 2050 (Figure 2.44). It rises further to 74% in the ACT
Map and BLUE Map scenarios. By 2050, developing countries will consume more
gas than the OECD countries, with one-third of the growth in demand coming
from electricity generation and the remainder from end-use sectors and fuel
transformation. Between 2005 and 2050, demand nearly doubles in transition
economies in the Baseline scenario and grows by almost half in the BLUE Map
scenario.

Demand for gas in OECD countries grows at 0.6% per year, from 1 211 Mtoe
in 2005 to 1 605 Mtoe in 2050. As in the developing countries, the bulk of the
increase in OECD demand comes from end-use sectors.

Electricity demand in the Baseline scenario increases on average 2.2% per year
between 2003 and 2050, making electricity the fastest-growing component of
total final demand. Electricity demand increases from 1 564 Mtoe (18 196 TWh)
in 2005 to 4 293 Mtoe (49 934 TWh) in 2050. Electricity’s share of final demand
increases from 17% in 2005 to 25% in 2050. These trends are driven by rapid
growth in population and incomes in developing countries, by the continuing
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increase in the number of electricity consuming devices used in homes and
commercial buildings, and by the growth in electrically driven industrial processes.
Electricity demand in buildings and in industry grows at a rate of 2.5% per year in
the Baseline scenario.

Figure 2.44 P Electricity demand by sector in the Baseline scenario, 2005-2050
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Demand continues to grow at similar rates in all end-use sectors.

Baseline electricity demand in developing countries grows on average 3.8%
per year, two-and-a-half times as fast as in OECD countries. This is primarily
due to higher population growth and rapid increases in GDP and per-capita
incomes in developing countries. Between now and 2050, millions of people
in developing countries will gain access to electricity.

In the ACT Map scenario, global electricity demand growth is reduced to on
average 1.6% per year, with demand reaching 3 393 Mtoe (39 471 TWh)
in 2050 (Figure 2.45). These reductions result in electricity demand growth
in the ACT Map scenario being just half that of the Baseline scenario by
2050. Electricity demand in 2050 is 21% below the Baseline scenario level.
Three-quarters of the reduction in electricity demand occurs in the buildings
sector. These reductions in electricity demand contribute significantly to the
total emissions savings atftributable to end-use efficiency. In the low-efficiency
scenario, electricity demand in 2050 is 14% higher than in the ACT Map
scenario, at 3 662 Mtoe (42 599 TWh).

Further savings occur in the buildings sector and in industry in the BLUE
scenarios, but these are outdone by increased electricity demand for plug-in
hybrid electric vehicles and heat pumps. As a consequence, electricity demand
in the BLUE Map scenario is 3 641 Mtoe (42 340 TWh) in 2050.
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Figure 2.45 P Electricity demand in the Baseline, ACT Map and BLUE Map scenarios,

2005 to 2050
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In the ACT Map scenario, electricity demand in 2050 is 27% lower
than in the Baseline scenario. Demand rises again in BLUE Map due to electrification
based on CO -free electricity supply.

Biomass

Biomass is by far the most important source of renewable energy today,
accounting for about 9% of total primary energy use. However, most biomass is
used in traditional domestic heating and cooking. Only about 10% of biomass
is used on an industrial scale for the production of electricity or fuels.

The role of biomass more than triples in the ACT Map and BLUE Map
scenarios. In these scenarios, bioenergy use in 2050 would approach the level
of oil consumption today.

This development would require fundamental improvements in agriculture
and forestry. The challenge is that the world population will grow by 50%
during the same period, with food intake rising correspondingly. Therefore,
total productivity of all land currently in production must triple. Such growth
has happened in recent decades, but its continuation in the coming decades
will require major efforts. Development and use of high-yield crops, water
management, soil management and land-use policies and considerations
of ecological sustainability all need to be closely coordinated. The recent
problems with rain forest and bushland clearing for first-generation biofuel
crops show that a focus on energy alone can yield undesirable outcomes.
Energy crops and food crops need to be optimised.

About half of the primary bioenergy would be used for the production of liquid
biofuels. The other half would be used for power generation, heating and
industrial feedstocks.
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Figure 2.46 P Biomass use in the Baseline, ACT Map and BLUE Map scenarios,
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Biomass use increases significantly in the ACT Map and BLUE Map scenarios.

Beyond 2050

The ACT Map and BLUE Map scenarios can offer technology pathways that may
eventually stabilise CO, concentrations in the atmosphere. However, to effectively
mitigate climate change, the progressive reduction in CO, emissions through
to 2050 would have to continue into the second half of this century. While the
ultimately sustainable level of energy CO, emissions is not yet clear, there is little
doubt that the carbon intensity of economic activity will need to be reduced still
further after 2050.

Energy fechnology development takes place on a fimescale of decades, often
followed by decades of gradual growth. Although it is possible to assess
developments until 2050 based on technological information that is available today,
such an approach reaches its limits beyond 2050. Developments beyond 2050
may have consequences for earlier investments in long-life energy infrastructure.

The development of the BLUE Map scenario, as described in this chapter, implies
a heavy reliance on CCS between now and 2050, and therefore also a prominent
role for CCS beyond 2050. This can be considered as part of a transition to a more
sustainable energy system.

For the power sector, the main challenge is that the sector cannot rely on
underground CO, storage forever. Limited regional storage potentials must result
in a plateauing and eventually gradual phase out of CCS beyond 2050. Alternative
solutions will be needed beyond 2050. This implies a continued shift from fossil-
fuel-based power generation to renewables, and possibly some acceptable forms
of nuclear energy — for example fusion. These changes in power production entail
further changes in power transmission and distribution. Realisation of longer-range
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transmission systems will require new types of transmission systems with lower
losses and lower costs, smaller land-use footprints, and reduced visual impacts.
It will be crucial to develop efficient and affordable electricity storage technology
further.

Decarbonising the end-use sectors, which is more difficult, would need to be
achieved in the following decades. The more radical changes in the BLUE Map
scenario could be regarded as providing an indication of the trends that may
develop more strongly, and perhaps with more certainty, in the second half of this
century. While electrification starts to play a role in the BLUE Map scenario in 2050,
this will need to accelerate beyond 2050.

For the transport sector, the technologically “optimal” solution is not yet clear. User-
friendly public transportation can play a more important role. High-speed trains,
an example of such a gradual transition, began in the 1970s. Hydrogen would be
another CO,-free energy carrier. The development of a hydrogen infrastructure
will depend on developments in the transportation sector. It seems unlikely that
a hydrogen network will develop solely for stationary applications. Developments
in the coming decade will show if hydrogen has a viable future. For the buildings
sector, spatial planning can play a more important role on this long timescale.
Compact cities will have a significant mitigating effect on transportation energy
demand.

While carbon-free alternatives exist in the power sector, radical new process
designs will be needed for certain industrial processes such as iron-making and
cement-making. At present, these sectors lack a viable carbon-free alternative,
and the ACT and BLUE scenarios imply a heavy reliance on CCS. In the longer
term, radical new solutions will be needed, possibly based on affordable CO,-free
electricity, solar energy, or a radical change in the way structural materials are
produced and used.
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Chapter ] TECHNOLOGY
ROADMAPS

Key Findings

> Global emissions stabilisation and even a 50% reduction in CO, emissions by 2050
are technically feasible. But the technologies to deliver those outcomes remain far
from economically viable in the current policy environment. A portfolio of technology
options will be needed to combat future increases in CO, emissions and to offset the
increase in energy demand.

> Without clear signals or binding policies from governments on CO, prices and
standards, the market on its own will not be sufficient to stimulate industry to act
with the speed or depth of commitment that is necessary. A clear, long-term vision
is needed that can underpin investor confidence to further invest in innovative
technologies.

> Technology roadmaps are highly dependent on policy targets. The BLUE scenario
would entail a marked and unprecedented rapid shift from the Baseline scenario.

| 2 More work is needed at all levels — including governments, industry, R&D institutions,
financial investors, and institutions — to:

e develop sound policies and measures to enable more continuous R&D investment
in emerging clean technologies;

e develop clear, long-term incentives to help establish investor confidence in
innovative technologies;

e identify policies and measures that will advance consumer awareness of clean
technologies and their intended benefits;

e identify future actions to alter consumer behaviour and preferences and to
accelerate the adoption of clean technologies;

e create the educational incentives and viable career paths that are necessary to
ensure that skilled staff are available to make the transition to a more sustainable
energy future; and

o creafte the legal and regulatory framework needed to develop these
technologies.

> Roadmaps offer a starting point for the further development of an international
collaborative framework.

Overview
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Successfully achieving the outcomes of the ACT Map scenario will take a
major, co-ordinated and sustained international effort. Achieving the outcomes
of the BLUE Map scenario will be even more challenging. Yet the benefits
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of these efforts will be substantial in terms both of climate change and of
improving energy security through lower energy consumption. They tackle the
environmental consequences of industry that may otherwise impose constraints
on economic growth world-wide.

The task is urgent, as it must be carried out before a new generation of CO,-
intensive capital stock becomes established. It will take decades to complete and
require political fortitude and significant investment. Continued research and
development of clean alternative technologies and improvements in process
efficiency will be crucial to its success.

Achieving these objectives will require a transformation in how we generate
power; how we build and use homes and communities, offices and factories;
and how technologies are developed and deployed in the transport sector. It will
also require a transformation in consumer awareness and behaviour. These in
turn will depend on political courage and substantial public- and private-sector
investment, alongside significant intellectual effort in the research, development
and deployment of new energy technologies. Responding to market signals,
the private sector will in practice deliver most of the required changes. But the
market on its own cannot always deliver the desired results.

Governments have a major role to play in supporting innovative R&D; in
developing policies to allow open markets; and in co-operating with industry
and the financial sector to develop appropriate market conditions to allow
technologies to surmount some daunting barriers. Industry looks to governments
to share the political, and in some cases financial, risks linked with bringing
many of these clean energy technologies to market. Governments need to
create the economic environment, without picking any winners (still less losers),
that will let technologies compete on environmental criteria and will make
carbon-abating technologies competitive. Intergovernmental agreements on a
global post-Kyoto framework will be an important part of this.

Action is also needed to increase public awareness, acceptance and understanding
of the energy and climate challenge and to help the public to better understand
their role in combating climate change and improving energy security.

The IEA can describe and recommend a way forward to achieve these outcomes.
But they will only be achieved if government policy makers and industry leaders
agree to:

B create policies that eliminate barriers to technological advancement;

B create market and financial incentives to allow the development and deployment
of clean energy technologies;

B engage the power of the marketplace to drive future technology breakthroughs.

Roadmaps

This chapter presents 17 technology roadmaps, each outlining one technological
approach that could be considered to help reach emissions stabilisation (ACT
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Map scenario) or a 50% reduction in emissions level (BLUE Map scenario) by
2050. All countries have an important role to play in bringing these clean energy
technologies to market. Developed countries will play the largest role in terms of
RD&D, but many of these technologies will only be viable if they are deployed
and commercialised in developing as well as in developed countries.

International co-operation will help to reduce the costs and speed up the
development and deployment of these technologies. The roadmaps show that
a great deal needs to be accomplished in the next 20 years if the technologies
needed to reduce climate change and improve energy security are to have
an impact. They can serve as a starting point for developing an international
collaborative framework.

The ETP model encompasses a vast range of technologies (see Annex D). It was not
feasible to create technology roadmaps for all of these. Rather, we have chosen
to highlight 17 technologies which together represent over 80% of total CO,
savings in the BLUE Map scenario. We can, depending on need, further refine and
expand on these in future ETP reports. A number of enabling technologies, such as
electricity storage and transmission, are treated within the eight power-generation
roadmaps.

The technologies highlighted in the 17 roadmaps were selected as representing:

m the largest potential CO, reductions under the ACT Map and BLUE Map
scenarios;

m technologies that are at advanced stages of RD&D, and in some cases deployment,
with significant advancements expected between 2015 and 2030;

B g balanced portfolio of technologies, especially in regard to global and regional
considerations.

Limitations of the roadmaps

The roadmaps developed for ETP 2008 are examples of possible technology
options. They should by no means be construed as being all-encompassing or as
including all technologies. There are too many competing variables to assume these
roadmaps could be applied across all technologies in every region of the world.

\¥hat is included in the roadmaps

Each roadmap provides the reader with a quick assessment of the relevant
technologies and the steps that are needed to accelerate their adoption on the
commercial marketplace under both the ACT Map and BLUE Map scenarios.
The technology roadmaps are not dependent on each other and should be read
individually.
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Each roadmap includes:

m projections of the potential CO, reduction that could be reached by 2050 by
adopting the technology, compared to the baseline scenario;

B projected distribution of the technology by region in 2050 for the ACT Map and
BLUE Map scenarios;

B indicative estimates of global deployment needs (with regional details), total
investment costs for RDD&D and total commercial investments needed to 2050, as
a reference for global RDD&D planning;

m technology targets;

B g timeline indicating when the technology would need to reach certain RDD&D
phases;

B the most important steps needed to bring the technologies to commercialisation;
B g brief outline of the key areas for international co-operation.

Our goal was to help guide policy and business decision-makers and encourage
international co-operation and global efforts on energy-technology RDD&D. The
roadmaps capture the essential RDD&D issues associated with these technologies
and identify specific actions that are needed nationally and globally. It is our
hope that they will spur discussions among governments, businesses and
financial institutions on the feasibility and potential to collaborate to advance
these technologies. It is not our intent to prescribe what must be done, only to
identify possibilities that exist.

The technology roadmaps presented in this chapter are global roadmaps and
hence may differ from national technology roadmaps. Where possible we have

tried to take into consideration the content of those national roadmaps we are
aware of.

How to use the roadmaps

The roadmaps were designed for policy makers and aim to help determine:

B how carbon targets could technically be met at least cost (rather than the policies
needed to make this happen);

B what milestones are consistent with achieving significant outcomes to meet the ACT
Map and BLUE Map obijectives;

B who should be at the table (in terms of international collaboration, existing
frameworks, [EA implementing agreements and industry);
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B where deployment could occur;
B what funding is needed.

The investment cost figures given for deployment and commercial investments
reflect total costs for all supply technologies, while in the case of demand side
technologies they incorporate only the incremental cost for the various energy
components. For example, in the case of hydrogen fuel cell vehicles the costs
reflect only that of the fuel cell vehicle drive system and do not include the total
cost of the vehicle. Greater detail on the system boundaries used in this cost
analysis can be found in Chapters 5 and 6.

These roadmaps provide a snapshot of the technology outlook as we see
it in 2008. They will need to be updated over time to reflect progress and
developments in R&D, policy and the marketplace.

List of technology roadmaps

Power generation sector

CO, capture and storage (CCS) - Fossil fuel power generation

Nuclear power plants

Onshore and offshore wind energy

Biomass integrated gasification combined cycle (BIGCC) and co-combustion
Photovoltaic systems (PV)

Concentrating solar power (CSP)

Coal integrated gasification combined cycle (IGCC) systems

Coal ultra-supercritical steam cycles (USCSC)

Buildings sector
Energy efficiency in buildings and appliances
Heat pumps

Solar space and water heating

Transport sector

Energy efficiency in transport
Second-generation biofuels
Electric and plug-in hybrid vehicles

Hydrogen fuel cell vehicles

Industry sector
Carbon capture and storage (CCS) — industry, H, & fuel transformation

Industrial motor systems
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Table 3.1 P Emission reductions and RDD&D investment costs by technology in
the ACT Map and BLUE Map scenarios

CO, savings (Gt) RDD&D (USD bn)

ACT Map BLUE Map ACT Map BLUE Map
Power generation 8.96 15.13 3 200-3 760 3 860-4 470
CCS fossil fuel power generation 2.89 4.85 700-800 1 300-1 500
Nuclear power plants 2.00 2.80 600-750 650-750
Onshore and offshore wind energy 1.30 2.14 600-700 600-700
BIGCC and co-combustion 0.22 1.45 100-120 110-130
PV 0.67 1.32 200-240 200-240
Csp 0.56 1.19 300-350 300-350
Coal IGCC systems 0.66 0.69 350-400 350-400
Coal USCSC 0.66 0.69 350-400 350-400
BUIIdmgs .......................................... 698 ................. 824320-400 ............ 340-420 ......
Er;zrliynij;ciency in buildings and 6.50 700 ha. na.
Heat pumps 0.27 0.77 70-100 90-120
Solar space and water heating 0.21 0.47 250-300 250-300
Tmnspoﬁ .......................................... 820 ................. 1 252 TR 260-310 .......... 7 600-9220 o
Energy efficiency in transport 5.97 6.57 n.a. n.a.
Second-generation biofuels 1.77 2.16 90-110 100-120
Electric and plug-in vehicles 0.46 2.00 170-200 4 000-4 600
Hydrogen fuel cell vehicles 0.00 1.79 n.a. 3 500-4 500
Indus‘ry ............................................ 300 ................. 568700-900 .......... 1400-]700
fcuglsfrig::fim;fo‘:‘”d 2.00 4.28 700-900 1 400-1 700
Industrial motor systems 1.00 1.40 n.a. n.a.
Tow|27-|44-|57 ............ 4480-5370 ..... 13200-]58]0

Note: The table above shows the contribution of the 17 technologies where roadmaps have been created. It does not cover the CO,-emissions-
reduction of all technologies covered in the ETP analysis. For a full list of technologies please see ANNEX D.
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Next steps

The roadmaps presented in Energy Technologies Perspective 2008 could serve
as a useful tool for further enhancing world-wide collaboration. What is needed
includes:

B |nternational agreement on an overall framework under which countries would
share information and collaborate on joint RDD&D efforts, and appropriate joint
funding levels and milestones;

B Further international collaboration to define the role of roadmaps and the
appropriate elements they should contain, identify the appropriate technologies,
share information on individual national efforts to develop technology roadmaps,
and determine where possible overlap and gaps exists;

B Establishment of an international forum to allow for monitoring and information
sharing.

The IEA could provide this central role through use of its existing worldwide
network of co-ordinated R&D programmes.
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CO, capture and storage: fossil fuel power generation

ACT 2.9 Gt savings 2050

BLUE 4.9 Gt savings 2050

OECD
OECD - Other
China Pocific Pacific ™ /7 30%
and Ind“ /75% 4%
43%
OECD
/" Europe
10%
\Ofber China °
11% and India
OECD NA 36%
25%
° \OECD Europe OECD NA
16% 20%
Global RDD&D Commercial Global RDD&D Commercial
Deployment Inv. Cost  Inv. Cost* Deployment Inv. Cost  Inv. Cost*
Share USD bn USD bn Share USD bn USD bn
2030 2005-2030 2030-2050 2030 2005-2030 2030-2050
OECD NA 35% 25-30 160-180 OECD NA 35% 30-35 350-400
OECD Europe 35% 25-30 100-120 OECD Europe 35% 30-35 150-200
OECD Pacific 10% 7-8 30-40 OECD Pacific 10% 10-12 70-80
China & India 15% 10-12 280-300 China & India 15% 12-14 400-450
Other 5% 3-4 60-70 Other 5% 4.5 250-300

* Excludes operating costs. Total including OPEX is USD 1.3-1.5 trillion for ACT and USD 4.0-4.5 frillion for BLUE.

Technology targets 000000000000 0000000000000000000000000000000000000 0

ACT: Emissions Stabilisation BLUE: 50% Emissions Reduction

RD&D

Capture technologies for three
main options (post-combustion,
pre-combustion, and oxy-fuelling)

New gas-separation technologies:

membranes & solid adsorption

Technology transfer

Deployment

Regional pipeline infrastructure
for CO, transport

Deployment targets

Technologies tested in small- and large-scale plants. Cost of CO,
avoided around USD 50/t by 2020. Chemical looping tested

30 large-scale demo plants with a
range of CCS options, including fuel
type (coal/gas/biomass) by 2020

20 large-scale demo plants with a
range of CCS options, including fuel
type (coal/gas/biomass) by 2020

New capture concepts: next-generation processes, such as membranes,
solid absorbers and new thermal processes

Technology transfer to all transition

Technology transfer to China and
and developing countries

India

Maijor transportation pipeline networks developed
and CO, maritime shipping

30% of electricity generated from

Early commercial large-scale plants
CCS power plant by 2050

by 2015 (ZEP, ZeroGen, GreenGen)
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

2005 2010 2020 2030 2040 2050

Baseline

9% of power
generation

by 2030

ACT

BLUE

In this roadmap, commercialisation assumes an incentive of USD 50/t CO, saved.

Key actions needed 000 0000000000000 00000000000000000000000000000000 0

B Develop and enable legal and regulatory frameworks for CCS at the national and internatio-
nal levels, including long-term liability regimes and classification of CO,,.

B Incorporate CCS into emission trading schemes and post-Kyoto instruments.

RD&D to reduce capture cost and improve overall system efficiencies.

B RD&D for storage integrity and monitoring. Validation of major storage sites. Monitor and
valuation methods for site review, injection & closure periods.

B Raise public awareness and education on CCS.

B Assessment of storage capacity using Carbon Sequestration Leadership Forum methodology
at the national, basin and field levels.

B Governments and private sector should address the financial gaps for early CCS projects to
enable widespread deployment of CCS for 2020.

B New power plants fo include capture/storage readiness considerations within design by 2015.

Key areas for international collaboration ...cccccccccccccccccccccccces

B Development and sharing of legal and regulatory frameworks.

B Develop international, regional and national instruments for CO, pricing, including CDM
and ETS.

B Raise public awareness and education.

B Sharing best practices and lessons learnt from demonstration projects (pilot and large-
scale).

B Jointfunding of large-scale plants in developing countries by multi-lateral lending institutions,
industry and governments.

B Development of standards for national and basin storage estimates and their application.

B Organisations: CSLF, [EA GHG, IEA CCC, IPCC.
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Nuclear power plants

ACT 2.0 Gt savings 2050

OECD Europe
15% \ OECD NA

7 27%

PART 2 THE TRANSITION FROM PRESENT TO 2050

BLUE 2.8 Gt savings 2050

OECD Europe
14% \ OECD NA

7 24%

Other
15%

OECD
OE(.:.D Pacific _~
PCICIf(I)J \. China and India 11% \. China and India
14% 30% 36%
Global RDD&D Commercial Global RDD&D Commercial
Deployment Inv. Cost Inv. Cost Deployment Inv. Cost Inv. Cost
Share USD bn USD bn Share USD bn USD bn
2035 2005-2035 2035-2050 2035 2005-2035 2035-2050
OECD NA 29% 170-220  210-250 OECD NA 26% 180-200  300-350
OECD Europe 20% 115-150 110-140 OECD Europe 18% 120-140 175-200
OECD Pacific 15% 90-110 100-125 OECD Pacific 14% 90-110 140-160
China & India 21% 140-160  225-275 China & India 26% 160-180  450-475
Other 15% 90-110 100-130 Other 16% 95-115 200-225

TeChr'OIogy targets 000000000000 0000000000000000000000000000000000000 0

ACT: Emissions Stabilisation BLUE: 50% Emissions Reduction

RD&D
Gen Il and Gen lll+ technology Currently available
commercially available

Small and Medium Reactors Prototype demonstration by 2030 Prototype demonstration by 2020

(SMRs)

System design and commercial
implementation by 2030

System design and prototype
demonstration by 2030

Gen IV reactors and fuel cycle
(including H, production
capabilities)

Deployment

Gen lll and Gen I+ Gen Il currently available.

Gen lll4+ commercial deployment by 2025

Commercial deployment by 2045
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

g

GEN I+ |

ACT Baseline
GENI+ || GENIV GEN I+ | GENIV

BLUE

[ GEN IV

§
N
o
o
o

2010 2020 2030

Key actions needed 000 0000000000000 00000000000000000000000000000000 0

Key areas for

Development of Gen IV will help to reduce costs, minimise nuclear waste, enhance safety and
hence improve public acceptance of nuclear.

Small and Medium Reactor development; useful for smaller grid systems/ more isolated
communities and ease financing difficulties.

Continue effort to gain wider public and political acceptance. Public information program-
mes and National policies can help.

Urgent need to regenerate a nuclear workforce to meet future demands.
Need for continued effort to streamline licensing processes.

Need to develop proliferation resistant fuel systems.

Uranium exploration and mine development should be further increased.

Fast reactors extend uranium resources by factor of 50 times or more.

international collaboration 00 0000000000000 00000000000 00

Continued co-operation in the development of advanced systems (Gen IV) and the associated
fuel cycles (e.g. P&T and actinide recycling). This includes sharing of expensive R&D facilities.

Further development of international systems for non-proliferation (e.g. International Fuel Cycle,
guaranteed fuel supplies, ratification of additional protocols to the non proliferation treaty).

Development of internationally approved safety standards and designs.
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Onshore and offshore wind energy

ACT 1.3 Gt CO, savings 2050 BLUE 2.1 Gt CO, savings 2050

OECD NA OECD NA
18% OECD Europe 13%

22%

OECD Europe
26%

Other /
Other 22%
16%
\China and India \.China and India
OECD Pacific / 32% OECD Pacific / 35%
8% 8%

Global RDD&D Commercial Global RDD&D Commercial

Deployment Inv. Cost Inv. Cost Deployment Inv. Cost Inv. Cost

Share USD bn USD bn Share USD bn USD bn
2030 2005-2030 2030-2050 2025 2005-2035 2035-2050

OECD NA 24% 140-160 75-85 OECD NA 24% 145-165 130-150

OECD Europe 34% 200-220 100-110 OECD Europe 38% 230-250  210-230

OECD Pacific 10% 60-70 30-35 OECD Pacific 10% 60-70 70-80
China & India 25% 150-170 130-140 China & India 19% 110-130  340-360
Other 7% 45-55 65-75 Other 9% 50-60 215-225

Technology targets 000000000000 0000000000000000000000000000000000000 0

ACT: Emissions Stabilisation BLUE: 50% Emissions Reduction
RD&D
High-resolution global mapping Meteorological models for predictability.
of and long term predictability Micro-scale modelling for siting
of wind resource
Reduce steel dependency Develop alternative materials
Reduce O&M “downtime” for Secure, fast offshore access. Deep Additional tasks as in ACT.
offshore turbines offshore support structures and Development of floating systems
corrosion resistance

Investment in RD&D OECD private and public investment in RD&D should be

in the region of USD 300 m per annum
Deployment
Available supply of turbines, Larger manufacturing facilities.

components and support structures

Available transmission capacity. Reinforce weak grids Additional tasks as in ACT.

Optimise electricity network and interconnect. Dynamic line Grid associated costs are shared
rating, HVDC (offshore) across power sector

Maximum wind farm capacity Match power curves to site wind Additional tasks as in ACT.

factors regimes. Worldwide deployment Additional offshore deployment in

onshore, offshore mainly in OECD the developing world
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

2005 2010 2020 2030 2040 2050
o 300 GW capacity by 2030
% New materials and Onshore competitive* 400 GW capacity
g advanced resource by 2050 by 2050: USD 70 bn
P
assessment Offshore not competitive
- Proven deep-water 900 GW capacity by 2030 Over 1 350 GW
g offshore support Onshore competitive by 2025 capacity by 2050:
structure and " USD 400 bn
- Offshore competitive by 2035
turbine technology
900 GW ity by 2025: USD 600 b
w Proven floating CGPGCI.V y ! Over 2 000 GW
g offshore support Onshore competitive by 2020 capacity by 2050:
structure and Offshore competitive by 2030 USD 1000 bn
turbine technology
R&D Demonstration Deployment Commercialisation

* Already cost-competitive in good sites, but will take wider deployment to become competitive in general.

I(ey actions needed 000 0000000000000 00000000000000000000000000000000 0

Key areas for

Internalisation of external costs of all technologies. Presently, the full cost to society of conven-
tional technology is not reflected in price.

Stable, predictable policy support to encourage investment.

Fully competitive electricity markets, on a continental scale for aggregation of output from
dispersed variable renewable generators, to smoothen aggregate variability profile.

Reduce lead times for planning and construction of new transmission. In Europe they can be
a long as ten years. The needs of large-scale wind power to be considered in the planning of
new infrastructure development, onshore and offshore.

Streamline and accelerate planning for new wind plants.

Further measures fo increase system flexibility (to enable higher share for variable renewa-
bles): development and cost reduction of storage technologies, encouragement of dispatcha-
ble plant in generation portfolio, interconnection of balancing areas, increased demand-side
parficipation, and shorter scheduling periods (gate closure).

Low-cost, long-range DC transmissions systems.

Grid-associated costs are shared across power sector.

international Collaboration 00 000000000000 000000000000 000

International co-operation should focus on identifying and building key interconnectors.
Electricity prices vary from country to country, and sometimes regionally. Interconnection
will benefit some at the expense of others. Need to find ways to overcome resistance to
trade of electricity across borders.

Offshore interconnection of wind farms.

Establishment of continental scale, competitive electricity markets.
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Biomass integrated gasification combined cycle
and co-combustion

ACT 0.22 Gt savings 2050 BLUE 1.45 Gt savings 2050

OECD Europe OECD NA OECD Europe

OECD NA
20‘? ﬁS% 2]%j ﬁé%
Other Other
27% T |
China Ghlno .
Qnd India and India
16% 15%

OECD Pacific / \_OECD Pacific

12% 11%
Global RDD&D Commercial Global RDD&D Commercial
Deployment Inv. Cost Inv. Cost Deployment Inv. Cost Inv. Cost
Share USD bn USD bn Share USD bn USD bn
2050 2005-2050 2030 2005-2030 2030-2050
OECD NA 25% 25-30 n.a. OECD NA 26% 30-35 40-45
OECD Europe 20% 20-25 n.a OECD Europe 21% 25-30 60-65
OECD Pacific 12% 12-15 n.a OECD Pacific 11% 12-15 15-20
China & India 16% 15-20 n.a China & India 15% 15-20 20-25
Other 27% 25-30 n.a Other 27% 25-30 40-45

Technology targets 000000000000 0000000000000000000000000000000000000 0

ACT: Emissions Stabilisation BLUE: 50% Emissions Reduction
RD&D
Gasification of biomass on a Plants more reliable by 2012 with gas  Multi-fuel bio-refineries including
small scale needs to be more clean-up mostly solved. Cost reduc-  BIGCC as part of the process need
reliable and automated, needs tions from large-scale demo plants.  RD&D (USD 900 m). Biomass fuel
continuous feed. RD&D needed ~ Optimum biomass feed storage, standardised. Technology transfer to
for fuel and gas clean up drying and handling systems developing countries
Oxygen and air-blown plants Oxygen vs. air-blown benefits understood,
demonstrated but expensive vs. standard steam cycle systems
Develop coal plants that can accom- Maximise co-combustion.
modate higher biomass shares
Develop co-gasification By 2020 By 2015
for NGCC
Deployment
Efficient, reliable gasifiers with Early commercial BIGCC plants Growth rate of 25%/yr after 2015
low air emissions need demons- operating by 2015 declining to 3-5% by 2040 as
tration to gain additional learning biomass becomes constrained.
experience 1-2 plants built on avg. / month

from 2020 to 2050
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

2005 2010 2020 2030 2040 2050

Baseline

sts

USD 2 000/kW

ACT

600 MW plant
demonstrated

by 2025

BLUE

'R&D  Demonswaion Deployment  Commercialisation

Timeline reflects Biomass Integrated Gasification Combined Cycle. Co-combustion technologies already commercial today.

Key actions needed 000 0000000000000 00000000000000000000000000000000 0

B Biomass resources need to be identified and secured for the long term by plant developers.
Optimum plant locations identified by GIS process with transport infrastructure optimised.

B Co-combustion of biomass in coal-fired power plants should be encouraged.

B Reliability of gasifiers, especially the challenging gas clean-up process, needs demonstrating
over the long term to give confidence to potential investors. Various biomass types, including
black liquor and bagasse, should be considered.

B Gasifier development can be run in parallel with synthetic biofuels produced using the FT
process and methanol/DME. Industry investment a key for success, building on knowledge of
earlier plants.

B Technology transfer including data on fuel specifications and suitability needed for uptake in
developing countries where local manufacture is encouraged.

B Full life-cycle analyses to be undertaken to ensure a sustainable system results.

B Once CCS has become fully commercial for coal plants, it can be tested for integration with
BIGCC systems. First BIGCC plants with CCS in 2030 (BLUE).

Key areas for international collaboration ....ccceccccccccccccccccccscss

B A review of successes and failures of biomass gasification plants to date, to identify
problems.

B Joint funding of large-scale plants in developing countries by industry and governments.
B International standards on fuel quality, air emissions and plant designs needed.

B Technology transfer for small- and large-scale plants undertaken collaboratively.
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Photovoltaic systems

ACT 0.67 Gt savings 2050 BLUE 1.32 Gt savings 2050

OECD Europe OECD Europe
15% 18%
% OECD NA “

25%
Other
10% Other |

' -
OECD Pociﬁj

20% \Chinq and India OECD chifig
30% 16%

OECD NA

" 20%

\_China and India
27%

Global RDD&D Commercial Global RDD&D Commercial
Deployment Inv. Cost Inv. Cost Deployment Inv. Cost Inv. Cost
Share USD bn USD bn Share USD bn USD bn

2035 2005-2035 2035-2050 2030 2005-2030 2030-2050
OECD NA 25% 45-55 120-130 OECD NA 25% 45-55 200-220
OECD Europe 25% 45-55 75-85 OECD Europe 25% 45-55 180-190
OECD Pacific 30% 55-65 100-110 OECD Pacific 25% 45-55 250-260
China & India 15% 25-35 150-160 China & India 20% 40-45 270-280
Other 5% 10-12 50-55 Other 5% 10-12 180-190

TeChnOIogy targets 000000000000 0000000000000000000000000000000000000 0

ACT: Emissions Stabilisation BLUE: 50% Emissions Reduction
RD&D
Increase efficiency and reduce c-Si module efficiencies above 20%.  ¢-Si modules efficiency around 25%
material intensity and costs Cost-effective and alternative silicon
of c-Si modules feedstock supply developed
Increase efficiency and lifetime Thin film module Thin film modules reach efficiencies
of thin films performances15-18%, of 20-25%, lifetimes of 30-35 years

lifetime of 25-30 years
Develop 2 types of 3rd generation  Third-generation technologies un- Third-generation devices fully deve-
devices: derstood, demonstration plants loped and deployed:
¢ Ultra-high efficiency cells in niche market applications * Devices above 40% efficiency
¢ Ultra-low cost cells ¢ Ultra-low-cost cells reach 10-15%
* Low-cost building integration efficiencies, lifetimes of 10-15 years
Deployment
Building integration and storage Fully integrated and multi-functional PV applications in buildings.
Use of advanced storage facilities

Cost target Investment costs reduced to Investment costs reach USD 1.9/W in

USD 2.2/W in 2030, 1.2/W by 2050 2030 and USD 1.1/W by 2050
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

2005 2010 2020 2030 2040 2050
o Continuous but rather marginal World capacity PV remains
% improvement of existing below 60 GW not commercially
& technologies (crystalline silicon competitive
@ and thinilm PV systems)
Strong Strong market growth 150 GW capacity 600 GW capacity by 2050
= investment . in 2035 Full maturity of thin films
g cost reduction Rapid .mquer
of c-Si systems share increase PV competitive with Emerging third-generation
of thin films retail electricity technologies
Very "?Pid cost PV competitive with 1 150 GW capacity
w reg_”‘:“cr’" of Strong competition retail electricity by 2050
g o1 sysiems between c-Si 2020-2030
Exponential and thin-film Above 150 GW 50% market share of
market growth systems capacity in 2030 third-generation devices
R&D Demonstration Deployment Commercialisation

I(ey actions needed 000 0000000000000 00000000000000000000000000000000 0

Key areas for

Double technology shift: from crystalline silicon (c-Si) to thin films, to third-generation novel
devices.

Sustained and effective incentives needed in the next 5-10 years to overcome the pre-
competitive stage of PV systems.

Guarantee long-term high purity silicon feedstock supply, develop alternative feedstock
production routes.

Guarantee sufficient public and private R&D funding for the development of third-generation
novel devices (ulira-high efficiency and ultra-low-cost cells).

Up-scaling of manufacturing capacity to the 1-10 GW/year scale per manufacturing plant.

Develop standardised solutions for building integration in collaboration with the construction
industry.

Address technology transfer issues for application in developing countries, with specific
respect to off-grid applications.

international collaboration 00 000000000000 000000000000 000

Development and application of international standards in measuring PV module and system
performances under real and large-scale application conditions.

Technological spill-over from other industry sectors (e.g. thin film and LCD screen
production).

Pre-competitive R&D collaboration in the field of 3rd generation devices: nanotechnologies,
concentrators, dye-sensitised cells, organic cells.

Management of end-of-life recycling of modules.

Technology transfer for small & large-scale plants undertaken collaboratively.
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Concentrating solar power

ACT 0.56 Gt savings 2050 BLUE 1.19 Gt savings 2050
ECDE OECD Europe
OFC EEAEN 8% > OECD NA
° OECD NA 1%
/" 23%
Other
35%
Chi China
Other ma and India
30%/ Wd India 28%
23%
| OECD Pacific OECD Pacific /
12% 8%
Global RDD&D Commercial Global RDD&D Commercial
Deployment Inv. Cost  Inv. Cost Deployment Inv. Cost  Inv. Cost
Share USD bn USD bn Share USD bn USD bn
2030 2005-2030 2030-2050 2030 2005-2030 2030-2050
OECD NA 25% 65-75 45-50 OECD NA 23% 60-70 60-70
OECD Europe 15% 40-50 25-30 OECD Europe 14% 35-40 25-30
OECD Pacific 15% 40-50 25-30 OECD Pacific 14% 35-40 25-30
China & India 25% 65-75 45-50 China & India 24% 65-75 80-90
Other 20% 55-65 50-55 Other 25% 65-75 100-110

Technology targets 000000000000 0000000000000000000000000000000000000 0

ACT: Emissions Stabilisation BLUE: 50% Emissions Reduction
RD&D
System efficiency Increase efficiency of systems to reduce costs
Trough plants Development of direct steam generation for trough plants
Development of new technologies  * Towers with air receivers Solar production of hydrogen
at system level for trough, dishes to significantly increase working and other energy carriers, demo
and towers temperatures and conversion rates, by 2020

demo by 2012
* Combined power and desalination
plants, demo by 2012

Low-cost, high efficiency thermal Storage costs to fall to USD 0.05/kWh and efficiencies greater than 95%
storage

Deployment

* Cogeneration power desalination Commercial deployment by 2020
* Troughs + direct steam generation
* Troughs + molten salts

Towers + air receiver + gas turbine Commercial deployment by 2030
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

2005 2010 2020 2030 2040 2050

2 Technology not
2 commercially
2 competitive
S
< CSP competitive by 20
ant scaling up
w
2
@ CSP competitive by 20

elerated scaling up

'R&D  Demonswaion Deployment Commercialisation

Key actions needed 000 0000000000000 00000000000000000000000000000000 0

[ ] Economies of scale, mass production, learning by doing, and incremental improvements
of all system components (mirrors, infrastructures, sun-tracking, heat receivers, pipes,
balance of plants, etc.) will combine to improve performances and reduce costs.

[ ] The emergence of heat storage, as an alternative to back-up with fossil fuels,
significantly increases the value of the electricity produced in making power capacities
guaranteed or even dispatchable.

[ ] The development of incremental improvements such as direct steam generation, use
of molten salts in troughs, cogeneration of heat for desalination and power, and
cheaper dishes will further help increase performance and reduce costs.

[ ] Development of towers with air receivers will significantly increase working temperatures
and conversion rates and reduce costs even further, but still requires important R&D efforts.

| Low-cost long-range DC transmission systems.

Key areas for international collaboration ...ccccccecccccccccccccccccss

] Continuing co-ordination of R&D efforts, outreach efforts sharing and information
exchanges through IEA's SolarPACES Implementing Agreement.

[ ] Effective financing of CSP plants in developing countries beyond the global environ-
ment facility-supported plants.

] Developing efficient interconnection via high-voltage, direct-current lines to feed

important consuming areas from neighbouring sunny regions.
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Coal IGCC systems

ACT 0.66 Gt savings 2050

OECD Europe
10% \

OECD NA
30%

Other
15%

PART 2 THE TRANSITION FROM PRESENT TO 2050

BLUE 0.69 Gt savings 2050

OECD Europe
10% \

OECD NA
~30%

Other
15%

OECD OECD
Pacific Pacific
10% 10%
\_ China and India \. China and India
35% 35%
Global RDD&D Commercial Global RDD&D Commercial
Deployment Inv. Cost  Inv. Cost Deployment Inv. Cost  Inv. Cost
Share USD bn USD bn Share USD bn USD bn
2030 2005-2030 2030-2050 2030 2005-2030 2030-2050
OECD NA 40% 145-155 100-110 OECD NA 40% 145-155 100-110
OECD Europe 25% 90-100 30-40 OECD Europe 25% 90-100 30-40
OECD Pacific 20% 70-80 30-40 OECD Pacific 20% 70-80 30-40
China & India 15% 50-60 120-130 China & India 15% 50-60 120-130
Other 0% 0 50-55 Other 0% 0 50-55

Technology targets 00 0000000000000 0000000000000000000000000000000000 o

ACT: Emissions Stabilisation BLUE: 50% Emissions Reduction

RD&D

lon transport membranes for O, production using 150 kWh/t, 90% efficient gasifier

Oxygen separation

Efficient coal feeding at high
pressure

IGCC-CCS integration (hydrogen Different entrained-bed/fluidised bed gasifier designs
turbines, physical absorption, efc.) for integration with drying units

IGCC demos for different coal 10 demonstration projects with integrated drying where necessary.
types (lignite, high-ash coal, etc.) Develop polygeneration

Proven 65% efficiency with natural gas on large scale.
>50% efficiency with coal. Systems integration with gasifier and
gas cleaning system. Testing at 1-50 MW scale by 2030

Development of larger fuel cells
for coal fuel gas

Deployment

Cost target IGCC USD 1 400/kW
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BLUE
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

2005 2010

2020 2030

2040

2050

Technology fails to be developed

Key actions needed 000 0000000000000 00000000000000000000000000000000 0

IGCC is an enabling technology for CCS.

Costs need to come down closer to pulverised coal combustion costs.

The energy needs for oxygen production need to be reduced.

Gasification needs further development in terms of availability and ease of operation.
More efficient gas turbines (higher turbine inlet temperatures are needed).

Hydrogen turbines need further development.

Systems heat integration needs further development.

Polygeneration is still not well understood.

Key areas for international collaboration ....cccecccccccccccccccccscss

B Hydrogen turbines for IGCC with CCS.
B Large scale low-cost ion transport membrane separation oxygen production technologies.

B 10 coal IGCC demonstration projects for different coal types using different types of
gasifiers.
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Coal ultra-supercritical steam cycles

ACT 0.66 Gt savings 2050

OECD Europe

10% OECD NA
()

30%

OECD -~

Pacific

BLUE 0.69 Gt savings 2050

OECD Europe
10% ™\

OECD NA

" 30%

Other

15% "\

OECD_~
Pacific

10% “.China and India 10% . China and India
35% 35%
Global RDD&D Commercial Global RDD&D Commercial
Deployment Inv. Cost  Inv. Cost Deployment Inv. Cost  Inv. Cost
Share USD bn USD bn Share USD bn USD bn
2025 2005-2025 2025-2050 2025 2005-2025 2025-2050
OECD NA 40% 145-155 100-110 OECD NA 40% 145-155 100-110
OECD Europe 25% 90-100 30-40 OECD Europe 25% 90-100 30-40
OECD Pacific 20% 70-80 30-40 OECD Pacific 20% 70-80 30-40
China & India 15% 50-60 120-130 China & India 15% 50-60 120-130
Other 0% 0 50-55 Other 0% 0 50-55

Technology targets 000000000000 0000000000000000000000000000000000000 0

ACT: Emissions Stabilisation

BLUE: 50% Emissions Reduction

RD&D
Ten fest plants at 700 degrees steam By 2020
Ten oxyfueling plants of at least By 2025

100 MW operational for several years

Pre-drying technologies for lignite
integrated to full-scale plants

Materials feasibility proven 2015.
Component testing finished 2020

Materials that can withstand
> 700°C steam at >250 bar
pressure

Beneficiation technology
for high-ash coals

Skipped

Materials feasibility proven 2012.
Component festing finished 2015

lon transport membranes
for O, separation

Burners and boiler designs
for oxyfuelling

10 USCSC demo plants Oxygen production 150 kWh/t Oxygen production 150 kWh/t
at > 700°C steam by 2025 by 2020

at >250 bar pressure

Deployment

Cost target USCSC USD 1 400/kW
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

2005 2010 2020 2030 2040 2050
o
£
1_2 Technology fails to be developed
*
5 o withstand Cost-efficient
< > 700°C plant design
and high pressure by 2020
up to 300 bar
5 o withstand Cost-efficient
@ > 700°C plant design
and high pressure by 2015

up to 300 bar

'R&D  Demonstraion Deplonent - Commercialisation

Key actions needed .cccccececcccccccccccccccccscccccsscsscscccccccncse
B Develop new low-cost materials for high-temperature steam conditions (nanotechnology, new

alloys).

Fabrication (including welding) of high-temperature alloy tubes.

Develop methods for more rapid testing of such materials.

Develop oxyfueling as an enabling technology for CCS.

Enhance the understanding of oxyfuelling retrofit options.

Encourage the development of more manufacturing infrastructure to insure suppliers are able to
meet future demand.

Key areas for international collaboration «..cccccecccccccccccccccccces

Fundamental materials research.
Better understanding of fluid dynamics.

Low-cost plant designs.

Oxyfuelling pilot and demonstration plants.




150

PART 2 THE TRANSITION FROM PRESENT TO 2050

Energy efficiency in buildings and appliances

ACT 6.5 Gt CO, savings 2050

OECD

Europe

18% -

Other |
23%

OECD Pacific /

LChino and India

OECD NA OFCD
Europe
" 23% 16%
Other |
21%

OECD Pccifd

BLUE 7.0 Gt CO, savings 2050

OECD NA
" 24%

lChinc and India

7% 29% 7% 32%
Commercial Commercial
Inv. Cost Inv. Cost
USD bn USD bn
2005-2050 2005-2050
OECD NA 1100-1200 OECD NA 1 500-1 700
OECD Europe 850-950 OECD Europe 950-1050
OECD Pacific 300-400 OECD Pacific 450-550
China & India 1 000-1 200 China & India 1 500-1 800
Other 1800-2 000 Other 2 200-2 500

Technology targets 000000000000 0000000000000000000000000000000000000 0

ACT: Emissions Stabilisation

BLUE: 50% Emissions Reduction

Diffusion

Limit standby power use to
1-Watt.

Implemented in OECD countries
between now and 2030;
and globally by 2040

Implemented in OECD countries
between now and 2020;
and globally by 2030

Tighten or establish minimum
energy efficiency standards for
all major existing appliances

New appliances standards shifted
to LLCC between now and 2020
in OECD and by 2030 globally

New appliance standards shifted
to BAT between now and 2020
in OECD and globally by 2030.

Mandatory standards across full
range of mass-produced
equipment

Appliances brought under
standards by 2030 in OECD
and by 2040 globally

Standards for appliances by 2020
in OECD and 2030 globally.
Continuous tightening required

Cold countries at “low-energy”
standard from 2015 and globally
from 2030

Cold countries to meet
“passive house” levels by 2015,
and globally from 2030

Adopt best practice in lighting
efficiency

Policy must shift to LLCC from
2015

Policy must begin shift
to BAT from 2025 onwords

Simplified planning requirements to encourage low-energy buildings
and alternative fuel sources (especially solar)

Promote low-energy houses
and fuel switching
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

2005 2010 2020 2030 2040 2050

Baseline

ACT

BLUE

Key actions needed 000 0000000000000 00000000000000000000000000000000 0

B Monitor energy efficiency improvements in existing buildings and appliances. Need to
collect consistent and comprehensive data on end-use consumption and energy efficiency
worldwide.

B Implementation of mandatory minimum efficiency performance standards (MEPS),
harmonised at a high level of efficiency and implemented worldwide, ongoing tightening
will be required.

B Infernational standards need to be reviewed regularly to ensure adequate vigor.

Key areas for international collaboration ..cccccccecccccccccccccccccss

B Establish a common set of efficiency “tiers” from which countries could draw when they
establish minimum energy performance standards.

B Facilitate the rapid exchange of BAT in the buildings sector to ensure rapid uptake
worldwide.

B Promote the diffusion of passive house design, construction techniques and energy
technologies.
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Heat pumps
ACT 0.27 Gt savings 2050

OECD Europe
28% >

Other (
5%

OECD PcciﬁcJ

OECD NA
" 25%

&hino and India

PART 2 THE TRANSITION FROM PRESENT TO 2050

BLUE 0.77 Gt savings 2050

OECD Europe
22%

7

OECD PocifiJ

10%

OECD NA

18%

Other
10%

\Chino and India

11% 31% 40%
Global RDD&D Commercial Global RDD&D Commercial
Deployment Inv. Cost*  Inv. Cost Deployment Inv. Cost*  Inv. Cost
Share* USD bn USD bn Share* USD bn USD bn
2025 2005-2025 2025-2050 2015 2005-2015 2005-2050
OECD NA 10% 5-10 400-500 OECD NA 20% 15-20 450-550
OECD Europe 50% 32-36 500-600 OECD Europe 35% 30-35 600-700
OECD Pacific 40% 20-25 140-160 OECD Pacific 35% 30-35 175-200
China & India 0% 8-12 800-1 000  China & India 10% 7-12 1 000-1 200
Other 0% 0 50-75 Other 0% 0 150-200

* Figures for deployment above are for geothermal heat pumps only.

TeChr'OIogy targets 000000000000 0000000000000000000000000000000000000 0

HPT: Heat Pump Technologies

ACT: Emissions Stabilisation

BLUE: 50% Emissions Reduction

RD&D

More efficient components

and systems for heating and
cooling applications, using
environmentally neutral working
fluids. More efficient integrated
HPT systems for net zero energy
buildings. High-efficiency, high-
temperature HPT.

HPT.

Deployment

HPT included as an option in
building codes to reduce GHG
emission. Financing schemes in

by 2020.

Increased penetration of HPT
in retrofit markets.
industrial waste heat upgraded
by HPTs. 15% less energy used
in commercial buildings by use of

15% of

Policies to support wide adoption
of HPT for heating and cooling

Energy-efficient systems using
environmental benign working
fluids available by 2020. 25 %
industrial waste heat upgraded
by 2030. 25% less energy used in
commercial buildings.

Maijority of new buildings equipped
with HPT, 75% retrofits by 2030.

Maijority of new buildings equipped

with HPT systems, 25% retrofits by

2030

75% of installers certified in 2015 100% of installers and equipment
certified in 2020

place to stimulate HPT diffusion

Increased awareness of annual
performance and benefits
of HPT systems
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

2005 2010 2020 2030 2040 2050

!D&D activities to improve Al eesiaiizie

. . energy efficiency and
technical and economic 9y 4

ine

Basel

performance of HPTs Fcrbon f°| ofp—rin'r

ACT

rmance of HPTs

BLUE

‘R&D Demonstraion Deploynent

Key actions needed 000 0000000000000 00000000000000000000000000000000 0

B Further RD&D to develop more energy-efficient, sustainable and cost-effective heat-
pumping technologies (heating and cooling) particularly for buildings and industrial
applications.

B Development of higher efficiency low-temperature-environment heat pumps.

B Increased research, development, demonstration and the dissemination of objective
information to increase awareness, acceptance and understand HPTs.

B Actions on policies to ensure all buildings codes promote energy conservation and
efficiency measures.

B Actions to have policies in place in most countries that recognise the benefits of air,
water and ground source heat pumps.

Key areas for international collaboration ..cccccccccccccccccccccccccss

International collaboration is needed

B To quantify and publicise the energy-saving potential and environmental benefits (local
and global) of HPTs;

B To develop cost-effective, energy-efficient and sustainable heat-pumping technologies
through RD&D;

B Develop policies to support deployment and to promote quality assurance of installation
and systems;

B To exchange information and analyse the success of deployment & diffusion strategies.

B Organisations:
IEA HPP: http://www.heatpumpcentre.org EHPA: http://ehpa.fiz-karlsruhe.de

ASHRAE: http://www.ashrae.org HPTCJ : http://www.hptcj.or.jp
AHRI: http://www.ahrinet.org IIR: http://www.iifiir.org
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Solar space and water heating

ACT 0.21 Gt savings 2050 BLUE 0.47 Gt savings 2050
OECD Europe OECD NA OECD Europe OECD NA
10% > 4 9% 8% 4 9%

China
—— and India
29%
_ China
and India
Other / 37%
therJ
47% \__ OECD Pacific OECD Pacific
5% 3%
Global RDD&D Commercial Global RDD&D Commercial
Deployment Inv. Cost  Inv. Cost Deployment Inv. Cost  Inv. Cost
Share USD bn USD bn Share USD bn USD bn
2030 2005-2030 2030-2050 2020 2005-2020 2020-2050
OECD NA 20% 50-55 30-35 OECD NA 20% 50-55 55-65
OECD Europe 20% 50-55 30-35 OECD Europe 20% 50-55 50-60
OECD Pacific 15% 40-45 15-20 OECD Pacific 15% 40-45 20-25
China & India 20% 50-55 90-100 China & India 20% 50-55 240-250
Other 25% 65-70 140-150 Other 25% 65-70 280-290

Technology targets 000000000000 0000000000000000000000000000000000000 0

ACT: Emissions Stabilisation BLUE: 50% Emissions Reduction
RD&D
Improve heat storage systems Develop cheap, simple solar- District CHP schemes using combi-
assisted heating devices for mass nations of solar/biomass/geother-
production mal widely deployed
Deployment
Affordable ownership to empower Policies to encourage widespread deployment to reduce costs
user choice with mass production

Mandate for integrated renewable  Combi solar thermal/cooling PV systems in place. Concentrating solar heat
technologies used by industry incorporating heat storage and bioenergy systems

Utility related Finance schemes by utilities to save grid upgrades
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

2005 2010 2020 2030 2040 2050

2  R&D fo improve 650 GW capacity Technology

3 coating and glazing 20052050 commercial by

b 20452050

- R&D to improve 650 GW capacity 1 500 GW capacity

&  coating and glazing 2005-2030 by 2050

w R&D to improve 650 GW capacity 3 000 GW capacity

g coating and glazing 2005-2020 by 2050

R&D Demonstration Deployment Commercialisation

I(ey actions needed 000 0000000000000 00000000000000000000000000000000 0

Solar heating technologies are already deployed but currently tend to be high-cost options in
cold climates. RD&D is needed to help drive down unit costs and improve efficiency. This is
particularly the case for solar thermall.

Need for priority actions on policy development to ensure all new buildings are designed to
need minimal heating over their lifetimes, this will help facilitate solar thermal. Retrofits are
also to be encouraged where feasible. Capacity building, continued education of architects
and builders is required.

Ownership of small-scale systems is key for both industry and domestic sectors. Distributed
systems, however, need micro-financing. There is an opportunity for utilities to look for new
business, i.e. by leasing technologies, and to avoid costly grid upgrades as demand in-
creases.

The connection between energy-efficiency and supply is key for solar heating systems. Mete-
ring systems are needed to encourage awareness and provide better data for policy-making
and planning.

Key areas for international collaboration ...ccceccccccccccccccccccsscse

Policy development for heating has been neglected, so opportunity exists to develop jointly.
Joint RD&D with industry is encouraged to gain more rapid development.

Heat metering, micro-finance schemes and capacity building of installers are areas to be
addressed.
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Energy efficiency in transport

ACT 6.0 Gt savings 2050

OECD Europe OECD NA OECD
10% 7 27% Europe ™\
10%

BLUE 6.6 Gt savings 2050

OECD NA

ﬂ7%

Other | Other |
28% 28%

\Shino and India

OECD Pacific / 30% OECD Pacific /
5% 5%

Ehinc and India
30%

Commercial Commercial
Inv. Cost Inv. Cost
USD bn USD bn
2005-2050 2005-2050
OECD NA 1200-1 300 OECD NA 1 750-1 850
OECD Europe 1 000-1 100  OECD Europe 1 500-1 600
OECD Pacific 350-450 OECD Pacific 500-600
China & India 2 200-2 300  China & India 3 100-3 200
Other 1500-1 600 Other 2 100-2 200

Technology targets 000000000000 0000000000000000000000000000000000000 0

ACT: Emissions Stabilisation BLUE: 50% Emissions Reduction

RDD&D/Diffusion

Introduce mandatory fuel Fuel use or CO, emission standards for new LDVs by 2015
efficiency standards for cars in OECD and 2020 globally, tightened over time to reach a 50% reduction
and small trucks in fuel use per km by 2050 compared to 2008. Complementary measures
as needed to ensure vehicle size/weight/power do not increase and that
no travel rebound effects occur from lower-cost driving.

Standards and programmes Labelling and regulations on component such as low-rolling resistance
for fuel efficient accessories tyres, lighting and air-conditioning, by 2015/2020 for OECD/non-OECD

Medium and Heavy-duty truck Similar to LDV standards, but with related policies to promote logistic
efficiency standards improvements, vehicle maintenance, and driving-style related savings.
Policies in place by 2015/2020

Efficiency improvements for other Policies should be developed to cover rail systems, aircraft and shipping.
modes International aircraft and shipping should be handled in a co-operative
international framework approach. Voluntary or mandatory standards
should be set internationally by 2015 or sooner.
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

2005 2010 2020 2030 2040 2050

ACT

BLUE

In Baseline and ACT, deployment is primarily for hybrid vehicles and in BLUE is for hybrid vehicles and other advanced
technologies such as light weighting.

Key actions needed 000 0000000000000 00000000000000000000000000000000 0

B Monitor energy efficiency trends, improvements and assess technical potential in a consistent
manner around the world, for new and existing vehicle stock.

B Implementation, strengthening and updating of mandatory efficiency standards, providing
strong, steady incentives into the future; over fime these should be adopted in non-OECD
countries and eventually harmonised at a high efficiency level.

B Incentives for introduction of new fechnologies and ensure they are used for fuel economy
rather than increase size, weight or power; particularly hybrid and plug-in hybrid vehicles in
near term; strong incentives for vehicle light-weighting are also needed.

B Standards needed for medium and heavy duty trucks; policies should address in-use perform-
ance via logistics and on-road efficiency.

Key areas for international collaboration ...cccccceccccccccccccccccces

B Harmonise vehicle test procedures and, eventually, regulatory intensities.

B Establish o standardised set of test cycles and regulatory approaches from which countries
could draw when they establish minimum energy efficiency standards.

B Introduction of advanced fuel economy technologies, such as hybrids and plug-in hybrids
globally.

B International technical assessment and support for policy making for aircraft and shipping
efficiency.
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Second-generation biofuels

ACT 1.8 Gt savings 2050 BLUE 2.2 Gt savings 2050

' OECD NA

OECD NA

7 27%

< 25% Other
35%

Other
38%

OECD
o I]E;[;pe \ Europe
° 13%
China and India M(DOECD Pacific China and |I’1C|iCIJ LOECD Pacific
20% 5% 19% 6%
Global RDD&D Commercial Global RDD&D Commercial
Deployment Inv. Cost  Inv. Cost Deployment Inv. Cost*  Inv. Cost
Share USD bn USD bn Share USD bn USD bn
2035 2005-2035 2035-2050 2030 2005-2030 2030-2050
OECD NA 25% 25-30 1300-1500 OECDNA 27% 30-35 1100-1 300
OECD Europe 12% 15-20 850-950 OECD Europe 13% 15-20 900-1 000
OECD Pacific 5% 5-10 250-300 OECD Pacific 6% 8-10 300-350
China & India 20% 15-20 800-850 China & India 19% 15-20 1 400-1 600
Other 38% 30-35 450-500 Other 35% 30-35 1400-1 600

Technology targets 000000000000 0000000000000000000000000000000000000 0

ACT: Emissions Stabilisation BLUE: 50% Emissions Reduction
RD&D
Cellulosic ethanol Cut cost of ethanol production to USD 0.60 per litre gasoline equivalent (GE),
mainly via better enzymes, by 2015-2020
BTL (F-T) gasoline/diesel Cut cost of BTL production to USD 0.70 per litre GE by 2015-2020
via optimisation of biomass handling, gasification,
and synthesis gas production steps

Deployment
Cellulosic ethanol Deployment begins by 2015, Deployment begins by 2012,

full commercialisation by 2035 full commercialisation by 2030
BTL (F-T) gasoline/diesel Deployment begins in 2015, full Deployment begins by 2012, full

commercialisation by 2035 commercialisation by 2030
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

2005

2010 2020 2030 2040 2050

RD&D based cost reduction

2 i . Rapid gain in fuel sal
% to USD 0.60/litre GE Commercial introduction: apid gain in fuel sales
8 Initial Ig-scale plants cumulative sales Market share up to
«a constructed reach 1 000 Mtoe land-constraint levels
RD&D based cost reduction el et 7 P ]
: apid gain in fuel sales
5 fo USD 0.60/litre GE Commercial introduction: pag
< Initial Ig-scale plants cumulative sales Market share up to
constructed reach 1 000 Mtoe land-constraint levels
RD&D based cost reduction Ravid aain in fuel sal
) apid gain in fuel sales
s to USD 0.60/litre GE Commercial introduction A
— .
@ Initial Ig-scale plants cumulative sales Market share up to
constructed reach 1 000 Mtoe land-constraint levels
R&D Demonstration Deployment Commercialisation

I(ey actions needed 000 0000000000000 00000000000000000000000000000000 0

Key areas for

Both ligno-cellulosic ethanol and Fischer-Tropsch “biomass-to-liquids” are reaching the
demonstration and, perhaps within a few years, the deployment phase, though basic R&D
in some areas is still needed.

Ligno-cellulosic demo. projects amounting fo over USD 1 bn are expected in North America
from 2008-2012; various technologies will be fested at scales less than half of expected
future commercial size.

e Similar trials are needed in other parts of the world; better data on feedstock availability
and cost by region are needed; land use change analysis.

e Pathways and strategies to get from demo. to deployment to commercialisation must be
developed and clarified.

e More work on co-products and bio-refinery opportunities.

For BTL fuels, a small demo project in Germany has been announced, others expected (par-

ticularly in Europe) by 2010-2015.

e Continued engineering research on feedstock handling, gasification/treatment, co-firing
of biomass and fossil fuels.

e Better understanding of cost trade-offs between plant scale and feedstock transport
logistics.

international collaboration 00 000000000000 000000000000 000

Ongoing basic research collaboration (e.g. feedstock and enzyme research, feedstock hand-
ling/transport, process and plant scale optimisation).

Global assessment of biomass availability / cost for production of 2" generation biofuels.

e Impacts on GHGs, sensitive eco-systems soils, food security, alternative uses of land (“land
use change”).

o Assessment of economic viability of 2" generation biofuels in the developing world.

Better co-ordination of demo. projects, trials, deployment policies, biofuels trade.

3
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Electric and plug-in vehicles

ACT 0.5 Gt savings 2050

BLUE 2.0 Gt savings 2050

Other OECD NA Other OECD NA
21% 22% 22%
OECD
Europe OECD
18% —— Europe
18%
China and India
China and IndM LOECD Pacific 3]%/ \OECD Pacific

30% 9%

Plug-in hybrids, but not electric vehicles are deployed under
ACT. Plug-in Commercial costs are about 10% higher than if
they were regular hybrids.

9%

Costs cover plug-ins and pure electric vehicles. Between 2020
and 2050, EVs cost, on average, about 20% higher than
gasoline vehicles.

ey e RD&D  Deployment DRl RD&D  Deployment

sales share sale share C C

o e Inv. Cost Cosli) S Ing lc::st Us;s:,

e IRl PR (2035)/EVs , USP bn 4

2035 2005-2035 2005-2050 (2050) 2005-2035 2005-2050

OECD NA 9% 10-12 40-50 OECD NA 20% / 25% 20-25 950-1 100
OECD Europe 9% 8-10 30-40 OECD Europe  20% / 25% 15-20 800-900
OECD Pacific 9% 6-8 30-40 OECD Pacific  20% / 25% 12-16 400-450
China & India 6% 6-8 20-30 China & India  15% / 15% 12-16  1050-1 200
Other 6% 8-10 10-20 Other 15% / 15% 15-20 750-850

Technology targets 000000000000 0000000000000000000000000000000000000 0

ACT: Emissions Stabilisation BLUE: 50% Emissions Reduction

RD&D

Optimise configuration for maximum consumer acceptability
at minimum cost

Plug-in hybrid system

Energy storage

Deployment
Plug-in hybrid vehicle

Pure electric vehicle

Cut cost of battery storage to

USD 300 per kWh by 2020, resolve
technical issues. Long life span, deep
cycling and rapid charging

of batteries

Accelerated RD&D fo cut cost of
battery storage to USD 300 per kWh
by 2015, resolve technical issues.
Long life span, deep cycling and
rapid charging of batteries

Semi-commercial deployment of plug-in hybrids up to 5% sales share
in [EA countries by 2020

No deployment assumed

Pure eleciric vehicle deployment
begins in 2025, to achieve 5% sales
share by 2030 (5 years earlier in
“EV Success” scenario)
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

2005 2010 2020 2030 2040 2050

Baseline

ACT

BLUE

Key actions needed 000 0000000000000 00000000000000000000000000000000 0

B The primary hurdle for both plug-in hybrids and eleciric vehicles is the energy storage system.
Despite slow progress, there now appears tremendous potential for key breakthroughs.

B A great deal of RD&D is now occurring in battery manufacturing companies. Governments
need to re-double efforts to identify emerging, promising battery (and other energy storage)
technologies and support research (whether commercial, scientific, etc.) to bring these tech-
nologies to market. Partnerships with vehicle manufacturers may be particularly useful as they
have now taken an active stake in developing and commercialising new technologies.

B Most (but not all) recent efforts focus on further development of Li-ion batteries, e.g.
Li-polymer, Li-sulfur, etc. Ultracapacitors and flywheels also deserve attention, as do systems
that combine storage technologies, such as batteries with uliracapacitors.

B Research and consumer acceptance and early adopter markets.

Key areas for international collaboration ..ccccccceccccccccccccccccces

B Infernational collaboration for Electric vehicles and component (especially battery) research
already exists in a number of forms, including an IEA implementing agreement on Electric
and Hybrid Vehicles. Emphasis is placed on energy storage and power densities of batteries
and other storage systems, including ultra-capacitors and flywheels.

B International networks are critical in order to maximise the information sharing and learning.
This is a critical time for battery development as a) recent breakthroughs, i.e. new types
of Li-ion batteries, appear promising and b) consumers have become interested again in
vehicle electrification.

B In general IEA countries need to ensure that their RDD&D programmes complement each
other and provide assistance to companies to promote battery demonstration, deployment,
and commercial production.
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Hydrogen fuel cell vehicles

ACT 0 Gt savings 2050

Technology is not deployed under ACT.

BLUE 1.8 Gt savings 2050

Other

OECD NA
17%

7 25%

OECD
——— Europe

21%
\ OECD Pacific
10%

Though fuel cell vehicle costs decline over time, they average
about 20% higher than gasoline vehicles, 2008-2050, as
reflected in the Deployment cost column below.

China and India
27% /

Deployment RD&D  Deployment
share of Inv. Cost Cost
vehicle USD bn USD bn

sales, 2050 2005-2035 2010-2050

OECD NA 50% 10-12 800-1 100

oECDEwope ........ 50%8]0 ......... 7 50950
OECD Poaﬁc ........ 50% ............ 45 .......... 3 50450
Chmo&lndlo ......... 35% ........... ] 012 ...... 300]]00
ther ................. 35% ............ 68 .......... 6 00800 o

Technology targets 000000000000 0000000000000000000000000000000000000 0

ACT: Emissions Stabilisation BLUE: 50% Emissions Reduction

RD&D
Fuel Cell Stack System

Energy (H,) Storage

Deployment
Fuel Cell Stack System

Energy (H,) Storage

No deployment assumed

No deployment assumed

Accelerated R&D activities
USD 300/kW by 2020, lifespen
8 000 hrs and reduced catalyst needs

Achieve technical advances to store
H, on board with a 50% cost
reduction by 2020

Semi-commercial deployment begins
in 2020, to 10% OECD sales share
by 2030 helps bring cost to

USD 50/kW by 2050

Continued cost reduction to 2050
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

2005 2010 2020 2030 2040 2050

Baseline

ACT

Rapid gain in sales and
market share, headed for
market domination (Blue F

Substantial cost Lowest long-run costs

reductions achieved achieved: USD 50/
through R&D and learning by 2050 8

BLUE

Key actions needed 000 0000000000000 00000000000000000000000000000000 0

B H, fuel cell vehicle (FCV) costs are currently very high, with a few manufacturers in 2007 of-
fering very limited production runs at prices of USD 100 000. The two main cost components
are the fuel cell stack and the H, storage, though various “balance of system” components
(such as system controller, electronics, motor, and various synergistic fuel economy improve-
ments) may also add considerable expense.

B Deployment in 2020 (initial medium-scale production and semi-commercial sales) assumes
fuel cell system cost at USD 300/kW (compared with USD 500+ today). H, storage to reach
at USD 500/kg, about half of current cost. These 2020 targets will require a doubling of
RD&D efforts with greater attention to energy storage options.

B System expansion issues and fuel infrastructure investments, in co-ordination with vehicle
sales need to be addressed — a global roadmap for fuel cell vehicle deployment should be in
place by 2015.

Key areas for international collaboration ...cccccccecccccccccccccccccss

B Infernational collaboration, is needed to co-ordinate research on key components.

B The IEAs Implementing Agreements on H, and fuel cell vehicles could be strengthened via
stronger funding and more countries participating.

B Apart from technical research, work to begin co-ordinating fuel infrastructure development
around the world is needed.

B On-going work on international standard sefting, safety testing, efc. needs to continue apace.
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CO, capture & storage:

PART 2 THE TRANSITION FROM PRESENT TO 2050

industry, H, & fuel transformation

ACT 2.0 Gt savings 2050 Blue 4.3 Gt savings 2050
China OECD Pacific OECD Other
and India 7% Pacific 7 28%
SO%X 7% N
~_ Other
24% OECD
N Europe
China 20%
and India
OECDNA / 25% L
20% LOECD Europe \ OECD NA
19% 20%
Global RD&D  Commercial Global RD&D  Commercial
Deployment Inv. Cost  Inv. Cost* Deployment Inv. Cost  Inv. Cost*
Share USD bn USD bn Share USD bn USD bn
2050 2005-2030 2030-2050 2050 2005-2030 2030-2050
OECD NA 20% 10-12 125-150 OECD NA 20% 15-20 350-400
OECD Europe 19% 8-10 125-150 OECD Europe 20% 10-14 350-400
OECD Pacific 7% 2-5 60-70 OECD Pacific 7% 5-7 150-200
China & India 30% 6-8 200-300 China & India 25% 10-12 300-400
Other 24% 3-4 150-200 Other 28% 10-12 250-300

*Excludes operating costs. Total including OPEX is approximately USD 1.0-1.2 trillion for ACT and USD 4-4.5 trillion for BLUE.

Technology targets 000000000000 0000000000000000000000000000000000000 0

ACT: Emissions Stabilisation BLUE: 50% Emissions Reduction

RD&D

Development of various industry
applications

New gas separation and capture
technologies

Technology transfer

RD&D

Development of a regional pipeline
infrastructure for CO, transport

Nitrogen free blast furnace and smelt reduction processes (enabling tech.),
CCS demo for iron production processes, cement kilns with oxy-fuelling,
black-liquor IGCC, fluid catalytic crackers equipped with high-temp.
CHP and CO, capture. Cost of CO, avoided at a range of 50-100 USD/
tonne by 2020

12 large scale demo plants

in a range of capture and storage
options, including fuel type
(coal/gas/biomass) by 2020

5 large scale demo plants in various
sectors by 2020

Including next-generation processes, such as membranes, solid adsorbers
and new thermal processes

Technology transfer to all transition

Technology transfer to China
and developing countries

and India

Maijor transportation pipeline networks developed,
and CO, maritime shipping
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Technology timeline 00 000 0000000000000 00000000000000000000000000000 0

2005 2010 2020 2030 2040 2050

Baseline

4% of industry
and 20% of fuel
transformation

by 2030

ACT

7% of i
an

BLUE

ort infrastructure

2010-2020

'R&D  Demonstrafion Deployment

In this roadmap, commercialisation assumes an incentive of USD 50/t CO, saved.

Key actions needed 000 0000000000000 00000000000000000000000000000000 0

B Develop and enable legal and regulatory frameworks for CCS at the national and infer-
national levels, including long-term liability regimes and classification of CO,,.

Monitoring and verification methods for site assessment, injection and closure periods.
Incorporate CCS into Emission Trading Schemes and Clean Development Mechanisms.
RD&D to reduce capture cost and improve overall system efficiencies.

RD&D for storage integrity and monitoring.

Raise public awareness and increase education about CCS.

Assessment of storage capacity using CSLF methodology at the national, basin and field
levels.

Develop 5 large scale demonstration plants by 2020 with public-private partnerships.

Key areas for international collaboration ..cccccccecccccccccccccccccss

B Develop and sharing of legal and regulatory frameworks.

B Develop international, regional and national instruments for CO, pricing, including CDM
and ETS.

B Raise public awareness and education.

B Sharing best practices and lessons learned pilot and large scale from demonstration
projects.

B Joint funding of large-scale plants in developing countries by multilateral lending institutions,
industry and governments.

B Develop standards for national and basin storage estimates and their application.

B Organisations: Carbon Sequestration Leadership Forum, [EA GHG.
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Industrial motor systems

ACT 1.0 Gt savings 2050 BLUE 1.4 Gt savings 2050

OECD Europe
12%

Other
16% ™\

OECD NA OECD Europe OECD NA
— 13% 12% o " 13%

Other
16%

wino

OECDJ N China oEcD |/ and India
Pacific ongl India Pacific 52%
7% 52% 7%
Commercial Commercial
Inv. Cost Inv. Cost
USD bn USD bn
2005-2050 2005-2050
OECD NA 400-450 OECD NA 600-650
OECD Europe 400-450 OECD Europe 600-650
OECD Pacific 250-300 OECD Pacific 400-450
China & India 1100-1 200 China & India 1 600-1 700
Other 550-600 Other 800-900

Technology targets

ACT: Emissions Stabilisation BLUE: 50% Emissions Reduction

Diffusion

MEPS harmonised at a high
efficiency level and implemented
worldwide, to gradually phase-
out low-efficiency motors (and
other equipment such as pumps)
from entering the market

Off-the-shelf energy-efficient
motor systems

Systems efficiency standards
and regulations

Design tools for energy-efficient
motor systems

Focus on implementation of energy-efficient motor systems

Work with equipment suppliers, plant designers and buyers to facilitate
the implementation of maximum-efficiency systems

Transfer design knowledge of motor systems to non-OECD countries
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Consistent and comprehensive data on motor system efficiency worldwide is lacking.
Collecting such data and better understanding the efficiency potentials is a first step.

Proper design of motor systems to the load requirements can contribute to large energy
savings. Use of adjustable speed drives shall be encouraged, where appropriate, to match
the speed and the torque to the load requirements.

The efficiency of industrial electric motors and motor systems must be addressed under
a comprehensive market-transformation strategy. A portfolio, or menu, of policies and
instruments is essential to address the multitude of barriers that stakeholders face.

The equipment “dealer” must be leveraged to act as a partner in any market-transform-
ation activity. This may require a monetary incentive, but can be based on tools, training,
marketing and customer audits.

Key areas for international collaboration ....cccecccccccccccccccccscscss

Harmonise international test procedures (i.e. IEC 60034-2) for electric motors.

Establish a common set of efficiency “tiers” from which countries could draw when they
establish minimum energy performance standards for motors.

International standards for motor systems
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Chapter ] RESEARCH,
DEVELOPMENT
AND DEMONSTRATION

Key Findings

»  Achieving the ACT Map and BLUE Map scenario outcomes requires accelerated cost
reductions and substantial technical improvements in both existing and emerging
technologies. These will be dependent on significant increases in, and restructuring of,
global RD&D efforts in both the public and private sectors.

> Public energy technology RD&D spending today, at approximately USD 10 billion a
year, is at about half the level it was at 25 years ago. Although governments have
made commitments to increase public investment in energy RD&D, this has not yet
materialised.

> Private sector spending on RD&D of energy technologies today far exceeds public
sector spending, at USD 40 billion to USD 60 billion a year. Private sector energy RD&D
has also declined over the long term. Mobilising private RD&D is one of the keys fo
accelerating energy technology innovation.

> Governments have a crucial role to play in ensuring the technology development
and innovation required by the ACT Map and BLUE Map scenarios. In addition fo
investment, governments have to establish processes to prioritise and evaluate national
RD&D programmes. They must develop policies that can stimulate private sector
investment in energy RD&D technology, and portfolios that will prioritise technologies
offering the best prospects of reducing CO, emissions.

> No single policy tool will ensure that the RD&D activities needed in the scenarios occur.
A portfolio of policy tools adapted to individual technologies and national systems will
be required to make the scenarios come true.

> International co-operation and public—private partnerships are significant for future
RD&D efforts. Governments need to help minimise unnecessary overlaps and maximise
information exchange. RD&D collaborations between OECD and non-OECD countries
can help fo achieve cost effective and faster technology development.

Introduction

This chapter explores the role of research, development and demonstration (RD&D)
in helping to bring forward the innovative technologies that will be needed to
significantly reduce CO, emissions. It looks at trends in energy technology RD&D
spending, provides an overview of RD&D needed to bring forward key technologies
in the scenarios, and outlines a range of policy measures that will be required to
make our energy system more sustainable.

Phases of technology development

The generally recognised phases of the innovation process are shown in Figure 4.1
The transition between phases is not automatic — many energy technologies fail at each
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phase. And in practice the process is not necessarily linear. RD&D is only part of the
innovation system required to develop and deploy new and improved technologies.
RD&D happens contfinuously throughout the technology lifecycle: for example,
feedback from the market and from technology users during the commercialisation
and diffusion phases can lead to additional RD&D, driving continuous innovation.

Figure 4.1 P Schematic working of the innovation system

Policy environment - Tax incentives, subsidies, regulations

| R

Policy interventions
Innovation chain

Market pull

Product/technology push

Feedbacks

Investments

Government, firms, venture capital and equity markets

Sources: Adopted and modified from Grubb, 2004 and Foxon, 2003.

|Key point
RD&D is only part of the innovation system.

The main focus of this chapter is on RD&D breakthroughs in the earlier phases of
technology development, in particular those that help achieve the fechnological
advances and cost reductions that can take technology through to initial deployment and
commercialisation. Such breakthroughs may take the form of “revolutionary” innovations;
but they may equally take the form of significant “evolutionary” innovations.

The role of government in energy technology innovation

Empirical research has found that total RD&D spending may be less than
a quarter of the optimal level (Jones and Williams, 1997). Where RD&D
investments are made, returns can be high: the average return on RD&D to firms
is estimated to be around 20% to 30%. This is high compared to the 10% rate of
return typically required by the private sector on capital investment. Returns fo society
can be even higher, at 50% or more (Johannsson and Goldemberg, 2002; Nadiri,
1993; Griliches, 1992). More generally, technical change has been recognised as
the most significant force for economic growth (Scherer, 1999; Solow, 1957).
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But three main market failures can discourage private sector RD&D investment
(Johannsson and Goldemberg, 2002; Stiglitz and Wallsten, 1999):

B |nnovations that can bring society-wide benefits are often not pursued by private
firms because as others capitalise on their work, the original innovators are
unable to appropriate enough of the resulting gains to justify their investments.
This problem, known as spillover, is generally considered to be most serious in
the fundamental or basic research phase of RD&D.

B Innovations that create potentially widespread but unvalued public benefits, known
as externalities, are not pursued if there is no mechanism to effectively value that
public good and reward the innovation for its contribution to the benefit achieved.

B Private sector risk thresholds are often much lower, and the timescale for expected
returns often much shorter, than those required by many RD&D projects. In
addition, given the need to protect their ideas, innovators may be restricted in the
amount they can tell investors about an RD&D project. As a result, RD&D projects
may be exposed to capital market imperfections which force them to pay higher
interest rates on loans or to rely heavily on internal funding.

Such market failures undermine innovation in cleaner energy technologies such as
those that will reduce pollution or CO, emissions. In most OECD countries there is
consensus that the government should invest in basic scientific and technological
research to complement the nearer-to-market technology investments that the
private sector will be prepared to make. To induce private sector investment
in innovation in the field of energy technology, governments need to create
a framework that will value the public benefits that are achieved or to directly
support RD&D investment and activities to help move innovations to a point where
they are commercial.

RD&D trends

Government investment in energy RD&D

Government energy RD&D budgets in many member countries declined between
the early 1980s and the 1990s from USD 18 billion in 1980 to USD 8 billion in
1997 (Figure 4.2). This decline was largely associated with the difficulties of the
nuclear industry and with the decrease in oil prices from 1985 to 2002. Since
1999, government expenditures on RD&D have slightly recovered and stabilised:
they were estimated to be around USD 10 billion in 2006. Remarkably, however,
over the same timeframe energy RD&D as a share of total RD&D in OECD
countries has declined from 11% in 1985 to 3% in 2005.

In most of the nine IEA countries recently surveyed, climate change has emerged as
a key driver for public RD&D investments in energy (IEA, 2007¢) along with energy
security and economy.! Most countries foresee an increase in RD&D investments
in the coming years (2008 to 2010), although generally modest in scale. Near-
future investments seem likely fo put most emphasis on cleaner coal use, energy
efficiency and biofuels. European countries seem likely to prioritise energy efficiency

1. Austria, Denmark, Germany, France, ltaly, Japan, the Netherlands, Switzerland, and the United States — these represent
more than 75% of total public RD&D investments in OECD countries.
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(in buildings in particular), renewables (biomass in particular) and CO, capture and
storage (CCS); nuclear research is stable or declining. Several countries are putting
more focus on the demonstration phase of the innovation chain.

Figure 4.2 ) Government budgets on energy RD&D of the IEA countries

T 20 000 16% % = Share of energy
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= 0— ﬁo M Energy efficiency
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Note: RD&D budgets for the Czech Republic not included due to lack of available data.
Source: IEA 2007a, OECD 2007a.

Key point
Government expenditures on energy RD&D have declined compared to the level seen during the late 1970s
and early 1980s.

Energy RD&D budgets as a percentage of GDP for selected countries are illustrated
in Figure 4.3. In every case except that of Japan, relative energy RD&D budgets have
declined over recent years. This is particularly so in several European countries. In
Japan, energy RD&D represented 0.08% of GDP in 2005, whereas in many other
OECD member countries it was below 0.03%. Although most European I[EA member
countries have signed up to the Barcelona goal to increase total public and private

Figure 4.3 ) Energy RD&D as a percentage of GDP
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Note: Figures of France, Germany and the United Kingdom do not include the expenditures for the European Commission
(EC) RD&D programmes.

Source: IEA, 2007a.

Key point
Energy RD&D shares of GDP are less than 1% and have declined for the last 15 years in many OECD countries.
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they are likely to achieve this. RD&D budgets need to be rebuilt and sustained if
governments are to achieve the objectives that they consider necessary for energy
sustainability.

Nuclear technologies still attract significant public RD&D spending in some of
the largest IEA member countries (Figure 4.4). But the relative share of nuclear
technologies decreased between 1992 and 2005. Government expenditure on
fossil fuel research experienced the largest drop in share over the same period. The
share of government budgets increased slightly for renewable energy and energy
conservation technologies, and grew significantly for hydrogen and fuel cells and
for power and storage technologies. Two countries (Japan and the United States)
account for more than 70% of total energy RD&D government expenditure in [EA
countries.

Figure 4.4 P Technology shares of government energy RD&D expenditures
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Key point

The largest share of energy RD&D expenditures is for nuclear technologies. The shares of hydrogen and fuel cells,

renewable energy and fossil fuels have increased in recent years.

A number of non-OECD countries, particularly those that are rapidly industrialising,
are increasing their involvement in science and innovation. As they try to leapfrog
in selected sectors, different countries have very different RD&D priorities, and the
competition for scarce talent increases. A large proportion of the energy RD&D
effort in these industrialising countries is currently being spent on adapting and
improving technologies infroduced from OECD countries. This is likely to change as
these countries become progressively more sophisticated in their RD&D capacities
and in their ability to innovate.

Figure 4.5 shows RD&D spending and human capital for selected OECD and
developing countries as a function of government expenditure on R&D (GERD),
and as a percentage of GDP and the number of researchers per 1 000 people
in the labour force. These indicators show large differences between OECD and
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non-OECD countries. This suggests that there is room for non-OECD countries
to strengthen both their RD&D spending and their RD&D human capital as their
economies grow.

Figure 4.5 ) Total science and technology R&D expenditure (GERD) in 2004 in
selected OECD and non-OECD countries
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Key point

There are large differences between OECD and non-OECD countries in terms of science and technology RD&D
expenditure as a percentage of GDP

Trends in private sector RD&D

Trends in private sector energy-related RD&D are more difficult to evaluate than
those for government RD&D. There is a lack of comprehensive private sector
RD&D data, mainly due to their proprietary nature. A good deal of energy RD&D
is also conducted by heavily diversified large industrial firms and conglomerates
such as Siemens, General Electric and Toshiba. This makes it difficult to identify
how much of their overall RD&D is related to energy. Many non-energy product
and process innovations also impact on energy applications (Sagar and Holdren,
2002). The increasingly complex pattern of the energy sector due fo privatisation
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and the growing number of public-private partnerships in energy RD&D further
complicates the collection of reliable data on private RD&D.

Investment in energy RD&D appears to be low compared with other market sectors.
In information technology and pharmaceuticals, for instance, the private sector
finances innovation through significant RD&D programmes, equivalent to around
10 to 20% of sector turnover (Neuhoff, 2005). In the power sector, by contrast,
broadly the same technologies have dominated for almost a century. Private sector
energy RD&D has fallen sharply following privatisation to around 0.4% of turnover
in the late 1990s (Margolis and Kammen, 1999). RD&D as a share of total turnover
(RD&D intensity) in the power sector is 0.5% — compared to 3.3% in the automobile
industry, 8% in the electronics industry and 15% in the pharmaceutical sector
(Alic, Mowery and Rubin, 2003).

In general, private sector spending on RD&D in energy-related sectors far exceeds
that of government spending. Total private sector energy RD&D is estimated to
amount to USD 40 billion to USD 60 billion a year, i.e. four to six times the amount
of government RD&D.

Power generation sector

RD&D investment by the top ten private sector spenders in the power generation
sector was approximately USD 2.4 billion in 2006, ranging between USD 2.2 billion
and USD 2.6 billion since 2000 (extrapolated from DIUS [Department for
Innovation, Universities and Skills, United Kingdom] and BERR [Department for
Business, Enterprise and Regulatory Reform, United Kingdom], 1997 to 2007).2

Fossil fuel power generation

Spending on RD&D in the private fossil fuel power generation sector in the United
States declined from USD 1 400 million to USD 729 million between 1994 and
2003, despite an annual market growth rate of 2% to 3%.% Increased competition
and persistent regulatory uncertainty, both caused by a deregulated market, were
the primary drivers of this decline (Nemet and Kammen, 2007).

Renewable energy power generation

In the renewable energy sector, the picture is mixed and changing. In the United
States, for example, while installed capacity in wind and solar has grown by 20% to
30% a year, private sector spending on wind RD&D declined from USD 327 million
to USD 268 million between 1994 and 2003 (Nemet and Kammen, 2007).4
Conversely, nearly USD 1 billion was poured into alternative energy RD&D ventures

2. The top ten RD&D spenders in the data set complied by the United Kingdom Department for Innovation, Universities
and Skills include: British Nuclear Fuels (United Kingdom), Electricite de France (France), AREVA (France), Union Electrica
Fenosa (Spain), Enel (ltaly), Vattenfall (Sweden), Hydro-Quebec (Canada), Tokyo Electric Power (Japan), Kansai Electric
Power (Japan), Kyushu Electric Power (Japan), Chubu Electric Power (Japan), Tohoku Electric Power (Japan), Shikoku Electric
Power (Japan), Chugoku Electric Power (Japan), Korea Electric Power (South Korea) and Taiwan Power (Taiwan). The actual
makeup of top ten changes year by year.

3. The original figure was USD 1 290 million, and 672 million in 2002 USD (Nemet and Kammen, 2007).

4. The original figure was USD 301 million, and 247 million in 2002 USD (Nemet and Kammen, 2007).
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in California alone in 2007 (Financial Times, 2008). In both Europe and Japan,
however, private sector spending on renewable energy sector RD&D is increasing.
For example, in the wind energy sector, Vestas Wind System in Denmark, almost
doubled its RD&D spending from USD 56 million in 2001 to USD 106 million in
2006 (extrapolated from DIUS and BERR, 1997 to 2007).

Oil and gas sector

RD&D investment by the oil and natural gas industry, along with entrepreneurial
start-ups funded by venture and equity capital, appears to be rising. The sector
spent more than USD 6.5 billion on RD&D in 2006. Investment by the global top
ten spenders in this industry amounted to USD 4.0 billion in 2000 and increased
to USD 5.2 billion in 2006 (extrapolated from DIUS and BERR, 1997 to 2007).°
In this sector, the focus of RD&D investment has changed in recent years. From the
early 1980s, major oil and natural gas companies began to decrease their RD&D
spending, as they sought to buy in technology from service companies rather than
to develop it themselves. As oil and gas prices rise, it can be expected that private
sector RD&D investment will increase — in the search for new ways to maximise
production from (and identify and exploit) oil and natural gas reservoirs.

Automobile sector

It is not possible to isolate spending on energy-related RD&D in the automobile
sector from wider RD&D spending on such things as safety, comfort or performance.
But the sector is a big investor overall, and many non-energy developments (such
as lighter, stronger materials) have energy spin-offs — for example, in terms of
increased energy efficiency.

RD&D spending by the top ten global automobile manufacturer spenders between
1997 and 2005 increased from USD 38 billion to USD 52 billion and then fell to
USD 47 billion in 2006.¢ Total spending by 75 global manufacturers and their sub-
suppliers amounted to almost USD 73 billion in 2006. The top ten spenders carried
out the bulk of the RD&D in the entire sector (extrapolated from DIUS and BERR,
1997 to 2007). Despite the very weak profitability of some companies in recent
years, Ford, GM, DaimlerChrysler, Toyota and Volkswagen have maintained high
levels of RD&D spending. Strong pressure to stay competitive by retaining market
share and scale in the sector requires faster product development, on-going RD&D,
and the exploitation of low cost manufacturing options in developing countries.
Intensifying market competition in the area of environmental performance and
improving fuel economy, as well as progressively tightening regulations, suggests
that private funding for RD&D in this sector is likely at least o be maintained.

5. The top ten spenders include: Schlumberger (United States), Total (France), ExxonMobil (United States), Royal Dutch
Shell (United Kingdom), BP (United Kingdom), Halliburton (United States), ChevronTexaco (United States), ENI (ltaly), China
Petroleum & Chemical (People’s Republic of China), Petroleo Brasiliero (Brazil), Baker Hughes (United States), Gazprom
(Russia) and Statoil (Norway). The actual makeup of top ten changes year by year.

6. The top ten spenders include: Ford (United States), General Motors (United States), DaimlerChrysler (Germany-United
States, since 1998), Toyota (Japan), Honda (Japan), Nissan (Japan), Volkswagen (Germany), BMW (Germany), Renault
(France), Peugeot (PSA, France), Fiat (ltaly), Mitsubishi (Japan), Volvo (Sweden), Daimler (Germany, 1997) and Chrysler
(United States, 1997). The makeup of top ten changes year by year, although the top ten spenders have stayed the same
since 2001 (the first ten companies on this list).
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Buildings sector

Private RD&D spending by the top ten mostly European and Japanese construction
and building materials companies between 2000 and 2006 showed broadly stable
spending between USD 1.5 billion and USD 1.7 billion (extrapolated from DIUS
and BERR, 1997 to 2007).” The figures do not include RD&D on appliances by
appliance manufacturers.

Manufacturing sector
Chemical industry

RD&D spending by the top ten global private chemicals companies between 2000 and
2006 showed a stable spending trend between USD 7 billion and USD 10 billion.?
This amounted to around half to two-thirds of the total global spending in this sector of
around USD 15 billion in 2006 (extrapolated from DIUS and BERR, 1997 to 2007).

Pulp and paper industry

Private RD&D spending by the top eight pulp and paper industry spenders between
2003 and 2005 showed a stable spending trend between USD 601 million and
USD 636 million (extrapolated from DIUS and BERR, 1997 to 2007).°

Industrial metals

Private RD&D spending by the top ten global industrial metal companies between
2003 and 2006 showed a gradual increase from USD 1.7 billion to USD 2.2 billion
(extrapolated from DIUS and BERR, 1997 to 2007).'°

Industrial equipment industry

Eight large global industrial equipment manufacturers (Siemens, General Electric,
Mitsubishi Heavy Industrials, United Technologies, Caterpillar, ABB, ALSTOM, and
IHI) spent between USD 13 billion and USD 15 billion on RD&D between 2001 and
2006 (extrapolated from DIUS and BERR, 1997 to 2007).

It is not possible to assess from the available figures how much of this RD&D
spending was fargeted at energy efficiency. The proportion and focus of RD&D
investment will vary from industry to industry. For example, while energy efficiency-

7. The top ten spenders include: Saint-Gobain (France), Asahi Glass (Japan), Hilti (Liechtenstein), Bouygues (France),
JS (Japan), American Standard Companies (United States), Toto (Japan), Kajima (Japan), Taisei (Japan), Fortune Brands
(United States), Nippon Sheet Glass (Japan), Sekisui Chemical (Japan), Tostem Inax (Japan, now JS), Shimizu (Japan), and
Lafarge (France). The actual makeup of the top ten changes year by year.

8. The top ten spenders include: BASF (Germany), El du Pont de Nemours (Du Pont, United States), Dow Chemical (United
States), Syngenta (Switzerland), Sumitomo Chemical (Japan), Solvay (Belgium), Mitsubishi Chemical (Japan), Monsanto
(United States), Asahi Kasei (Japan), Toray Industries (Japan), Mitsui Chemicals (Japan), PPG Industries (United States),
Degussa (Germany) and Linde (Germany). The actual makeup of the top ten changes year by year.

9. The top eight spenders include: Stora Enso (Finland), Oji Paper (Japan), SCA (Sweden), Nippon Paper (Japan),
International Paper (United States), Georgia-Pacific (United States), Weyerhaeuser (United States), and UPM-Kymmene
(Finland).

10. The top ten spenders include: POSCO (South Korea), JFE (Japan), ThyssenKrupp (Germany), Nippon Steel (Japan),
Alcan (Canada), Kobe Steel (Japan), Corus (United Kingdom), Sumitomo Metal Industries (Japan), Umicore (Belgium),
Arcelor (Luxembourg), and Mitsubishi Materials (Japan). The actual makeup of the top ten changes year by year.
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related RD&D is mostly performed by machine supply companies in the pulp and
paper industry, product- and process-oriented RD&D in the iron and steel industry
is performed by integrated large steel companies through co-operation with both
machine suppliers and customers. Techno-economic differences between industrial
energy efficiency technologies (e.g. industry-specific performance characteristics,
the need for close compatibility with different production routes) make it difficult to
stimulate industrial technology innovation (Luiten and Blok, 2004; Luiten, Blok and
van Lente, 2006).

General trends in energy RD&D

Public spending on energy RD&D has declined significantly compared to the 1970s
and the early 1980s, but has stabilised since the 1990s. Although in many sectors
private sector RD&D spending has remained generally stable during the 2000s,
the longer-term trend is downwards (Nemet and Kammen, 2007; Edmonds, et al.,
2007; Dooley, 1998).

Three main factors appear to have contributed to this apparent decline in public
and private energy-related RD&D investment:

B Energy RD&D budgets were expanded greatly in the 1970s in response to the
oil price shocks at the beginning of the decade, particularly due to the search for
alternatives to imported oil. With the oil price collapse in the 1980s and the generally
low energy prices in the 1990s, concerns about energy security diminished. This
was mirrored in a reduction in RD&D efforts. Recent rises in oil prices have not yet
led to any significant increase in energy RD&D.

B Following the liberalisation of energy markets in the 1990s, competitive forces
shifted the focus from long-term investments such as RD&D towards making better
use of existing plants and deploying well-developed, proven, technologies and
resources. This was particularly the case for natural gas technologies for power
and heat, which were themselves the product of RD&D and investment over the
previous three decades.

B There has been a very large reduction in RD&D expenditure on nuclear power
following many countries experiencing cost overruns and construction delays,
together with the growth of public concerns about reactor safety, nuclear
proliferation and nuclear waste disposal.

Technology RD&D needs

Achieving the very large global CO, emission reductions envisaged in the ACT Map and
BLUE Map scenarios will require the progressive decarbonisation of power generation
and substantial steps to reduce emissions in other manufacturing sectors and in
transport. This is a huge challenge, which will require very high levels of innovation
and investment if it is to be successfully delivered. In particular, achieving the outcomes
envisaged in both the ACT Map and BLUE Map scenarios will be dependent on urgent
action to rapidly advance a portfolio of current and breakthrough technologies.
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Table 4.1 identifies the key technology priorities that will be needed to deliver
the outcomes in the two main scenarios. It is descriptive, rather than exhaustive.
The technologies listed are those which offer the greatest potential contribution to
reducing CO, emissions, but require strong technology breakthrough and cost
reduction efforts. Although currently known technologies are capable of delivering
the emission reductions required, many of those technologies face significant
technical and cost barriers. (For detailed technology development targets and
RD&D breakthroughs for individual technologies, refer to Annex C as well as the
respective technology chapters. For possible development approaches of selected
technologies, refer to Chapter 3: Technology Roadmaps.)

Key technology priorities for RD&D in the ACT Map and BLUE Map
scenarios

Key RD&D technologies

ACT Map and BLUE Map scenarios Additional for BLUE Map scenario

Power supply

Biomass supply

Deepwater offshore wind

CO, capture and storage (CCS) High efficiency transmission and distribution (T&D)

(including direct current [DC] transmission)

Stationary fuel cells for combined heat and power (CHP)

Industrial

Bio-refineries
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Table 4.1 P> Key technology priorities for RD&D in the ACT Map and BLUE Map
scenarios (continued)

Key RD&D technologies

ACT Map and BLUE Map scenarios Additional for BLUE Map scenario

Feedstock substitution (biopolymer; naphtha products from
biomass; monomer from biomass; and clinker substitute )
Fuel substitution (industrial heat pumps; and electric heating
technologies)

Process innovation (smelt reduction/direct casting in iron and
steel; membranes in chemical and petrochemical; black-
liquor gasification in pulp and paper; and inert anode for
aluminium)

Buildings/appliances

Heat-pump technologies (air-source; geothermal;
and water-source)

Solar heating

Transport

Hybrid/plug-in hybrid vehicles: low-cost high-density Electric vehicles: low-cost high-density batteries
batteries

Second-generation biofuels (advanced biodiesel, Hydrogen fuel cell vehicles

i.e. BTL w/ FT process; and cellulosic ethanol)

Priority near-term RD&D targets for the development
of lower-carbon technologies

Figures 4.6 to 4.9 illustrate the important stages of development in the next 10 to
15 years for the key technologies. The positioning of the bars on the horizontal axes
represents the near-term priority or priorities for each technology cluster. The thicker
the bar, the greater the need for effort (not necessarily investment). The vertical axes
show the expected CO, saving achieved by each technology cluster in the BLUE
Map scenario compared to the baseline scenario.
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Power generation technologies

Significant cuts in CO, emissions from the power generation sector can only be
achieved with a significant increase in renewable energy generation and with
extensive CCS and/or more nuclear generation.

Figure 4.6 P Near-term technology development priorities and CO, mitigation for
power generation technologies
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Notes: 1) See Annex C for detailed RD&D priorities for individual technologies. 2) Near-term indicates the next 10 to
15 years. 3) CO, emission mitigation in the BLUE Map scenario relative to the Baseline scenario.

Key point

A wide range of power generation technologies require strong RD&D efforts.

Both the ACT Map and BLUE Map scenarios require high shares of renewable
generation (35% and 46% respectively). This will require significant RD&D
breakthroughs in wind, solar, biomass, and (to a lesser extent) hydro and
geothermal power generation. For CCS technologies, RD&D needs to be directed
to reducing capture cost and improving overall system efficiencies, as well as
storage integrity and monitoring. For nuclear technologies, although in principle
the ACT Map and BLUE Map scenarios can be delivered with existing Generation Il
and Generation IlI+ technologies, RD&D is needed for Generation IV technologies
and the associated fuel cycles which will help to reduce costs, minimise nuclear
waste and enhance safety.

Industry

Successfully achieving the outcomes of both the ACT Map and BLUE Map
scenarios is dependent on a wide range of innovative industrial technology
developments — including materials and product efficiency, process innovation,
fuel and feedstock substitution, and CCS. The near-term technology priorities
in respect of key industrial energy technologies, and their relative contributions
to CO, mitigation in the BLUE Map scenario, are illustrated below.



182

PART 2 THE TRANSITION FROM PRESENT TO 2050

In the BLUE Map scenario, total fuel and electricity savings account for 41% of
the CO, savings compared to the Baseline scenario. 37% of the reduction in
2050 will be expected to come from CCS. Changes in the energy-fuel mix and
feedstock substitution account for 22% of all CO, emission reductions. These
include switching to less carbon-intensive energy sources and feedstocks.

Figure 4.7 P Near-term technology development priorities and CO, mitigation for

industrial energy technologies
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Notes: 1) See Annex C for detailed RD&D priorities for individual technologies. 2) Near-term indicates the next 10 to
15 years. 3) CO, emission mitigation in the BLUE Map scenario relative to the baseline scenario. 4) Only one-third of CCS
in the cement industry is energy-related. The other two-thirds of captured and stored CO, derives from chemical reactions.
5) Industrial CHP-related CCS includes only heat-related and not power-related CO,,.

Key point

CCS as well as fuel and feedstock substitution technologie need strong RD&D efforts in the near term.

Buildings and appliances

For the buildings and appliances sector, delivering the outcomes in the ACT Map
scenario will require innovation in heat pump technologies, building shell measures
(insulation, windows, efc), energy efficient appliances and solar hot water heating.
In the BLUE Map scenario, reducing thermal fuel consumption is a priority, i.e.
heat pumps, modern biomass technologies, solar hot water heating and a shift
to passive housing all become increasingly important. Cooling will be a rapidly
emerging demand in developing countries, so building design and shell measures
will need to reduce cooling loads, and the efficiency of air-conditioning will need
to be improved.

Many of the technologies required in the buildings and appliances sector are
already commercially available, and in some cases mature. The potential for
RD&D breakthroughs is, therefore, limited. However, incremental technological
improvements will be vital, not only to improve the performance of these
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technologies, but to reduce their cost. The main technology development emphasis
for this sector is, therefore, on incremental cost reductions, improved performance
and system integration.

Figure 4.8 P Near-term technology development priorities and CO, mitigation for
buildings and appliances technologies
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Notes: 1) See Annex C for detailed RD&D priorities for individual technologies. 2) Near-term indicates the next 10 to
15 years. 3) CO, emission mitigation in the BLUE Map scenario relative to the Baseline scenario.

Key point

The main emphasis in building and appliance technologies is incremental cost reductions, improved performance

and systems integration.

Transport

In transport, further improvements in the fuel economy of light-duty vehicles (LDVs)
provide most of the energy savings in the ACT Map scenario. Although engine-
related and non-engine-related vehicle technologies have significant potential to
improve fuel economy and reduce emissions, they require continuous improvement
rather than RD&D breakthroughs. For RD&D breakthroughs, the most promising
areas are concentrated on specific vehicle and fuel technologies. The most
significant efficiency improvements needed to deliver the outcomes envisaged in
the ACT Map scenario are the introduction of plug-in hybrids.

For the BLUE Map scenario and its variants, the transport sector will require new
solutions. In this scenario, efficiency gains by gasoline and diesel vehicles provide
about half the CO, reduction. The other half comes from the use of biofuels
and introduction of electric vehicles (EVs) and fuel cell vehicles (FCVs). Both FCVs
and EVs offer efficiency improvements of up to 50% over that achievable with
full hybrids. This explains the large fuel consumption reductions under the BLUE
scenarios. As for fuels, the biofuels account for 26% of total transport fuel demand
in the BLUE Map scenario, which brings the use of conventional oil products to 35%
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below the 2005 level. Hydrogen plays an important role as well, as FCVs sales and
the construction of hydrogen infrastructure will begin after 2020 and grow steadily
over time in this scenario. Figure 4.9 shows the near-term technology development
priorities in this sector.

Figure 4.9 P Near-term technology development priorities and CO, mitigation for
transport technologies
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Notes: 1) See Annex C for detailed RD&D priorities for individual technologies. 2) Near-term indicates the next 10 to
15 years. 3) CO, emission mitigation in the BLUE Map scenario relative to the Baseline scenario.

Key point

For transport technologies, RD&D breakthroughs are needed on specific vehicle and fuel technologies.

RD&D policies needed to achieve technology priorities

The primary outcome sought in the ACT Map and BLUE Map scenarios — the
mitigation of climate change — is a benefit that will be shared widely and globally.
It is, in economic terms, a public good. The successful achievement of this outcome
will require the value of that public good to be built, either directly or indirectly, into
the commercial and innovation systems that will influence behaviours and results.

Public policy, therefore, needs to play a crucial role in energy technology
development — in funding and prioritising research and development and in
stimulating innovation and deployment.

Supply-push and market-pull: a policy portfolio approach

Over the years it has been recognised that the role of government is often most
effective if it combines to support “supply-push” (i.e. a focus on RD&D and technology
standards) and “demand-pull” (i.e. afocus on influencing the market through economic
incentives such as regulation, taxation or guaranteed purchase agreements).
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Governments and the private sector both play distinct roles in each of the five phases
in the innovation chain. Governments tend to invest more than the private sector
in the initial phases of the innovation chain. The degree of risk and speculation
changes along the chain; accordingly the role of government changes due to
changes in the degree and nature of the market failure. Private sector investment
(coupled with government regulation) plays a stronger role in the later phases.

Private sector competition is a significant driver of technology innovation. However,
government support is essential in many cases tfo initiate the process of technology
innovation and to facilitate successful deployment. Government-funded energy
RD&D can play a critical role in solving difficult technical problems that markets
may fail to address. The specification of technology standards can also be
important in inducing firms to innovate to achieve higher technology performance
levels. Public funding for full-scale “in the field” demonstration projects can also, in
many circumstances, be critical for learning.

To achieve the large scale of technological change required for the ACT Map and
BLUE Map scenarios, a portfolio of policies is needed. A successful outcome is
most likely to be achieved through a multi-faceted policy portfolio involving (IEA,
2007b):

a clear definition of government’s role in technology development;

national energy strategies (policy directions and goals);

B accompanying technology and RD&D strategies;

adequate and predictable funding;

well-defined and transparent RD&D prioritisation and evaluation processes;

the involvement of stakeholders, including the private sector, in RD&D priority
setting and evaluation;

effective linkages with national science, research and innovation strategies;

effective linkages with policies for commercialisation and deployment;

public—private partnerships;

a clear strategy for international RD&D collaboration.

A complementary portfolio of “push” and “pull” policies is likely to be needed to
maximise the overall impact of government actions. However, this section focuses
more on “push” policies.

RD&D spending

An ambitious and sustained global effort of technology development is
required if technologies are to be delivered within the timescales required for
both the ACT Map and BLUE Map scenarios. But, as shown above, public and
private sector investment in RD&D has decreased significantly since the 1970s,
and has remained at relatively low levels in recent years. This trend needs to



186 PART 2 THE TRANSITION FROM PRESENT TO 2050

be reversed. The main tools available to governments in this respect include
direct funding of basic research in universities and research institutions, patent
protection to award a temporary monopoly to innovators to enable them
to capitalise on their ideas, tax measures to support increased RD&D in the
private sector, and other market measures that can indirectly stimulate private
sector investment.

Estimating RD&D investment needs

It is clear that the current level of RD&D spending is far from enough to reach the
targets of the ACT Map or BLUE Map scenarios, both of which require accelerated
cost reductions and the technical improvement of existing as well as new
technologies. The Stern report recommends a doubling of the public investment in
energy RD&D (Stern et al., 2006). Several other studies estimate that overall RD&D
investments need to be increased from two to ten times the current spending levels
(PCAST, 1997, 1999; Schock, et al., 1999; Davis and Owens, 2003; Nemet and
Kammen, 2007).

It is difficult to rationalise the case for any particular level of investment, and
different studies use different methodologies. The study by Anderson for the Stern
report estimates the necessary investment in innovation as the difference between
the average incremental costs of investment in new technologies and that of mature
technologies (Anderson, 2006). Schock, et al. (1999), however, value energy RD&D
by estimating the cost of the insurance needed against four types of energy-related
risks (oil price shocks, power supply disruptions, local air pollution and climate
change), concluding that on this basis energy RD&D needed to be increased by
a factor of four. Nemet and Kammen (2007) utilise the same methodology and
conclude that three to ten times the current level of RD&D spending is needed.

Such methodologies cast a useful light on the likely level of the shortfall in current
RD&D expenditure. However, the empirical relationship between RD&D spending
and outcomes — i.e. whether higher levels of spending will automatically lead to
higher success rates of RD&D in terms of technology commercialisation — has not
been clearly established. There is no such thing as a “right level of funding” in this
respect. However, to achieve the ACT Map and BLUE Map scenarios, it is clear
that:

B |nnovation investments become much more expensive as the activities move from
basic research through to demonstration. Compared to the estimated amounts
required in the deployment phase, RD&D investments are much smaller as cost-
reduction measures and can be considered an inexpensive insurance policy to
hedge against the future risks of climate change.'?

11.  While Schock et al. treated stabilisation levels as an uncertain parameter between 650 ppm and 750 pm with a known
probability density function (35%), Nemet and Kammen used a lower CO, stabilisation target of 550 ppm.

12. Chapter 5 estimates deployment costs for new cleaner technologies to be USD 4.8 trillion in the ACT Map scenario
and USD 10.4 frillion in BLUE Map. Total learning investments (the additional costs beyond the cost of the incumbent fossil
technology) during the deployment phase are estimated at USD 2.8 trillion for the ACT Map scenario and USD 7.0 trillion
for the BLUE Map scenario.
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B Current levels of investment are very unlikely to achieve the sort of step change
in technology that is needed to deliver the sought outcomes. Even a doubling of
current levels of investment may not be enough.

Governments can play an important role in augmenting and more effectively
marshalling global RD&D investments. There is a need to encourage greater
private sector energy RD&D and to ensure more effective co-ordination of
RD&D efforts between the public and private sectors, particularly in areas
where the private sector is unlikely on its own to invest sufficiently in innovation.
There are potentially important synergies to be exploited here, particularly
in terms of the ways in which publicly funded RD&D can stimulate private
investment in RD&D.

RD&D priority setting: a technology portfolio approach

Innovation is, by its nature, unpredictable. Some technologies will succeed and
others will fail. Uncertainties and risks inherent in developing low emission
technologies can to some extent be smoothed by adopting a portfolio
approach.

Empirical research on the ratio of successful returns to RD&D projects show highly
skewed outcome distributions: a small percentage of “winners” yield above-cost
returns, which to some extent at least offset the much larger number of “losers”
that generate little if any returns (Grabowski and Vernon, 1990; Harhoff, 1999;
Mansfield, 1977; Scherer, 1999). Developing a portfolio of projects can help to
hedge such risks and uncertainties.

Governments can also help ensure that proper attention is paid to longer-term
aims as well as to short-term ones. Markets will tend to deliver least-cost, short-
term options at the expense of technologies that could ultimately deliver huge cost
savings or other benefits in the longer term. An RD&D portfolio can mix technologies
to optimise both short-term incremental innovation and longer-term, more radical
innovation and development. There may also be efficiencies to be gained through
collaboration to create international RD&D portfolios.

Technology portfolios need to be carefully selected against clear outcome-focused
objectives. The progress made in each technology area should be the subject of
continuous assessment and reassessment, and the mix adjusted as appropriate.
Establishing an effective portfolio formation and management system is, therefore,
crucial. Technology roadmaps can help portfolio making, implementation and
adjustment.

Basic science

To develop many of these breakthrough energy technologies, advances in basic
science will be necessary. Table 4.2 shows a selected list of key technology areas
with basic research breakthrough opportunities. The list is by no means exhaustive.
All these areas need to be supported through public initiatives such as funding and
research programmes.
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P Selected basic research opportunities for key technology

Basic research opportunities

challenges
Gy sl Scientific disciplines
challenges
Power supply
Geothermal Geology/Geophysics/
Geochemistry/

Materials science

Oceanography/
- Marine science/
Ocean science

Chemistry/Physics/
Materials science

Ultra super critical steam  Materials science/

cycle (USCSC) Nanosciences
Electricity system Chemistry/
Nanoscience

Understanding of geologic formation properties and
fluid conditions; Models of suitability for geothermal
applications; and development of better materials for
drilling, down-hole measurement and fluid handling

Understanding of wave behaviours/wave-stream
flow and hydrodynamics; understanding the physical
and environmental interaction of conversion process
with wave, tidal current, temperature gradient and
salinity gradient resources; understanding of offshore
network interaction with ocean energy plants; and
new materials for efficient osmotic processes

Comprehensive understanding of underlying
properties for new PV materials and concepts

New low-cost materials for high temperature steam
conditions

Discovery of high temperature superconductors

Industry

Chemical/petrochemical  Agronomy/
process innovation in Biochemistry
basic materials

production processes

Discovery of genes responsible in rhizobia and
legumes; and comprehensive understanding of
natural mitrogen fixation process (recognition of
signals exchanged between the plant and bacterig;
structural chemical bases of rhizobia/legume
communication; and signal fransduction pathways
responsible for the induction of the symbiosis-specific
genes for nitrogen fixation)

Buildings and appliances

LED Chemistry/
Nanoscience

New light emitting substance discovery; and stability
of organic LED

Cross-cutting

Biomass and second- Genomics

generation biofuels

Chemistry/Biochemistry/
Electrochemistry/
Nano and molecular science

Development of better energy plants; and supply
productivity increase

Understanding of the net GHG impacts of different
type of land use

Alternative catalysts for water splitting
(photoelectrochemical and photocatalytic);
bioreactors; and photosynthesis imitation at
molecular level



189

CHAPTER n RESEARCH, DEVELOPMENT AND DEMONSTRATION

Table 4.2 P Selected basic research opportunities for key technology

challenges (continued)

Key technol T T BT : o
ey lechnology Scientific disciplines Basic research opportunities
challenges
Hydrogen storage Chemistry/Biochemistry/ Solid storage in metal hydrides; chemical hydrides;
Materials science and nanopore materials
Lightweight materials Chemistry/Materials science Identification of novel alloys; and new reinforcement

materials in plastics

CCS Geology Understanding of geologic formation, suitability, long
term stability and safety for CCS
Fuel cells and industrial  Electrochemistry/ New materials and catalysts for electrodes and

electrolysis processes

Chemistry/Materials science electrolytes

Role of national and university laboratories
in basic science

National and university laboratories are the most important players in basic
research. While governments have been the main source of funding for basic
research, industry has increasingly supported basic science research at universities
since the 1990s (Bozeman, 2000; NSB, 1998). Governments can help develop
relationships here, in support of mission-oriented basic research programmes.

The outcomes of basic science are highly uncertain. It is this that justifies government
intervention and initialisation. Governments need to identify, at a national level,
the priorities they want to attach to basic science in energy. Strategic RD&D
and technology portfolio/roadmaps can play a particularly useful role here.
Governments then need to consider how they can best achieve their aims — e.g. in
national programmes or in university-based programmes, with or without private
sector involvement as appropriate. Governments also need to consider whether the
scale and expense of some programmes requires international collaboration, which
can usefully be co-ordinated at a government-to-government or multilateral level.

International collaboration in the pre-competitive stage of basic research has the
potential to benefit all parficipants through cost-sharing/cost-reduction, upscaling of
research and the building-up of common pools of knowledge. Such collaborations have
already happened in many areas, and many of the IEA Implementing Agreements are
part of them. For such collaboration to materialise, governments need to take positive
steps to co-ordinate with other countries, and to encourage their national laboratories
and their foremost university laboratories to engage in the process. Where appropriate,
private sector firms may also be encouraged to participate.

Applied R&D and demonstration

Role of industry in applied R&D and demonstration

Many of the technology breakthroughs identified earlier in this chapter will depend
on developments in applied R&D and demonstration phases of the innovation



190 PART 2 THE TRANSITION FROM PRESENT TO 2050

chain, in which the private sector begins to play a particularly important role.
Clear institutional signals from policy and regulatory regimes and markets must
significantly help to stimulate such investment.

Industry consortia have been an important source of RD&D in various countries
performing targeted RD&D to: raise industry-level competitiveness, realise
economies of scale in RD&D, and reduce the costs of RD&D by cost-sharing.
The formation of industry consortia, however, is normally influenced by long-
term strategic considerations as well as industry and firm characteristics (Kogut,
1988; Sakakibara, 2000).'® Therefore, each sector needs to carefully evaluate the
advantages of such consortia formation.

Role of government

Governments need to play a critical role in mobilising private sector technological
capacity and capability and increase applied R&D and demonstration investment,
especially in long ferm. In particular, setting clear and consistent policy and
regulatory frameworks for fair and competitive markets and regulating to improve
technology standards can do much to reduce the risk and uncertainty in innovation.
It is important that governments involve private sector stakeholders to develop
effective institutional frameworks that will meet the private sector’s needs while
balancing them with public interests. As discussed below, numerous obstacles
present themselves in the applied R&D and demonstration phases of innovation.
Public—private partnerships at various levels can be critical in overcoming them.

Issues in applied R&D and demonstration
Applied R&D and bridging the gaps from basic research

While basic research enables applied R&D by providing a base of knowledge, skills
and techniques for solving problems, applied R&D questions the basic sciences in
relation to real world applications. Each can, and should, learn from the other. Since
industry laboratories do not usually perform basic science research, knowledge
needs to be transferred to industry to enable industries to do so. However, in many
countries it is clear that there is significant under-exploitation of new and available
knowledge: funding for basic scientific research and applied R&D has proven
to be not enough to support commercialisation of technology in many sectors
including energy. A number of barriers exist between these two communities,
including different goals, incentives and time horizons; organisational barriers;
and intellectual property issues. Although both national and university laboratories
have increasingly developed mechanisms for transferring their scientific finding to
industry, technology transfer from research laboratories into the private sector to
develop useful products is often weak.'

13. Firms in oligopolistic industries, firms with weak appropriation conditions to original innovations and firms with better
RD&D capabilities have a higher rate of participation in industry consortia (Sakakibara, 2000).

14. The term “technology transfer” is used in two ways. The first definition is the process of converting scientific findings
from research laboratories into useful products by the private sector. The second definition involves cross-border transmission
of technology from one country to another. Here, the term is used to describe the former.
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Demonstration projects

Demonstrations help move cutting-edge technologies from the laboratory to
the commercial market. After a concept has been proven in principle, pilot or
full-scale demonstrations are needed to identify real-world performance issues.
Technology demonstrations afford opportunities to reduce investment risks, clarify
the parameters affecting a technology’s cost and operational performance, and
identify areas needing further improvement or cost reduction. The important
issues in this phase are the high costs of demonstration and ensuring fairness of
opportunity among all interested parties.

Gap between RD&D and deployment: the “valley of death”

Moving from publicly-funded demonstration to commercial viability is often the
most difficult phase for many technologies, resulting in what Murphy and Edwards
(2003) have called a “valley of death”. It is at this point, where investment costs can
be very high and where risks also remain significant, that projects can easily fail.
Frequently, neither the public nor the private sector considers it their duty to finance
commercialisation. This is where neither “technology-push” force nor “market-
pull” force has sufficient strength to fill the gap. This funding gap is particularly
problematic for technologies with long lead times and a need for considerable
applied research and testing between invention and commercialisation, as is the
case for many energy technologies (Norberg-Bohm, 2002).

|II

Public-private partnerships: navigating applied R&D,
demonstration and the “valley of death”

Applied R&D

Public—private partnerships in applied R&D can take two main forms: 1) government
direct and indirect funding of private sector applied R&D, and 2) collaborations
between governments and industry researchers. Public—private partnerships
in applied R&D may, where effectively managed, be an efficient and targeted
mechanism for stimulating priority private sector applied R&D by utilising limited
resources more effectively. Indirect measures, such as tax credits and inexpensive
loans from governments, can also support private sector applied R&D. In all cases
of such support, policies need to be evaluated regularly to ensure that they are
achieving their aims in a cost effective manner.

Direct government funding of private sector applied R&D raises a number of
difficult issues which need to be carefully managed. In particular, project selection
criteria need to be established and implemented in a manner that ensures that the
process itself is competitive both among technologies and companies.

Government policy can also help encourage technology transfer from national
and university laboratories. Governments can relax anti-trust regulations at the
pre-competitive stage and permit the use of national laboratories as research
partners to industry, subject to suitable safeguards. Governments can also expand
their patent policies to permit the use and disposition of government patents and
technology for commercial use. They can also allow industries and universities the
use of title fo inventions funded by governments as license inventions.
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In addition, governments can encourage the development of public—private
research consortia, for example, between business and research universities
— including the sefting up of university research centres. Such centres can be
supported financially by government agencies, by private companies or by other
outside organisations. Such arrangements, particularly where they are clearly
focused on interdisciplinary technology generation, can be very innovative. Several
countries have successfully generated “triangular” partnerships between public,
private and research institutions.

Demonstration

Technology demonstration is costly. Governments may see an advantage in
helping the private sector, in appropriate circumstances, with the cost of strategic
large-scale demonstration projects. Open and competitive processes are necessary
in this phase. Government leadership through technology demonstrations can
strongly influence — not always for the best — the decisions of private sector investors
and other non-government parties.

Navigating the “valley of death”: toward successful technology
transfer

Policy tools to address the funding gap in the “technology valley of death” and
stimulate technology transfer include both economic incentives (such as tax credits,
production subsidies, or guaranteed procurements) and knowledge access support
(for example, the codification and diffusion of generated technical knowledge).
Spin-off companies formed from public-private research consortia are often
an important means of technology transfer and commercialisation. To support
technology incubators and entrepreneur start-ups and spin-offs, governments
can offer funding for technology transfer or establish specialised technology
transfer centres. This is the phase where governments need to begin incorporating
market-pull policy measures. On the market side, governments can stimulate the
incorporation of clean-energy and/or environment-specific venture capital into
the current capital market by reducing regulatory barriers and providing fiscal
incentives.

Governments can also help create demand for new technologies by putting in
place regulatory requirements (for example, building standards) that progressively
challenge the supply side to respond to new demands. In this case, governments
need to be careful to ensure that the regulatory objectives are likely to be attainable:
frequent or unplanned changes in requirements can significantly increase regulatory
risk for the private sector and discourage investment.

International collaboration

Competition among countries and among companies is the major driver of energy
technology innovation. But there are still many areas where countries and the
private sector can benefit from increased collaboration.

International collaboration in RD&D offers a number of important benefits:

B |t can reduce the need to spend national public funds on technology — by pooling
available budgets, creating economies of scale, and reducing the redundancy of
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RD&D activities simultaneously under way in several countries — improving the
overall cost effectiveness of global RD&D investment.

B |n the pre-competitive stage, it can create a common pool of knowledge which can
contribute to global industry-level competitiveness and knowledge accumulation.
This can eventually be capitalised on by individual industry players to build
national- and firm-level competitiveness.

B |t can strengthen and accelerate technology deployment by combining different
kinds of national comparative advantages — such as the science and technology
strengths of an industrialised country, or lower labour costs for manufacturing in a
developing country.

Many international energy technology collaborations already exist. Table 4.3
shows the existing IEA Implementing Agreements, their agendas, activities and
achievements, and their fit to the key technology RD&D needs identified earlier in
this chapter.

Table 4.3 P Key RD&D technologies under the ACT Map and BLUE Map scenarios
and existing IEA Implementing Agreements

ACT Map and BLUE

Mab kev technolo IEA Implementing Agenda/works/achievements related
P xey Yy Agreement to key technology RD&D

areas

Power supply

Renewable

Biomass: black Bioenergy Workshops on production of synthesis gas that can subsequently

liquor be converted to a variety of motor fuels; and integration into
modern, eco-cyclic, kraft pulp mill bio-refineries

Biomass: IGCC Bioenergy Demonstration of IGCC plants

CSP SolarPACES Design, testing, demonstration, evaluation and application;
solar-driven thermo-chemical and photochemical processes for
production of energy carriers; and advancement of technical and
economic viability of emerging solar thermal technologies, and
their validation

Geothermal: Geothermal Address new and improved technologies of EGS; application of

EGS conventional geothermal technology to EGS; data acquisition
and processing; reservoir evaluation and scenario simulation
for sustainable strategies; and field studies of EGS reservoir
performance

Hydro: Hydropower Address technological, organisational and regulatory issues

small-scale related to small hydro projects

Ocean: Ocean Energy Wave and tidal energy converters; develop international

tidal and wave Systems standards for wave and tidal energy technology; and priorities on

deployment and commercialisation of ocean waves and marine
current systems
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Table 4.3 P Key RD&D technologies under the ACT Map and BLUE Map scenarios
and existing IEA Implementing Agreements (continued)

ACT Map and BLUE

e e et IEA Implementing Agenda/works/achievements related
Agreement to key technology RD&D
areas
Onshore and offshore  Wind Energy Stimulate co-operation on wind energy research and development
wind Systems and to provide high quality information and analysis by
addressing technology development and deployment and its
benefits, markets, and policy instruments; design and operation of
power systems with large amounts of wind power; integration of
wind and hydropower systems; offshore wind energy fechnology
development; and dynamic models of wind farms for power
system studies
Photovoltaics (PV) PVPS Design and operational performance of PV power systems; and
developing emerging applications, e.g. building integrated PV,
hybrid systems, mini-grids, very large scale PV
Fossil
CCS coal advanced ~ GHG R&D Demonstrate the techno-economic feasibility of technology as a
steam-cycle with Programme CCS CO, capture option for a power plant in the near future
oxyfueling Oxy-fuel Combustion
Network
Clean coal Clean Coal Promote research on coal from the science of coal combustion,
Sciences conversion and utilisation fo co-firing and bio-co-processing
Clean Coal Undertaking in-depth studies on topics of special interest;
Centre assessing the technical, economic and environmental
performance; identifying where further research, development,
demonstration and dissemination are needed; reporting the
findings in a balanced and objective way without political or
commercial bias; and showing, where appropriate, worldwide
opportunities for cross-border technology transfer
Fuel cells Advanced Fuel Research, technology development and system analysis on molten-
Cells carbonate, solid oxide and polymer electrolyte fuel cell systems
Electricity system
Energy storage Energy Storage Development of underground thermal energy storage systems
in the buildings, industry and agriculture sectors; examination of
the potential role of electrical storage technologies in optimising
electricity supply and use; examination of the role of phase-
change materials and thermo-chemical reactions in energy
systems; and development of procedures and screening and
decision fools to facilitate the adoption of energy storage
T&D system Electricity Networks  Facilitate the uptake of new operating procedures, architectures,
Analysis, Research methodologies and technologies in electricity T&D networks, to
and Development enhance their overall performance in relation fo the developing
(ENARD) challenges of network renewal, renewables integration, and

network resilience and distributed generation system integration
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Table 4.3 P Key RD&D technologies under the ACT Map and BLUE Map scenarios
and existing IEA Implementing Agreements (continued)

ACT Map and BLUE

Mab key technolo IEA Implementing Agenda/works/achievements related
p key ay Agreement to key technology RD&D

areas

Industry

Process innovation in basic materials production processes

Black-liquor Industrial Energy- Black-liquor gasification research on refractory and metallic
gasification Related Technologies materials, gas clean-up, and black liquor delivery systems; and
and Systems computational fluid dynamics study of black-liquor gasifiers
Separation Industrial Energy- State-of-the-art of separation systems analysis tools and concepts;
technologies, Related Technologies extend/combine previously developed methods and tools to
including drying and Systems address advanced separation systems design or retrofits; automate
and membranes or guide the design/retrofit process to the extent practicable; and

workshop on drying and membrane technologies

Buildings and appliances

Heating and Heat Pumping Quantify and publicise energy saving potential and environmental
cooling: Technologies benefits; thermally driven heat pumps; future potential and needs
heat pumps for heat pump systems and cooling; retrofit heat pumps for

buildings; and ground-source heat pumps

Passive housing Solar Heating Sustainable solar housing with passive solar design, improved
and Cooling daylighting and natural cooling and solar/glare control; and cost-
Buildings and optimisation of the mix of concepts

Community Systems

Solar heating Solar Heating Advanced storage concepts for solar thermal systems; solar heat
and Cooling for industrial process; and polymeric materials for solar thermal
applications
Transport
Vehicle
Hydrogen fuel cell Advanced Fuel cells for vehicles, including use as auxiliary power units (APU)
vehicles Fuel Cells and hybridisation of the fuel cell with on-board energy storage

devices like batteries or super-caps
Plug-in/ Hybrid and Electric  Electrochemical power sources and energy storage systems
electric vehicle Vehicles (batteries, fuel cells, and supercapacitors) for electric and hybrid
............................. . vehicles; and heavy duty hybrid vehicles

Fuels
Second-generation Bioenergy Commercialising first- and second-generation liquid biofuels from
liquid biofuels biomass, especially bio-based ethanol and biodiesel

Advanced Motor Production and use of synthetic vehicle fuels made by FT

Fuels technique including biomass as possible raw material, production

technique, emissions from production and use, engine
performance
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Key RD&D technologies under the ACT Map and BLUE Map scenarios
and existing IEA Implementing Agreements (continued)

ACT Map and BLUE

Mab key technolo IEA Implementing Agenda/works/achievements related
p key ay Agreement to key technology RD&D
areas
Cross-cutting
Bio-refinery Bioenergy Co-production of fuels, chemicals, power and materials from
biomass for transport sector, chemical sector, power sector,
agricultural sector; and assess the worldwide position and
potential of bio-refineries
Industrial Energy- Development of industry-based bio-refineries, including black-
Related liquor gasification
Technologies and
Systems
General CCS GHG R&D Provide a central source of information on CO, capture and
Programme CCS storage R&D; promote awareness of the extent of R&D that is
now underway; facilitate co-operation between projects; technical
workshops on CCS; and development of international networks
on CCS (International Network for CO, Capture; Infernational
Network on Biofixation of CO, and Greenhouse Gas Abatement
with Microalgae; Risk Assessment Network; Monitoring Network;
Oxy-Fuel Combustion Network; Well Bore Integrity Network)
Hydrogen Hydrogen Development of advanced technologies; photoelectrolytic

Renewable energy

production of hydrogen; photobiological production of hydrogen;
hydrogen from carbon-containing materials; solid- and liquid-state
hydrogen storage materials; integrated systems evaluation; and
direct methanol fuel cells
Renewable Energy  Technology improvement and cost reduction for all renewable
Technology energy technologies by facilitating international deployment efforts
Deployment

Sources: |IEA (2007d); IEA (2008) with links to the above individual 1As.

Table 4.3 shows that IEA technology agreements (implementing agreements) already
address many of the key technologies discussed in the ACT Map and BLUE Map
scenarios with various degrees. Also, Table 4.4 presents other current technology
collaborations in the areas of CCS, nuclear fission and hydrogen technologies.
Yet many important RD&D breakthroughs will be made outside these schemes
and projects. Also, these projects do not cover a number of important technology
potentials — including thin film fechnologies and third-generation concepts in
advanced solar photovoltaic technologies; deep offshore technologies; and many
areas in industrial technologies (such as smelt reduction, direct casting and inert
anodes innovations in basic materials production processes; plastic recycling/
energy recovery; and feed stock substitution such as biopolymer, monomers from
biomass, and naphtha products from biomass through FT).
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Key RD&D technologies under the ACT Map and BLUE Map scenarios
and selected international energy technology collaborations

ACT Map and BLUE
Map key technology
areas

Power generation

Agenda/works/achievements related to

calblreite the key technology RD&D

CCS coal and
gas — oxyfueling

Generation IV

CANMET Energy
Technology Centre
R&D

Oxyfuel Combustion
for CO, Capture
under CSLF

Pilot-scale project that will demonstrate oxyfuel combustion
technology with CO,, capture

Generation IV
International Forum

Advanced research and development; and technology
roadmap

Cross-cutting

General CCS

Carbon Sequestration
Leadership Forum

(CSLF)

International co-operation in research and development to
make CCS technologies broadly available internationally; and
identify and address wider issues relating fo carbon capture
and storage
Internationall
Partnership for the
Hydrogen Economy
(IPHE)

Provide a mechanism for partners to organise, co-ordinate
and implement effective, efficient and focused international
RD&D and commercial utilisation activities related to hydrogen
and fuel-cell technologies; and provide a forum for advancing
policies and common technical codes and standards that can
accelerate the cost effective transition to a hydrogen economy

Table 4.5 summarises a number of multilateral, large-scale collaborations which
focus on multiple energy technologies. All have been, and will continue to be,
important drivers for international energy technology innovation. They already
cover many of the fechnology areas important for the delivery of the ACT Map and
BLUE Map scenarios. Many existing bilateral collaborations are also important,
particularly as they address technology problems that are region/culture-specific or
share specific views on certain fechnologies.

The future of international collaborations
and the involvement of developing countries

In the future, there may be opportunities to consolidate to reduce redundancy and
unnecessary duplication among international collaboration schemes and between
international schemes and national programmes. To do so, it will first be important
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to illustrate the current RD&D landscape to help identify any gaps between the
required RD&D breakthrough needs and existing national and international
RD&D programmes and projects, as well as any overlaps between existing
programmes and projects. An important first step, therefore, will be the mapping
of relevant institutions and their RD&D activities. This will also help governments
to rationalise their own national RD&D programmes. Technology roadmaps
are another possible tool for further enhancing international collaboration, as
discussed in Chapter 3.

Table 4.5 P Selected international energy technology collaborations
with technology innovation focus

Collaborations Agenda/works/achievements

IEA Group of 8 (G8) Gleneagles

Programme

Focus on climate change, clean energy and sustainable development,
promoting energy secfor innovation, better practice and use of enhanced
technology, including: alternative energy scenarios and sirategies; energy
efficiency in buildings, appliances, transport and industry, including
indicators; cleaner fossil fuels; carbon capture and storage; renewable
energy; and enhanced international co-operation

Major Economies Meeting
on Energy Security and Climate
Change

Asian Pacific Partnership (APP) on
Clean Development and Climate

EU 7th Research Framework
Programme

Nordic Energy Research

1) Highlight the most urgent needs for research and development of clean
energy technologies, focusing on four key areas: generating power from
fossil fuels with lower carbon emissions; reducing carbon emissions in the
transportation sector through vehicle and fuel technologies; addressing land
use and the current unsustainable rate of deforestation; and accelerating
and expanding markets for current efficiency and the use of nuclear, solar
and wind technologies; and 2) identify areas for collaboration in key sectors
and discuss challenges and opportunities for the development, financing
and commercialisation of clean energy technologies, including discussing
the approaches to reduce or eliminate tariff and non-tariff barriers for clean
energy technologies and services

Accelerate the development and deployment of clean energy fechnologies
by focussing on expanding investment and trade in cleaner energy
technologies, goods and services in key market sectors (aluminium,
buildings and appliances, cement, cleaner use of fossil energy, coal mining,
power generation and transmission, renewable energy and distributed
generation, and steel)

Accelerating the development of cost effective technologies, emphasising:
hydrogen and fuel cells; renewable power generation; renewable fuel
production; renewables for heating and cooling; CO, capture and storage
technologies for zero emission power generation; clean coal technologies;
smart energy networks; energy efficiency and savings; and knowledge for
energy policy making

Further develop co-operation strategies for the Nordic region in energy
and climate research: climate change and energy; energy efficiency
(production, transmission and distribution, consumer level/end user,
industry, transport); renewable energy (bioenergy, wind and PV);
hydrogen technology (production, transport, storage, conversion, safety
issues); energy markets; European research area; and policy studies
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In some areas, it may be possible for RD&D to work together with other policy
strands to accelerate technology development and diffusion, creating inter-sectoral
collaborations. For example, coherent policies on urban development, public
transport and health — together with strong efforts o promote RD&D in these areas
— may help generate sufficient momentum to ensure the simultaneous and faster
development of carbon-free power generation, “smart growth” urban development,
and electric vehicles than could be achieved by any one part of the system alone.

Developing countries also offer particular opportunities here, as it is often easier
for them to adopt new technologies as they grow. It is important to remain aware
of the social and cultural needs of developing countries and their often unique
technological capacities and capabilities. To achieve this will require stronger and
wider collaborations with developing countries, as well as system development and,
where necessary, financial support for cross-border technology transfer. However,
increasing technological and economic competition between developed and
developing countries will be a key issue. The development of strategies to handle
and resolve contentious intellectual property right issues will also be vital.
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LEARNING

Key Findings

Deployment costs for new, cleaner technologies are estimated at USD 4.8 trillion under
the ACT Map scenario (USD 3.2 trillion for power generation and USD 1.6 trillion
for buildings, transport and industry technologies) and at USD 10.4 trillion under the
BLUE Map scenario (USD 3.8 trillion for power generation and USD 6.6 trillion for
buildings, transport and industry technologies).

The total learning investment (the additional costs exceeding the cost of the
incumbent fossil technologies) is estimated at USD 2.8 trillion under the ACT Map
scenario and USD 7.0 trillion under the BLUE Map scenario.

An economic incentive to reduce CO, would raise the cost of the incumbent
technologies and so lower the financing needed to bring clean energy technologies
to market. If a USD 50/t CO, price were applied today, deployment costs would
drop to USD 2.3 trillion (ACT Map).

Most IEA countries are entering a new investment cycle in power generation. This
is an important opportunity to deploy cleaner and more efficient power generation
technologies. Investment decisions taken over the next decade will lock in CO,
emissions for the next 40 to 50 years.

Early deployment of these technologies will take place primarily in the United States
and Europe. But deployment in China and other major developing countries will also
be critical if they are to reach commercialisation.

Government intervention to remove barriers to the diffusion of energy-efficient
technologies is crucial. Stringent codes and standards are the most effective way to
bring these technologies to commercialisation.

A flexible policy framework is required to accelerate the deployment of clean
technologies. While policies should be continuous and predictable, governments
must continually ensure the measures they contain are appropriate and serve the
desired outcomes.

More effective international co-operation is needed to minimise the costs and speed
up the rate of deployment of new energy technologies.

The IEA has shown in Energy Technology Perspectives 2006 (ETP 2006) that CO,
emissions could be brought back to today’s level by 2050 by effectively deploying
technologies that are already available or are under development. The new BLUE
scenarios presented in Chapter 2 show how these could in fact contribute to halving



202

PART 2 THE TRANSITION FROM PRESENT TO 2050

today’s emission levels by 2050. Through learning and deployment models and by
examining barriers to deployment, this chapter considers the steps that are needed
to bring these technologies to market, and the role that governments might play in
accelerating that aim.

Deployment and the role of technology learning

Figure 5.1

R&D

Demonstration

Deployment

Deployment describes the stage between research, development and demonstration
(RD&D) and market uptake. At this stage, a technology is not yet economically
competitive except possibly in particular niche markets. Production may be
expanding, but it is still taking place on a small industrial scale. Technology
learning occurs during deployment, as economies of scale are established and
as progressive (possibly quite small) product improvements result in further cost
reductions.

Stages in technology development

R&D seeks to overcome technical barriers and to reduce costs. Commercial
outcomes are highly uncertain, especially in the early stages.

The technology is demonstrated in practice. Costs are high. External (including
government) funding may be needed to finance part or all of the costs
of the demonstration.

Successful technical operation, but possibly in need of support to overcome
cost or non-cost barriers. With increasing deployment, technology learning will
progressively decrease costs.

Commarteifestien The technology is cost competitive in some or all markets, either on its own terms

(Diffusion)

Source: IEA 2006c.

or, where necessary, supported by government intervention (e.g. to value
externalities such as the costs of pollution).

As Figure 5.1 illustrates, new technologies typically go through several stages to
overcome technical and cost barriers before they become cost-competitive. The
deployment phase can be considerably more expensive than the RD&D phases.

Deployment versus diffusion (commercialisation)

Cost effective demand-side technologies already exist that could deliver two-
thirds of the 44% reduction in CO, emissions expected from improved energy
efficiency. The technologies required to deliver the remaining one-third depend on
government support for deployment to become commercial. Many technologies
that are cost effective, however, fail to penetrate the market because consumers
focus on short-term costs rather than taking life-cycle costs into account. While
government support for deployment is not needed in these cases, governments do
need to promote technology diffusion as well as development, and to intervene
through regulations to overcome additional barriers.
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On the supply side, some carbon reduction technologies, such as CO, capture
and storage, are an expensive addition to the cost of supply. These technologies
will only become competitive if a value is attached fo reducing CO, emissions.
Governments must determine the most effective mechanisms for removing market
and non-market barriers to diffusion, and support these with appropriate policy
instruments.

Technology learning curves

Most new technologies, including energy technologies, initially have higher costs
than incumbent technologies. But over time, the costs of the new technology may
be lowered through technology learning — as its production costs decrease and its
technical performance increases (BCG 1968; IEA, 2000). The rate of switching
from older technologies to new technologies will depend on both relative costs and
on the extent to which consumers’ value the long term, often at that stage uncertain,
benefit of the new technology.

The prospect that a given technology will be produced and sold on the market
can stimulate private industry R&D (“learning-by-searching”) and improvements in
the manufacturing process (“learning-by-doing”). Feedback from the market may
suggest avenues for improving a technology, further reducing costs or tailoring
some of its features to consumers’ needs (“learning-by-using”). Because these
benefits can only be reaped once the technology is actually on the market, the rate
of improvement of a technology is usually a function of its adoption rate.

Technology learning is an important factor in R&D and investment decisions
in emerging energy technologies. Technology learning curves can be used to
estimate the deployment and diffusion costs for new technologies and, thereby,
provide policy makers with a tool to explore technology and policy options for the
transformation of energy systems.

Using learning curves to estimate deployment/diffusion costs

Technology learning curves can be used to derive deployment and diffusion costs for
new technologies. Learning curves show a constant reduction of the investment cost
for each doubling of production. Based on this relationship, the initial cost and the
cost of competing incumbent technologies it is possible to quantify the deployment
costs of new technologies. Figure 5.2 demonstrates how these relationships can
be used to estimate the learning investments (i.e. deployment cost) necessary for
an energy technology to compete with an incumbent technology, here called the
“break-even” point.

The blue line represents the learning curve or the expected reduction in the cost of
the new technology as its cumulative capacity increases. The grey line represents the
cost of the incumbent fossil technology. Where the blue and grey lines meet is the
point at which the new energy technology becomes competitive with the incumbent
technology: the break-even point.
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This indicates the cumulative capacity needed for the new technology to become
competitive. Deployment costs are the total amount that must be invested in
cumulative capacity to reach the break-even point. Deployment costs can be viewed
in terms of costs equalling those of the incumbent technology (represented by the
yellow rectangle) and additional investment costs that go beyond the cost of the
incumbent technology (the orange triangle). The additional costs required for the
new tfechnology to reach the break-even point and become competitive are the
learning investments.

Schematic representation of learning curves, deployment costs and
learning investments

Cost of
clean technology
: ¥
(9]
= BLUE Break-even with
- CO, price
2
ACT —
: Learning investments Break-even point
Deployment Baseline
cost ~J ?
. Cost of
\ Cumulative investment cost of incumbent
incumbent technology technology
Cumulative installed capacity
Source: IEA.
Key point

Increasing the CO, price reduces the learning investment needed to make the new technology cost-competitive.

The two red lines in Figure 5.2 illustrate how carbon prices of USD 50/t CO,
(ACT Map scenario) and USD 200/t CO, (BLUE Map scenario) would reduce
deployment costs for lower-carbon fechnologies. The CO, penalty increases the
cost of the incumbent fossil technology, reducing the cumulative capacity needed
for the clean technology to become competitive. The higher the carbon price, the
lower the learning investments needed to bring a clean technology to market and
the faster this technology will deploy.

Learning curves have been constructed for a wide range of energy technologies over
many orders of magnitude (see e.g. IEA, 2000; McDonald and Schrattenholzer,
2001; Neij, et al., 2003; Junginger, 2005; Nemet, 2006). Some of these findings
in respect of supply-side technologies are summarised in Table 5.1.

Although the bulk of this literature has focused on energy-supply technologies,
learning curve analysis has shown that “learning-by-doing” effects are also present
in demand side technologies, as seen in Table 5.2. These curves are a useful tool
for examining the potential to reduce costs in demand-side technologies (Newll,
2000; Laitner and Sanstad, 2004).



205 CHAPTER DEPLOYMENT AND TECHNOLOGY LEARNING

Table 5.1 Observed learning rates for various electricity supply technologies
Technology Source Country / Period Learning Performance
Region rate (%) measure
Nuclear
Kouvaritakis, OECD 1975-1993 5.8  Electricity production cost (USD/kWh)
et al.,, 2000

Onshore wind

Neij, 2003 Denmark 1982-1997 8  Price of wind turbine(USD/kW)
Durstewitz, 1999  Germany 1990-1998 8  Price of wind turbine(USD/kW)

IEA, 2000 USA 1985-1994 32  Eledricity production cost (USD/kWh)
IEA, 2000 EU 1980-1995 18  Electricity production cost (USD/kWh)
Kouvaritakis, OECD 1981-1995 17 Price of wind turbine(USD/kW)

et al., 2000

Offshore wind
Isles, 2006 8 EU 1991-2006 3  Installation cost of wind farms
countries (USD/kW)

Photovoltaics (PV)

Harmon, 2000 Global 1968-1998 20  Price PV module (USD/Wpeak)

[EA, 2000 EU 1976-1996 21 Price PV module (USD/Wpeak)

Williams, 2002 Global 1976-2002 20 Price PV module (USD/Wpeak)

ECN, 2004 EU 1976-2001 20-23  Price PV module (USD/Wpeak)

ECN, 2004 Germany 1992-2001 22 Price of balance of system costs
Biomass

IEA, 2000 EU 1980-1995 15 Electricity production cost (USD/kWh)

Combined heat and power (CHP)

Junginger, 2005  Sweden 1990-2002 9  Electricity production cost (USD/kWh)

CO, capture and storage (CCS)

Rubin, et al., 2006 Global na 3-5  Electricity production cost (USD/kWh)

Sources: McDonald and Schrattenholzer, 2001; Williams, 2002; Junginger, 2005; Rubin, 2006 and Isles, 2006.

Although useful in context, learning curves need to be used with caution. For
example:

B They are often based on price, rather than cost, data.

B Careful analysis and further data collection is required to identify the right system
boundaries to be used when applying learning curves.

B There is a need fo understand the factors that might drive future cost reductions, as
distinct from past cost reductions.
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Table 5.2 Observed learning rates for various demand-side technologies
Technology Country / Region Period Learning rate (%)
Ford model T United States 1909-1923 13
Refrigerator United States 1980-1998 12
Freezer United States 1980-1998 22
Washing machine United States 1980-1998 13
Electric clothes-dryer United States 1980-1998 12
Dishwasher United States 1980-1998 16
Air conditioner United States 1980-1998 15
Selective window coatings United States 1992-2000 17
Heat pumps Germany 1980-2002 30
Heat pumps Switzerland 1980-2004 24
Facades with insulation Switzerland 1975-2001 17-21
Double-glazed coated windows Switzerland 1985-2001 12-17
CFL Global 1990-2004 10
Air conditioners Japan 10-17

Sources: McDonald and Schrattenholzer 2001; Laitner and Sanstad, 2004; ECN, 2005; Jakob and Madlener, 2003; Ellis,

2007.

It is important to examine the data carefully. For example, it has been shown that
bottom-up engineering models have in some instances overestimated the cost of
bringing energy-efficient appliances (which account for 7.5% of the potential 45%
reduction in emissions from energy efficiency) to market (Ellis, et al., 2007). These
models did not take into account the impacts of “learning-by-doing”, which offset
many of the higher costs related to more efficient components. As these “learning
effects” are not captured in engineering models, a combination of a top-down
learning-curve analysis with a bottom-up engineering model is required to better
estimate the costs of bringing technologies to market.

Global learning rates are appropriate for most technologies where new knowledge
spills over national boundaries. But where learning occurs locally (e.g. photovoltaics
(PV) installations), a global curve may misrepresent learning. For certain technologies,
national learning rates may be more appropriate.

Learning rates do not generally vary widely over time. However, technology
characteristics sometimes change due to new regulations, and more intricate
designs may raise costs. The choice of the initial starting point from which to collect
data can have an important impact on the resulting learning rate.

It is important to take other factors into account — for example supply-chain
effects, which can distort learning curves. Learning rates for PV and wind
technologies are currently being affected by a shortage of silicon, steel and
gear boxes, which has created temporary price bubbles. In PV, however, the
current silicon shortage has also served to trigger innovations in thin-film
technologies that require significantly less silicon. If this technology is successful,
it is anticipated that a significantly lower learning investment will be needed to
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make PV competitive (Williams, 2002). PV cells using substitutes for silicon have
also attracted considerable attention.

The key message from these observations is that it is important to understand the
processes and changes underpinning learning curves, especially where they are
used fo influence policy choices.

Technology learning and diffusion

Modelling technology deployment costs is highly sensitive to assumed learning
rates. An overly conservative estimate of the learning rate will reduce the projected
deployment rate of a technology, and may lead to a technology being squeezed
out by other, more competitive, technologies. But an unreasonably high estimate
will lead to unrealistic estimates of potential cost reductions and an over-optimistic
assessment of the deployment rate.

In the Energy Technology Perspectives (ETP) model, the total investment or
deployment costs needed to bring down the cost of each technology to competitive
levels have been estimated using learning curves. Tables 5.3 and 5.4 outline the
boundaries used for this analysis and the learning rates applied. Learning rates
were based on those observed by various technology experts. Some of these
technologies are still relatively new and do not have significant data sets from
which to derive a learning rate. In these cases, we have used a conservative
rather than an optimistic figure to avoid under-estimating the likely technology
deployment costs.

Table 5.3 Applied learning rates for power generation technologies
Current inv. cost Learning rate Estimated Cost target to
commercialisation  commercialisation
(USD/kW) (%) under ACT Map (USD/kW)
Onshore wind 1200 7 2020-2025 900
Offshore wind 2 600 9 2030-2035 1600
Photovoltaics (PV) 5 500 18 2030-2035 1900
Concentrated Solar 4500 10 Not commercial 1500
Thermal
Biomass integrated 2 500 (2010E) 5 Not commercial 2 000
gasifier/combined
cycle (BIG/CC)
Integrated 1 800 3 2030-2035 1 400
Gasification
Combined Cycle
(IcCQ)
CO, capture and 750 (2010E) 3 Post-2050 600
storage (CCS)
Nuclear lll+ 2 600 (2010E) 3 2025 2100
Nuclear IV 2 500 (2030E) 5 Post-2050 2 000

Source: |EA estimates.
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Applied learning rates for buildings, industry and transport
technologies

Unit Boundary Current cost Learning Cost target to reach
rate commercialisation
(USD) (%) (USD)
Fuel cell vehicles USD/kW FCV drive 750 22 50
system cost
Hybrid vehicles Car ICE+ electric+ 3 000 20 1 500
battery
Lignocellulosic ethanol ~ USD/litre Fuel cost 0.8 10 0.5
FT-biodiesel USD/litre Fuel cost 1 10 0.5
Plug-in vehicles Car Batteries for 9 000 20 2 000
plug-ins
Geothermal heat USD/system  Heat pump + 15 000 15 7 000
pumps installation
Solar heating and USD/m? Panel 630 10 450
cooling
Feedstock substitution Ethylene 1 300 10 650
CCS blast furnace USb/t CO, CCS cost 150* 5 50
CCS cement kilns usb/t CO, CCS cost 200* 5 75
CCS black liquor USD/KW  Production cost 1 600 5 1200

IGCC

Note: A discount rate of 10% and an import fuel cost of USD 6.5-7/GJ were applied to calculate the annual cost of the
incumbent technology (7 GJ was assumed for the energy saved).

* Cost per tonne of CO, captured.

Source: IEA estimates.

Deployment costs: investment implications
of the scenarios

Deployment

costs and learning investments

The total deployment costs from 2005 to 2050 for the new energy technologies
are estimated to be USD 4.8 trillion in the ACT Map scenario and USD 10.4 trillion
in the BLUE Map scenario.! Deployment costs represent the total costs of
cumulative production needed for a new technology to become competitive with
the current, incumbent technology. Learning investments under both scenarios are
considerably less than the total deployment costs, at USD 2.8 ftrillion (ACT Map)
and USD 7.0 frillion (BLUE Map) (Figure 5.3).

1. The estimated deployment figures are based on learning rates for capital costs.
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Deployment costs and learning investments, 2005-2050

< 7 000 H Buildings,
% 6 000 — fransport,
a industry
% 5000 —
M Power
4 000 — generation
3 000 —
2 000 —
1 000 —
0 —
Deployment Learning Deployment  Deployment Learning
cost, ACT investments, cost, ACT cost, BLUE investments,
Map ACT Map Map with Map BLUE Map

USD 50/4 CO,

Note: Figures are not discounted.

Source: IEA estimates.

Key point

Learning investments under both scenarios are considerably less than the total deployment costs.

Figure 5.3 also shows the impact that a CO, incentive of USD 50/t CO, would
have on the deployment costs of clean energy technologies in power generation
and in the buildings, transport and industry sectors under the ACT Map scenario.
The analysis assumes that the CO, incentive is in effect today — as this is not the
case, these figures can only illustrate how a carbon price could reduce the financing
needs fo deploy cleaner technologies. (It is unclear when a global CO, price at such
a level will be applied.) Although the overall costs of the new technology remains
unchanged, as the carbon price raises the cost of the incumbent fossil technology,
the new technology becomes competitive at a lower level of deployment.

Total deployment costs under the ACT Map scenario with a USD 50/t CO, price
would fall by 63% for buildings, transport and industry (from USD 1.6 ftrillion
to USD 0.6 trillion) and by 45% for power generation (from USD 3.2 frillion to
USD 1.8 trillion). Given the current high CO, infensity of both end-use and power
generation technologies, a CO, incentive will have a significant impact on reducing
the investments needed to deploy cleaner energy technologies. The effect of a
CO, credit of USD 200/t CO, has not been analysed for the BLUE Map scenario
because of the great uncertainty as to when such a high CO, price will be applied
globally.

Supply-side costs: investment needs

On the supply side, deployment cost estimates vary significantly among the baseline,
ACT Map and BLUE Map scenarios. In the baseline scenario, total deployment
costs for power generation technologies are estimated at USD 1.4 frillion. This
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is more than doubled in the ACT Map scenario, where total deployment costs
amount to USD 3.2 trillion. In the BLUE Map scenario, total deployment costs, at
USD 3.8 trillion, are two-and-a-half times those of the baseline scenario and 20%
higher than those in the ACT Map scenario.

Deployment costs in the ACT Map and BLUE Map scenarios have been broken into
two periods: from 2005 to 2030 and from 2030 to 2050. For both scenarios, more
than two-thirds of the investments are required in the earlier period. In the ACT Map
scenario, USD 2.3 trillion is needed by 2030, with a further USD 0.9 trillion needed
between 2030 and 2050. In the BLUE Map scenario, USD 2.6 trillion is required by
2030 and USD 1.2 trillion from 2030 to 2050.

Figure 5.4 presents a breakdown of the deployment costs for power generation
technologies for each of the three scenarios. A significantly higher investment is
required for wind, solar thermal, nuclear Generation Ill and Generation IV, and
CO, capture and storage (CCS) technologies in the ACT Map scenario than in
the Baseline scenario. Deployment costs do not vary significantly between the ACT
Map and BLUE Map scenarios — the difference can be attributed mainly to higher
investment needs for tidal and geothermal power in the BLUE Map scenario. Total
deployment costs for renewable power generation reach USD 1.4 trillion in the ACT
Map scenario and USD 2.4 trillion in the BLUE Map scenario. In both scenarios,
deployment costs for nuclear power are approximately USD 650 billion.

Deployment costs for power generation in the Baseline, ACT Map and
BLUE Map scenarios, 2005-2050

2005-20

| | | | |
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o 3000 ™ Nuclear IV
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Ke) - M Solar PV
§ 9007 = B Offshore wind
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Note: Figures are not discounted.

Source: IEA estimates.

Key point

Deployment costs for p

ower generation do not vary significantly between the ACT Map and BLUE Map scenarios.

Demand-side costs: investment needs

On the demand-side, Figure 5.5 shows estimated deployment costs for building,
industry and transport technologies under the baseline, ACT Map and BLUE Map
scenarios.
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Deployment costs in the baseline scenario are estimated to be USD 0.77 ftrillion.
These more than double for the ACT Map scenario, reaching USD 1.6 trillion.
Of this total, USD 0.9 trillion is needed from 2005 to 2030 and a further
USD 0.7 trillion from 2030 to 2050.

In the BLUE Map scenario, deployment costs increase more than eight-fold — to
USD 6.6 trillion — of which almost USD 1.4 trillion is required by 2030, with a
much larger USD 5.3 trillion needed between 2030 and 2050. More than half of
the deployment investments for demand-side technologies are needed to deploy

fuel-cell vehicle technologies, which alone require an estimated investment of
USD 3.6 trillion.

In terms of individual technologies, hybrid vehicles account for the largest
share of demand-side deployment costs in both the baseline and ACT Map
scenarios: approximately USD 300 billion. Hybrid vehicles together with solar
heating account for the largest share of deployment needs for the earlier
2005 to 2030 period, while in the later period deployment investments are
dominated by CCS in industry as the other end-use technologies have reached
commercialisation by 2030 to 2035. In the BLUE Map scenario, higher
deployment investments are needed for fuel cell vehicles, CCS for cement kilns
and CCS for blast furnaces. The total deployment costs for CCS in industry
reaches USD 1.6 trillion in the BLUE Map scenario.

Deployment costs for demand-side technologies in the Baseline,
ACT Map and BLUE Map scenarios

Baseline

= 2 500 M Industry

2 feedstock

c 2000 — substitutes
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2 M Buildings

2 solar heating

g5 1500 — and heatpumps
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Notes: Figures are not discounted.

The figure above excludes investments for fuel cell vehicles under the BLUE Scenario, which total USD 0.36 trillion from
2005 to 2030 and USD 3.3 trillion from 2030 to 2050.

Figures above for BLUE Map do not include deployment costs for Electric Vehicles as estimates of future costs are highly
uncertain for this technology and are estimated to range from USD 1.5 trillion to USD 3.0 trillion.

Source: IEA estimates.

Key point

Deployment costs for demand-side technologies more than double for the ACT Map scenario and increase more than
eight-fold in the BLUE Map scenario.
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Limitations of this analysis

In this analysis we have applied learning rates to a number of technologies that are
still at the RD&D phase. But the evolution of investment costs is particularly difficult
to predict at this stage, because unexpected measures, externalities or market
changes could result in a significant increase in costs that lie outside the known
boundaries of a given learning curve. Equally, however, the analysis does not take
other potentially positive external benefits into account, such as reduced local air

pollution or increased supply security.

Deployment costs may also be underestimated because this approach assumes
100% success and makes no allowance for the costs of false starts or failures.
For example, in the field of car technologies, many options have been tried in the
past three decades, but only very few have survived. The deterministic technology-
learning model in this way underestimates the real costs of innovation.

The deployment costs shown in this analysis are undiscounted. Discounted costs would
show significantly lower costs. However, the slower the technology develops, the lower
the value of future discounted benefits once the technology becomes cost effective. In
an extreme case, the cost may exceed the long-term discounted benefits.

Regional breakdown of deployment for key
power-generation technologies

The ETP deployment analysis is undertaken on a global basis. In practice, though,
the future potential for technological diffusion varies from region to region,
according to the current state of deployment in the region and the capacity for
technology exploitation. This section examines regional differences based on the
findings of the ACT Map scenario.

Table 5.5 Regional deployment

Wind Photovoltaics  CO, capture and Nuclear
(PV) storage (CCS)

2005 2030 2005 2035 2030 2050 2005 2020 2050

OECD North America  13% 24% 27% 25% 35% 25% 34% 31% 27%

OECD Europe 69% 34% 19.5%  25% 35% 16% 32% 25% 15%

OECDPGCIﬁC ............... 2%10% ...... 5]7% ...... 30%]0% ........ 5%]7%]7% ....... ]4%
Chm ........................ 3% ........ 2]% ....... 00%10%12% ....... 33% ........ 2% ......... 8% ........ 23%
Indlc .......................... 5% ......... 4% ........ O 2% ........ 5% ......... 3% .. ]O% ........ ]% ......... 3% ......... 7% .....
Others ....................... 6% ......... 7% ........ ]7% ........ 5% ......... 5%”%]4%]5% ....... ]4%

Source: IEA estimates.
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In general, our scenarios show that, with the exception of wind technology, the
largest share of deployment for new power generation technologies is expected
to take place in the United States. Europe will dominate deployment of wind
technologies in the early phase, but widescale uptake will require a greater market
uptake in the United States and China. As the fastest growing electricity market,
deployment of all these new technologies in China will be crucial to reach the
cumulative capacity needed for them to become competitive.

Onshore wind

With the exception of the current price bubble, the cost of wind production has
declined significantly over the last decade. Wind prices are expected to fall
again within the next two to three years, at which point installation costs for
wind technologies will return to their former path of declining costs. The cost of
generating electricity from onshore wind is expected to be competitive with fossil-
fuel generation by approximately 2020, when the cumulative global capacity
reaches over 650 GW. It is already competitive at good wind sites.

Deployment of onshore wind technologies will continue to be dominated by
Western Europe until about 2020, when investments in onshore wind power in the
United States and China are expected to pick up. Onshore wind installations in
the United States will attain a capacity of 200 GW by 2025 and will then remain
relatively constant; while in China onshore wind power will increase progressively
to 250 GW by 2040.

Offshore wind

Offshore wind power-generation is dominated by Western Europe, which
today accounts for 93% of total capacity. This technology is expected to reach
commercialisation between 2035 and 2040, when it will reach approximately
250 GW. Higher capital cost requirements will limit the deployment of this
technology to Western Europe, OECD Pacific and OECD North America.

Photovoltaics (PV)

Japan has the world’s largest share of PV capacity today, with a total of 2.8 GW,
equivalent to 47% of global capacity. Other significant regions are Western Europe
and OECD North America (almost entirely in the United States). Our analysis shows
that the deployment of PV will be strongest between 2030 and 2040, when costs
become more competitive and rapid uptake in the United States and China helps
to boost market uptake. The United States is expected to have the world’s largest
capacity of PV in 2045. At that point, the United States will account for 50% of an
expected global capacity of 545 GW.
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CO, capture and storage (CCS)

Nuclear

Under the ACT Map scenario, CCS deployment is expected to begin in 2020 — with
the United States accounting for the largest share of deployment. By 2030, China
is anticipated to have significant CCS capacity, and by 2050, China will account
for the largest global share of CCS. Canada and India are also expected to have
significant CCS capacity by 2030 and 2050 respectively. Unlike the other power
generation technologies, which will become competitive as additional cumulative
capacity is added, CCS will always require a carbon price of at least USD 50/t CO,
to make it cost-efficient.

The regional deployment of new nuclear technologies (Generation Ill+ and
Generation V) will depend very much on local acceptance of nuclear power. Some
countries currently have a ban on developing new nuclear generation capacities.
The large up-front cost of nuclear power and the current uncertainties about the
cost of Generation Illl+ and Generation IV technologies will limit its uptake in
developing countries. Nuclear investments in these countries are likely to be based
on older, proven technologies. In this analysis it is expected that Generation Ill+
technologies will be deployed until 2020 to 2030. After 2030, nuclear deployment
will focus on Generation IV technology. The key regions for nuclear deployment
will be Canada and the United States, China and India, Russia, Western Europe,
and OECD Pacific.

Barriers to technology diffusion

Market and non-market barriers to new technologies need to be overcome if
these technologies are to deliver their potential in regard to reducing carbon
emissions. The main barriers to new technology deployment are listed in
Table 5.6.

A recent IEA study, Tackling Investment Challenges in Power Generation (IEA,
2007) indicates that most IEA countries are entering a new investment cycle in
power generation. This represents an important opportunity to deploy cleaner
and more efficient power generation technologies, as the investment decisions
taken over the next decade will lock in CO, emissions for the next 40-50
years.

According to the World Energy Outlook 2006 (IEA, 2003a), OECD countries
will need 466 GW of new power generation by 2015. This is 20% more than
their existing capacity. Although improved energy efficiency could reduce this
figure, many existing power plants are nearing the end of their operational
lives and large investments are needed just to replace much of their production.
World Energy Outlook 2006 estimates that 200 GW will need to be replaced
by 2015, and that one-third of existing capacity — or 872 GW - will need to
be replaced by 2030.
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Table 5.6 Barriers to technology diffusion
Barrier Key characteristic
Information Clear and persuasive information about a new product

at the time investors are planning to invest

The indirect costs of a decision to purchase and use
equipment

Finance Costs relative to alternative technologies; absolute costs;
imperfections in market access to funds

Capital stock turnover rates Sunk costs; tax rules that reward long depreciation
periods; inertia

Excessive / inefficient regulation Regulation must keep pace with developing policy
objectives

Capacity Capacity to introduce technology or use technology is
not sufficient

Uncompetitive market price For example, where scale economies and learning

benefits have not yet been realised

Source: IEA, 2003b.

The rate of technology diffusion depends on a number of factors, including:

the market growth rate, and the rate at which old capital stock is phased out;
the rate at which new production capacity can come on stream;

the extent of market fracturing;

the availability of a supporting energy infrastructure (e.g., hydrogen supply);
the viability and competitiveness of alternative options;

the existence and phasing out of constraining standards and regulations, and the
existence and phasing in of supportive standards and regulations;

the rate at which skilled personnel can learn to produce, install and maintain such
equipment;

the market power of existing suppliers and their involvement in marketing new
solutions;

consumer information, interest and incentives;
the existence of policies that support the infroduction of a new technology;

compliance with regulations and technical standards.

The relevance of these factors will vary for specific products. For individual products,
the first five factors can be estimated on the basis of market characteristics, while the
last six are often hard to quantify. However, policies can be put in place to mitigate
the delays caused by these factors.
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For this study, market growth and capital stock are considered the key constraining
factors. As a consequence, technology uptake can take place at a faster rate
in rapidly growing markets (such as those in developing countries). The rate of
technology diffusion is higher for products with a short life-cycle than for those with
longer long life-cycles.

Table 5.7 outlines the typical service life of a range of common energy-consuming
goods. It shows that for most technologies, the timeframe for the diffusion of new
energy technologies will be in the order of decades. Technology diffusion will often
start slowly, until consumers are confident that the new technology is reliable.

Typical service life for energy-consuming capital goods

Type of asset

Typical service life (years)

Household appliances 8-12

Automobiles 10-20
Industrial equipment/machinery 10-70
Aircraft 30-40
Electricity generators 50-70
Commercial/industrial buildings 40-80
Residential buildings 60-100

Source: Jaffe, 1999.

In the case of more energy efficient vehicle technologies, diffusion in many OECD
countries will be limited by the trend towards heavier vehicles, such as SUVs,
pick-up trucks, four-wheel drives and vans. These are relatively inefficient and will
probably remain in circulation for the next 10 to 20 years. In the United States,

these types of vehicles represented 41% of registered passenger vehicles in 2005
(Gallagher, 2007).

Technology diffusion rates are often overestimated. For example, it took ten years
to reach one million cumulative hybrid vehicle sales, which remains a small fraction
of the 70 million cars sold each year. In purchasing durable products, especially
cars and home electronics and appliances, consumers attach relatively low weight
to energy efficiency or environmental issues. In these areas, diffusion rates will
be difficult to predict unless policies are implemented to promote the uptake of
new technologies (such as minimum efficiency standards, building codes and tax
incentives).

There is significant potential to speed up technology deployment in newly
industrialised countries by focusing efforts on the relatively large market of first-
time buyers. But costs will be a major barrier, as clean technologies are often more
expensive. First-time buyers in these countries are generally constrained by limited
budgets and high financing costs. To encourage investment in new technologies,
steps may also need to be taken to avoid the dumping of less-efficient, older
products in developing countries, as the industrialised world moves on to more-
efficient products.



217 CHAPTER DEPLOYMENT AND TECHNOLOGY LEARNING

Overall, energy efficiency offers the highest potential for reducing future CO,
emissions. The majority of the technologies needed are already available today at
low or negative costs. Energy-efficient technologies that are already cost effective
but are not being taken up require government intervention, through policies
aimed at removing barriers to market uptake. Codes and standards are the most
effective way to bring these energy-efficient technologies to commercialisation,
but are rarely the most economically efficient way. A wide range of other policy
instruments are available: such as public information campaigns, non-binding
guidelines, labels and targets, and fiscal and other financial incentives. Greater
international harmonisation of codes, standards and labelling schemes, together
with the continuous development of international standards is also needed.

Policy options to accelerate deployment

No single policy or set of policies ensures that a technology will successfully make
the hurdle from deployment to commercialisation. The choice of technologies is
best left to industry, rather than governments. The role of governments should be
to implement policies targeted at overcoming barriers to market uptake of new
and improved energy technologies, which can deliver the overall outcomes the
government is seeking (Sagar and van der Zwaan, 2006).

In terms of policy development, a number of key criteria must be met:

B Externalities must be addressed. For example, governments need to develop
mechanisms to ensure a proper cost is attributed to the CO, impact of individual
technologies.

B A flexible policy framework is needed that provides reliable support for clean
energy technologies, but with room for modifications if necessary as a justified
response to changing conditions.

B Direct support should be avoided. Industry should be encouraged to establish
itself.

B Support policies should be proportionate. Overgenerous support policies can raise
prices, be a disincentive for innovation, and lock in inappropriate technologies.

Businesses need clarity and consistency regarding long-term market rules so that
they can make investment decisions based on calculated risks. Without regulatory
certainty, the perceived risk level can undermine incentives for investing in
projects that represent major up-front investment costs. Credible, long-term policy
commitments can significantly reduce the risks of investing in new technologies.

Analysis of renewable energy policy effectiveness

The IEA is assessing the effectiveness of renewable energy policies in its ongoing
Clobal Renewable Energy Markets and Policies Analysis Programme. The
Programme’s main message is that effective renewable policies reflect four
fundamental principles:
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B the need for a predictable support framework to aftract investors;
B the removal of non-economic barriers, such as too much bureaucracy;

B g specified duration and declining level of support which, in order to control costs,
should be maintained consistently over time;

B the tailoring of policy schemes to specific technologies so as to reflect their varying
level of maturity.

Policies are needed to remove non-economic barriers to the diffusion of renewable
energy. Administrative complexities or hurdles, grid-access issues that affect
connection or public resistance to new technologies can still act as “showstoppers”
in many cases, even where renewable energy technologies (RETs) are economically
competitive with conventional energy technologies. Removing these barriers
remains a key area for future policy work and public involvement.

Policy support mechanisms for RETs should be designed to be transitional, with
decreasing support levels over time. Beyond the need to ensure the continuity of
a renewable-energy policy, the support mechanisms have to be flexible enough
to ensure that they keep up with technological improvements and do not exclude
less competitive RET options that have a high potential for development in the
longer term. In these respects, feed-in tariffs have generally been more effective
than tradable green certificate-based (TGC) schemes in developing RETs, although
at a relatively high price. Regular reviews of the mechanisms in place and of the
progress achieved are crucial to ensure that renewable-energy penetration and
deployment occurs smoothly and effectively.

Significant cost savings can be achieved when deployment can be focused at least
initially on niche markets. These markets often provide high growth rates and
require less learning investment, as the cost of the alternative, incumbent technology
is often also higher. For example, Poponi (2003) found that the break-even price
for PV systems in southern ltaly was EUR 4/W, versus an average EUR 1/W for
utility-owned systems.

International co-operation to promote technology
deployment

Much of the deployment in clean energy technologies is expected to take place in
OECD countries. But as investments in power generation are locked in for 40 to
50 years, it is important that fast-growing non-OECD countries also deploy these
technologies. Technology collaboration between OECD and non-OECD countries
would help to not only promote the uptake of cleaner technologies in non-OECD
countries, but also to speed up the deployment phase, as manufacturing costs
are generally lower in non-OECD countries. Non-OECD countries may also see
opportunities to build a national industry from a new energy technology, which
would justify the higher deployment costs.

Rapid demand growth in developing countries for a wide range of consumer goods
provides a unique opportunity to deploy cleaner technologies. It is important to
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ensure that intellectual property rights are protected for business-based technology
transfer to succeed.

Many developing countries are reluctant to impose tough standards and codes
for fear of hurting local businesses. This often leads to the commercialisation of
less-efficient technologies and creates barriers to the transfer of clean technologies.
Sharing international best practices can help OECD and non-OECD countries
identify appropriate standards and codes to encourage the market uptake of
cleaner technologies.

The benefits of technology learning are typically shared on a global level. This
emphasises the need for infernational collaboration on technology development
and deployment.? In many cases, deployment costs can be lowered through
international collaboration.

2. The IEA Implementing Agreements offer a good opportunity to improve international collaboration on technology
development and deployment.
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Key Findings

The additional investment needs over the Baseline scenario to 2050 are USD 17 trillion
in the ACT Map scenario and USD 45 trillion in the BLUE Map scenario, which is an
increase of 7% and 18% respectively over the baseline. This represents an increase
in the investment needs that is equivalent to 0.4% of cumulative GDP between 2005
and 2050 in the ACT Map scenario and 1.1% in the BLUE Map scenario. The BLUE
Map scenario requires additional investment of around USD 1.1 trillion per year
between 2010 and 2050. This is roughly the current annual output of the Italian
economy.

Total cumulative investment needs in the Baseline scenario are estimated to be
USD 254 trillion between 2005 and 2050. Although extremely large in absolute
terms, this is only 6% of cumulative GDP over the period. Demand-side investments
dominate, with USD 226 trillion invested in energy consuming technologies between
2005 and 2050.

The ACT and BLUE scenarios imply that energy consumers in industry, buildings
and transport invest significantly more than in the baseline. Transport dominates
investment needs in all scenarios and the additional investment needs in the ACT
and BLUE scenarios, due to the growing sales of transport vehicles and their high
unit cost. Transport accounts for around 78% of the additional investment needs in
the ACT Map scenario and 70% in the BLUE Map scenario.

The additional investment needs in the ACT Map and BLUE Map scenarios
result in significant fuel savings between 2005 and 2050 — USD 34.7 ftrillion
and USD 50.6 ftrillion respectively (undiscounted). Subtracting the fuel savings
from the additional investment needs yields savings of USD 17.4 trillion (ACT
Map) and USD 5.6 trillion (BLUE Map). Discounting back to 2005 at 3%, the
additional investment needs and the fuel savings show a net discounted saving of
USD 4.5 trillion in the ACT Map scenario, but an increase of USD 0.8 trillion in the
BLUE Map scenario. At a 10% discount rate, the net increase is USD 0.7 trillion for
the ACT Map scenario and USD 2.1 trillion for the BLUE Map scenario.

Investment in the electricity sector (generation, transmission and distribution) is
USD 1.1 trillion lower than the baseline in the ACT Map scenario, but USD 2.9 trillion
higher in the BLUE Map scenario. In the ACT Map scenario, energy efficiency
(through reduced generation, transmission and distribution needs) more than offsets
the trend towards a more capital intensive generating system. However, the deeper
cuts required in the BLUE scenario, as well as electricification mean this is not the
case in the BLUE Map scenario.

Investment in power generation plants increases by USD 0.7 trillion over the baseline
in the ACT Map scenario and by USD 3.6 trillion in the BLUE Map scenario. This
is an increase of 6% and 28% respectively. In both scenarios, the electricity system
shifts to more capital-intensive renewables and nuclear generation, as well as
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CCS-equipped thermal plant. The incremental investment over the baseline in CCS
technologies in the BLUE Map scenario is estimated to be USD 1 trillion for power
generation, with another USD 0.4 trillion invested in CCS in the industrial sector.

Electricity transmission network needs increase by USD 0.9 trillion and USD 1.4 trillion
in the ACT Map and BLUE Map scenarios. In these scenarios, power generation and
transmission investment together increases by between 10% and 30%. However,
reduced electricity demand growth due to energy efficiency means that investment
needs in the electricity distribution network are USD 2.7 trillion lower than in the
Baseline scenario in the ACT Map scenario and USD 2.1 trillion lower in the BLUE
Map scenario.

Energy efficiency and fuel switching in the end-use sectors means that investment
needs in the energy transformation sector are USD 1.9 trillion lower than in the
Baseline scenario in the ACT Map scenario and USD 0.6 trillion lower in the BLUE
Map scenario. The smaller reduction in the BLUE Map scenario is due to the greater
investment needs in biofuels and hydrogen production reducing the net savings from
less investment in conventional oil refineries.

The additional investment needs over the baseline in transport of USD 17 trillion
(ACT Map) and USD 33 trillion (BLUE Map) dominates total incremental investment.
This represents an increase in transport investment of 8% in the ACT Map scenario
and 15% in the BLUE Map scenario. Transport dominates total investment, due to
the high unit costs of cars, trucks, ships and planes and the sheer quantity that are
projected to be sold (an average of 106 million light-duty vehicles per year between
2005 and 2050).

Investment by consumers in the residential sector is USD 2.2 trillion higher in the
ACT Map scenario and USD 6.4 trillion higher in the BLUE Map scenario than the
USD 9.1 trillion projected in the Baseline scenario. In the commercial sector, the
increase over the baseline is USD 0.4 trillion and USD 1 trillion respectively. This
represents increased investment in more energy efficient appliances and lighting, the
additional costs of more energy efficient building shells, the increased capital costs
of more efficient heating systems, and additional capital investment in the switch to
lower-carbon heating fuels. In the ACT Map scenario, investment in the industrial
sector is USD 0.6 trillion higher than the Baseline scenario total of USD 2.4 trillion
and in the BLUE Map it is USD 2.5 trillion higher.

Ad(ditional investment needs in clean energy technologies and energy efficiency in
the ACT Map scenario are around 10 times the current estimated level of investment.
In the BLUE Map scenario, it is around 18 times the current level of investment.
Ramping up this investment in the demand-side will be critical to achieving the ACT
Map and BLUE Map scenarios.

OECD countries will need to invest USD 7.3 trillion more in the ACT Map
scenario than in the Baseline scenario, compared to an additional investment
of USD 10.3 trillion needed in non-OECD countries. In the BLUE Map scenario,
additional investment in OECD countries is USD 18.4 trillion, or 2.5 times the level of
the ACT Map scenario. For non-OECD countries, additional investment in the BLUE
Map scenario is 2.6 times that of the ACT Map scenario, or USD 27 trillion. There
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is a significant ramping up in the Blue Map scenario of the additional investment
needs in the period 2030 to 2050.

> Achieving the incremental investment needs of the BLUE Map scenario will be
challenging, but the global economy is projected to generate sufficient funds.
Governments need to ensure that the right policies are in place to make sure this
investment occurs in a timely fashion. Current financing mechanisms will need to be
expanded, and new and innovative facilities will need to be created. International
financial organisations are aware of the challenge, but need support from donors to
expand programmes, pilot new large-scale financing mechanisms and partner with
national or regional programmes to enhance their effectiveness or scale.

> The importance of demand-side investments is a paradigm shift: it will require a
change in thinking and structure so as to focus on the financing needs of individuals
in order to overcome capital constraints, high implicit discount rates and poor
information about costs and benefits. The BLUE Map scenario will require well-
designed efficiency standards, improved building regulations, carbon reduction
incentives and new financing facilities.

> The challenge posed by greater up-front investment needs will be particularly
significant for developing countries where rapid economic growth is driving
investment in proven low-cost fossil-fuel technologies. They will also require
assistance in capacity building to help improve their capital markets and in the
development of financing schemes, especially for consumers.

Investment needs in the Baseline scenario

In the Baseline scenario, total final energy consumption almost doubles between
2005 and 2050 because of increasing demand for goods, services and leisure
activities that require energy as an input. This implies dramatic investment growth
in energy consuming devices and processes, but also in the energy production and
supply infrastructure that will be needed to service them.! In the Baseline scenario,
the total investment required on the demand- and the supply-side is estimated to be
USD 254 trillion between 2005 and 2050.2 The vast bulk of this (USD 226 frillion) is
accounted for by investments that energy consumers will make in capital equipment
that consumes energy, from vehicles to light-bulbs to steel plants, as shown in
Figure 6.1.3

1. All figures in this chapter are in USD 2005, evaluated at market exchange rates.

2. This doesn't include upstream investment in the production and transportation of coal, oil and gas. Estimating upstream
investment in the coal, oil and gas industries beyond 2030 is highly uncertain. Upstream investment is therefore not included
in the totals in the remainder of this chapter. However, including the upstream investments in the Baseline scenario between
2005 and 2030 raises total investment needs presented in this chapter from around USD 95 trillion to USD 117 ftrillion, of
which supply-side only (IEA, 2007a) is USD 22 trillion (see Box 6.1).

3. See Annex B for a description of what is included in the investment figures calculated in this chapter.
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Figure 6.1 Investment needs in the Baseline scenario, 2005-2050
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Key point

Investment in transport dominates total investment needs in the Baseline scenario, accounting for 84% of the total.

Additional investment needs in the ACT Map
and BLUE Map scenarios

In the ACT Map and BLUE Map scenarios, overall investment needs increase
over the baseline by USD 17.3 trillion and USD 45 frillion respectively
(Figure 6.2).* These figures include the learning and deployment costs
calculated in Chapter 5. In these scenarios, consumers invest in more energy
efficient equipment, vehicles and industrial plants with CCS; while electricity
generators invest in higher capital-cost renewable, nuclear and CCS-equipped
plants. Many of these investments are economic over their life-cycle even
without a CO, reduction incentive; as they yield fuel cost savings that when
discounted exceed the additional initial investment. Increased energy efficiency
also offers other investment benefits: in the ACT Map scenario, investment
needs in the transformation sector are USD 1.9 ftrillion lower than in the
Baseline scenario and USD 2.7 trillion lower for electricity distribution systems
(Figure 6.2). For power plant, the additional per unit capital costs of power
sector investment are offset to some extent by the lower electricity demand in
this scenario.

In the ACT Map scenario, energy efficiency plays a relatively more important role
than biofuels in driving down CO, emissions in the transport sector (there is no
hydrogen). As a result, increased investment in biofuels is more than offset by
the decline in conventional refinery investment that results from less growth in oil
demand. In the BLUE Map scenario, investment needs for biofuels and hydrogen
production are higher than the reduced investment in refineries due to lower oil
demand through efficiency and fuel-switching. Transformation sector investment

4. Although the projection period extends from 2005 to 2050, no change occurs to investment between the Baseline
scenario and the ACT Map and BLUE Map scenarios until 2010.
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in the BLUE Map scenario is therefore higher than in the ACT Map scenario, but
still lower than in the Baseline scenario. In the electricity distribution sector, lower
investment is needed in both the ACT Map and BLUE Map scenarios than in the
Baseline scenario; but the reduction in the BLUE Map scenario is smaller because
of increased electrification.

Additional investment in the ACT Map and BLUE Map scenarios
compared to the Baseline scenario, 2005-2050
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Key point

Transport dominates the additional investment needs in both the ACT Map and BLUE Map scenarios. Energy

efficiency lowers investment needs in electricity distribution and energy transformation.

In both the ACT Map and BLUE Map scenarios, the transportation sector dominates
the additional investment needs, as consumers invest in fuel-efficiency options
(including improved internal combustion engines, power trains, aerodynamics,
appliances, low-resistance tyres, hybridisation, fuel cells and onboard hydrogen
storage). Transport accounts for around 78% of the additional investment in the
ACT Map scenario for sectors needing additional investment, although this falls
to around 70% in the BLUE scenario, as relatively more expensive options in other
sectors are required.

As shown in Table 6.1, the ACT Map and BLUE Map scenarios represent
a significant change in the patterns of investment that are needed. The
additional investment needs in the ACT Map and BLUE Map scenarios stem
from the increased capital costs of deploying more energy efficient equipment
or capital plant, as well as from the increased costs associated with deploying
renewable or low-carbon technologies. These investments yield significant
savings in fossil-fuel consumption, but lead to increased bioenergy fuel costs.
Many of the energy efficiency investments are competitive based on life-cycle
costs. Overall, the undiscounted fuel savings total USD 34.7 trillion in the ACT
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Map scenario and USD 50.6 trillion in the BLUE Map scenario (Figure 6.3).°
The net total of undiscounted investment needs and fuel savings in the ACT
Map scenario is a saving of USD 17.4 trillion, reflecting the significant share of
low-cost or negative cost measures in this scenario.® In the BLUE Map scenario,
the net savings are reduced to USD 5.6 trillion over the period to 2050. This is
due to the significantly more expensive options that need to come into play to
achieve the deeper emissions cuts in this scenario. It is important to note that
these calculations are conservative, as they exclude fuel savings beyond 2050
that will occur as a result of investment before 2050.

Table 6.1 Additional investment in the ACT Map and BLUE Map scenarios
compared to the baseline, 2010-2050
Increase/Decrease from baseline

ACT Map BLUE Map

(USD ftrillion) (USD ftrillion)
Transformation -1.9 -0.6
Power plant 0.7 3.6
Transmission (electricity) 0.9 1.4
Distribution (electricity) -2.7 -2.1
Industry 0.6 2.5
Transport 17.1 32.8
Residential 2.2 6.4
Services 0.4 1.0
Total 17.3 45.0

Discounting the additional investment needs and the fuel savings these investments
generate back to 2005 at a 3% discount rate yields a net discounted cost of
USD -4.5 trillion in the ACT Map scenario and USD +0.8 trillion in the BLUE Map
scenario. At a 10% discount rate, these costs rise to USD +0.7 trillion for the ACT
Map scenario and +2.1 trillion for the BLUE Map scenario.

5. Fuel savings are evaluated using the Baseline scenario fuel prices. Using the BLUE Map scenario prices would reduce
these savings by USD 4.5 and 7.1 trillion dollars respectively for the ACT Map and BLUE Map scenarios.
6. See World Energy Outlook 2006 (IEA, 2006) for a discussion of the issue of discounting future costs and savings at

the global level.
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Figure 6.3 Additional investment and fuel savings in the ACT Map and BLUE
Map scenarios compared to the baseline, 2010-2050
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Key point

In the ACT Map and BLUE Map scenarios, fuel savings comfortably offset additional investment needs without

discounting. Discounting at 10% implies a net additional cost in both scenarios.

Box 6.1 Investment needs in World Energy Outlook 2007:
modelling upstream investment in the coal, oil and gas sectors

World Energy Outlook 2007 estimated total investment in the upstream coal, oil and gas
industries, as well as in power generation, transmission and distribution between 2006 and 2030
to be USD 21.9 trillion (IEA, 2007a). This chapter includes estimates of the investment needs
for power generation, transmission and distribution to 2050, as well as investments in gas-to-
liquids (GTL), coal-to-liquids (CTL), refineries and biofuels. However, the investment needs for the
exploration, production and transport of coal, oil and gas are not included in the Baseline, ACT
Map or BLUE Map scenarios presented in the main body of this chapter. World Energy Outlook
2007 estimated upstream investment in the exploration, production and transportation of coal,
oil and gas to be USD 10.2 trillion over the period to 2030. These costs are non-linear with
relation to energy demand growth, and so are extremely difficult to estimate out to 2050 given
the wide-range of uncertainties surrounding decline rates, capital costs, location of production
growth, etc.

Adding upstream investments in coal, oil and gas to the investment needs presented in the main
body of this chapter for the period to 2030 increases the Baseline scenario total for both the
demand and the supply side (including upstream) to USD 117.5 trillion. This figure is directly
comparable with the supply-side-only investment figure in World Energy Outlook 2007 of
USD 21.9 trillion to 2030. So in the period to 2030, including demand-side investment needs
increases total investment needs fo almost 5.4 times more than the supply-side only investments
(Table 6.2).
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Comparison of WEO and ETP investment needs for
the Baseline scenario to 2030

USD trillion USD ftrillion
World Energy Outlook Energy Technology
Perspectives

Production and transport
Coal 0.6 0.6
Oil 5.4 5.4
Gas 4.2 4.2
Electricity generation, 11.6 11.6
transmission and distribution
Subtotal 21.9 21.9
Demand side n.a. 95.6
Total n.a. 117.5

Investment needs by sector

Transport

In the Baseline scenario, investment in planes, trucks, buses and light duty vehicles
(LDVs) dominates total investment needs, accounting for USD 212 trillion or 84%
of the total investment of USD 254 trillion. Of the transport sector total total, LDVs
account for around 62% (USD 131 frillion) of the investment needs. A total of
4.8 billion LDVs will be sold between 2005 and 2050, implying average annual
sales of 106 million LDVs per year in the Baseline scenario. Sales of hybrid, LPG
and CNG powered vehicles reach 11.6 million per year in 2050, averaging
5.4 million units per year over the period.

After LDVs, shipping is projected to be the next single largest area of transport
investment, as the global economy grows and the quantity of raw materials and
finished goods transported between producers and their customers rises. Shipping
companies will invest around USD 26.9 frillion in new ships between now and
2050, purchasing around 5 070 million tonnes of shipping over this period.

Purchases of heavy and medium trucks are estimated to cost around USD 39.7 trillion,
with heavy trucks accounting for around USD 20.7 ftrillion. Total heavy truck sales
are projected to be 157 million between 2005 and 2050, with around 57% of the
sales occurring outside the OECD. Medium-freight truck sales total 312 million. Bus
sales come to 69 million, with around four-fifths of these in non-OECD regions.

In the ACT Map scenario, investment needs over and above baseline are
USD 17.1 trillion or an increase of 8%. Of this total, USD 15.1 trillion is in LDVs. In
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the LDV sector, investment in conventional vehicles is significantly reduced, being
replaced by investment in more expensive hybrid and plug-in hybrid vehicles.
Sales of hybrid vehicles reach 72% of new LDV sales in 2050. The additional cost
of gasoline hybrid vehicles is assumed to fall to around USD 2 300 per vehicle in
2050. There are also additional investment needs for improvements to the internal
combustion engine (although these are offset to some extent by engine downsizing)
and other improvements in areas including aerodynamics, light weighting of
vehicles and more efficient onboard appliances.

In the BLUE Map scenario, additional investment needs over the Baseline scenario
are USD 32.8 trillion or an increase of 15%. In this scenario, even fewer conventional
vehicles are sold as larger efficiency improvements and the further decarbonisation
of LDVs is achieved by the penetration of electric vehicles (EVs) and hydrogen fuel
cell (HFC) vehicles. The additional cost per vehicle of HFC, EV, plug-in hybrids and
hybrids is expected to decline over time with deployment (Table 6.3). In the BLUE
Map scenario, additional investment in LDVs reaches USD 20.4 trillion in 2050,
for trucks and buses USD 9.3 trillion, with the balance attributable to aircraft and
ships.

Additional cost per vehicle of hybrids, EVs and HFC vehicles in BLUE
Map compared to conventional vehicle in the baseline

Gasoline hybrid

2015 2030 2050
(USD per vehicle)

2 800 2 300 2 300
................................................. 5 300 3600 3400
............................................... 45000 9000 6400
............................................... 25000 8900 6500

The overall comparison between the Baseline, ACT Map and BLUE Map scenario
transport investment demands is shown in Figure 6.4, below.

Additional investment needs in the transport sector depend heavily on the
assumptions made for learning rates for hybrids, electric vehicles and HFC vehicles.
If either HFC or electric vehicles are more successful than the other is, investment
needs could decrease by USD 2 frillion or increase by up to USD 7 frillion. This
represents potentially a decrease in the additional LDV investment needs of 14% at
one extreme or an increase of 31% at the other.

Electricity sector

In the Baseline scenario, investment in the electricity sector, including generation,
transmission and distribution; is projected to be USD 24.8 trillion between 2005
and 2050. More than half of this (USD 12.9 trillion) is needed for new power-
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Figure 6.4 Additional investment in LDVs in the ACT Map and BLUE Map
scenarios compared to the baseline, 2005-2050
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Key point

Increased investment in hybrids, HFC and electric vehicles is not offset by the reduced spending on conventional
LDVs.

generation plants, with USD 8.3 frillion for maintaining and expanding the
electricity distribution network and USD 3.6 trillion for the electricity transmission
network (Figure 6.5). Investment in conventional technologies — gas, coal, biomass,
hydro and nuclear — dominates the power generation sector total. Over 9 000 GW
of gas-fired capacity is added in the Baseline scenario between 2003 and 2050,
and just over 4 000 GW of coal-fired capacity.

Figure 6.5 Electricity sector investment needs in the Baseline scenario,
2005-2050

Total: USD 24.8 trillion

Gas 16%
Coal 15%

Transmission
15%
Biomass 7%

Hydro 6%
Power
generosﬁ]o; Nuclear 4%
()
Wind 2%
PV 1%

Distribution _—
\ Geothermal 1%

33%

Key point

Power generation accounts for half of investment needs in the electricity sector in the Baseline scenario, of which
gas-fired plant is the largest single investment.
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In the ACT Map scenario, energy efficiency reduces electricity demand
growth, reducing the need for new generation capacity and expansion of
the transmission and distribution grids. There is also a switch to more capital
intensive renewables, nuclear and CCS-equipped thermal technologies. The
reduction in investment in conventional coal- and gas-fired electricity plant
and the distribution network more than offsets the additional investment
needs in renewable, nuclear and CCS technologies. Investment needs are
therefore USD 1.1 trillion (-4%) lower in the ACT Map scenario, than in
the baseline (Figure 6.6). In the BLUE Map scenario, there is a significant
increase in the investment in renewables, nuclear and CCS technologies, as
well as a reduction in savings in investment in the distribution network due to
electrification. As a result, investment needs are USD 2.9 trillion (+12%) higher
than in the Baseline scenario.

The additional investment needs for power generation plants over and above
the Baseline scenario total USD 0.7 trillion (+6%) in the ACT Map scenario
and USD 3.6 trillion (+28%) in the BLUE Map scenario. A 20% reduction in
electricity demand growth as a result of improved energy efficiency in the
ACT Map scenario (slightly less in the BLUE Map scenario) reduces the need
for additional capacity, but this is offset by the increased capital costs of
renewables, nuclear, and thermal capacity with CCS.

Additional investment in the electricity sector in the ACT Map and
BLUE Map scenarios compared to the baseline, 2005-2050
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Key point

Additional investment in transmission, renewables, nuclear and CCS is greater than the reduced investment in coal,
gas and the distribution network in the BLUE Map scenario.
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The number of new-build coal-fired power plants without CCS drops by
almost 90% in the BLUE Map scenario compared to the baseline. The number
of coal-fired plants with CCS would grow by around 1 240 (500 MW units)
in the ACT Map scenario and 1400 in the BLUE Map scenario, including
existing plant retrofits (over 300 units of 500 MW each). The prospects for
gas-fired power plants are more stable, with only a modest reduction from the
baseline in either the ACT Map or BLUE Map scenarios. Assuming that wind
turbines average 4 MW in size, around 700 000 are required in the BLUE Map
scenario (Figure 6.7), compared to 146 000 in the Baseline scenario. There is
a significant increase in the level of physical investment on average over the
period to 2050 compared to today’s level of investment in renewables and
CCS, with the exception of hydro. The ramp-up rates are achievable, but any
delay in action would have a significant impact on the path of emissions.

Investment needs for transmission systems increase by USD 0.9 frillion in
the ACT Map scenario and by 1.4 trillion in the BLUE Map scenario. The
additional investment, despite the reduction in electricity demand, is necessary
to provide transmission lines that will connect more remote renewables to
the grid. The connection of intermittent renewables will also require some
reinforcing of grids. Investment in the electricity distribution system is reduced
by USD 2.7 ftrillion in the ACT Map scenario and by USD 2.1 trillion in the
BLUE Map scenario, largely as a result of reduced electricity demand. The
reduction is less in the BLUE Map scenario as electricification (particularly for
plug-in hybrid vehicles and heat pumps for process, space and water heating)
raises electricity consumption above the ACT Map level.

Average annual power plant investment in the ACT Map and BLUE
Map scenarios, 2010-2050

ACT Map - BLUE Map

30 - 35 CCS coal-fired plants (500 MW)
1 - 20 CCS gas-fired plants (500 MW)
-~ 24 - 32 nuclear plants (1 000 MW)

1/5 of Canada's hydropower capacity
30 - 100 biomass plants (50 MW)

2 900 - 14 000 wind turbines (4 MW)
775 - 3 750 wind turbines (4 MW)
50 - 130 geothermal units (100 MW)

115 - 215 million m? solar panels
45 - 80 CSP plants (250 MW)

T T T
30 40 50 60
GW per year
M Present rate B ACT Map BLUE Map

Note: Chapter 2 outlines a number of scenarios for power generation. In practice, individual countries will have
considerable choice in the balance of low-carbon-generation options that they prefer, depending on local circumstances,

resource availability efc.

Key point

Renewables will dominate new plant developments in the BLUE Map scenario.
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Residential and services

In the Baseline scenario, investment by householders in energy consuming
equipment is around USD 9.1 ftrillion. The number of households is projected
to expand by nearly 1.1 billion between 2005 and 2050, with many of the new
households being added in developing countries. Space heating and appliances
account for around two-thirds of the total investment. Although space heating is
concentrated in OECD countries, the high cost of heating systems means their
share is still very significant at a global level. Investment in air-conditioners is set fo
increase rapidly over the outlook period, as incomes grow rapidly in developing
countries with very high potential cooling loads.

Investment in energy consuming devices in the service sector is projected to amount
to USD 1.5 frillion between 2005 and 2050. Space heating and water heating
each account for around 15% to 16% of the investment projected in the service
sector, much less than in the residential sector, as lighting, cooling and ventilation
represent a much more significant share of the total investment needs of the service
sector. This reflects the growth in service sector floor area in developing countries,
and the fact that service-sector buildings tend to have higher occupancy rates
during peak cooling periods.

In the ACT Map and BLUE Map scenarios, additional investment in the residential
sector amounts to USD 2.2 trillion (+24%) and USD 6.4 trillion (+70%) respectively.
Little change occurs in the lighting sector, as higher-cost compact fluorescent and
other efficient lighting options need replacing less often. In the ACT Map scenario,
appliances are shifted towards least life-cycle cost, whereas in the BLUE Map
scenario there is a shift towards best available technology. Although the cost of this
shift declines over time with deployment, it still implies a very significant increase in
initial investment costs.

In the ACT Map and BLUE Map scenarios, significant investment in building
envelopes helps to reduce incremental space heating investment needs and makes
a significant contribution to containing overall investment levels. Reduced heat
demand allows heating systems to be downsized. This offsets the cost of more
expensive heating systems such as heat pumps, which for a residential unit may
cost USD 3 500 more than a conventional gas boiler.

The BLUE Map scenario assumes a very significant shift to higher energy efficiency
standards for building envelopes, both for new construction and for refurbishment.
Given the very slow turnover of building stock, this will require a significant increase
in energy efficiency refurbishment and reconstruction. Policies will therefore need
to be put in place that result, directly or indirectly, in the increased level of energy
efficiency refurbishment. This is likely to lead to the premature reconstruction/
demolition of some lower-value housing stock to meet the higher energy efficiency
targets. The need and potential impact of such policies is very much country-specific
and depends on the balance between refurbishment and reconstruction costs
versus the additional value gained. This is potentially a very difficult area for policy
makers. Nevertheless, energy efficient refurbishments of the building envelope will
be essential in the BLUE Map scenario, and could be difficult to achieve at a low
cost.
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Additional investment in the residential and service sectors
in the ACT Map and BLUE Map scenarios compared to the baseline,
2005-2050
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Ad(ditional investment needs are dominated by building shell measures, while the shift from ACT Map to BLUE Map

requires a threefold increase in the additional investment.

In the services sector, additional investment of USD 0.4 (+25%) and USD 1 trillion
(+63%) is required for the ACT Map and BLUE Map scenarios respectively. The
investment needs are dominated by additional investment in the building envelope
and in air conditioning and ventilation systems. Less investment is actually required
in lighting in these scenarios, as longer-life lighting options reduce not only
investment needs but also life-cycle costs, yielding strongly negative costs for CO,
abatement.

Industry

In the Baseline scenario, investment in the industrial sector totals USD 2.4 trillion
between 2005 and 2050. Investment is concentrated in the non-metallic minerals
and chemicals sectors. Rapid growth in cement demand in developing countries
and in the demand for chemicals is driving investment needs, as is the need for
significant refurbishment of existing industrial capacity in all sectors over the period
to 2050.

The ACT Map scenario (see Figure 6.9) envisages additional industrial investment
between 2005 and 2050 of USD 0.6 ftrillion, primarily in the chemicals, non-
metallic minerals and the residual industrial sectors. In chemicals, additional
plastics recycling and more efficient crackers require significant investments, while
in the non-metallic minerals sector, CCS and a more rapid shift to best available
technologies increases costs. In the residual industrial sectors, energy efficiency
investments, especially for industrial motors, are significant at around an additional
USD 150 billion. Most of these investments are economic even without a CO,
reduction incentive.
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In the BLUE Map scenario, additional investment of USD 2.5 frillion is needed
over and above the Baseline scenario. Chemicals demand an increased share
of the additional investment needed over the Baseline scenario, primarily due to
additional investment in plastics recycling. In the iron and steel sector, significantly
increased investments are needed to increase heat recovery in the sintering process;
to replace remaining beehive kilns; to install more CCS at blast furnaces and
direct-reduced iron (DRI) gas-based plants; and to improve the use of cold dry
quenching. In the pulp, paper and printing sector, additional investment in black
liquor gasifiers and lignine drying push up investment needs compared to the ACT
Map scenario.

Figure 6.9 Additional investment in the industrial sector in the ACT Map and
BLUE Map scenarios compared to the baseline, 2005-2050
USD 0.6 trillion USD 2.5 trillion
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Key point

Around 60% of the additional investment over the baseline in ACT Map and BLUE Map occurs in the chemicals and

non-metallic minerals sectors.

Transformation sector

In the Baseline scenario, the energy transformation sector requires USD 3.2 trillion
of investment. Investment in refineries accounts for around USD 1.3 trillion. The
capital-intensive expansion of coal-to-liquids (CTL), gas-to-liquids (GTL), and
biofuel plants accounts for USD 0.5 trillion, USD 1.3 trillion and USD 0.1 trillion
respectively. In the ACT Map and BLUE Map scenarios, there is virtually no
investment in CTL or GTL. In the ACT Map scenario, fuel-efficiency improvements
and the contribution of biofuels reduces oil demand growth and hence the need
for significant refinery expansion. Total investment in the transformation sector
is USD 1.9 trillion lower in the ACT Map scenario than in the Baseline scenario,
as increased investment in biofuels does not exceed the reduced investment in
refineries, CTL and GTL that occurs. In the BLUE Map scenario, oil demand is
reduced even more — and after some initial investment to 2015, the refinery
industry would start to disinvest. However, in the BLUE Map scenario the reduction
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compared to the Baseline scenario is only USD 0.6 trillion, as additional investment
in biofuels and hydrogen production and infrastructure is significant in the BLUE
Map scenario, totalling some USD 3 frillion between 2005 and 2050, or more than
26 times that of the Baseline scenario.

Additional investment in the energy transformation sector in the ACT
Map and BLUE Map scenarios compared to the baseline, 2005-2050

Total
Hydrogen
Biofuels
GTL

CTL

Refineries

Total

m "™
ACT Mop Bmp

Less investment is required than in the Baseline scenario due to energy efficiency in end-use sectors.

Investment patterns over time

As regards timing, in the Baseline scenario, around 15% of investment needs
are required in the period 2005 to 2015, 28% between 2015 and 2030 and
58% between 2030 and 2050. The average annual investment rises from
USD 3.7 trillion in the first period, to USD 4.7 trillion in the second and USD 7.3
trillion in the final period as energy demand grows and significant replacement of
earlier investment is required.

In the ACT Map scenario, the average annual additional investment needed over
and above the Baseline scenario is relatively stable over the outlook period. This
masks some counter-balancing effects, as the large investments made in energy
efficiency begin to yield significant fuel reductions as time goes by — thereby reducing
the need for investment in energy transformation and electricity fransmission in the
period 2030 to 2050 (Figure 6.11).

In contrast, in the BLUE Map scenario, successively larger average annual
investments are needed in later periods as relatively more expensive energy
efficiency and clean energy options are deployed. Between 2030 and 2050, the
average annual additional investment in the BLUE Map scenario is 3.6 times as
high as in the ACT Map scenario; mainly for the deployment of hybrid, electric and
fuel-cell vehicles, and for renewables and nuclear plant for electricity generation, all
of which accelerate between 2030 and 2050. Table 6.4 details the investments in
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CO,-free power generation over the period 2005 to 2050. This shows that annual
investment needs increase significantly over time. Annual investments in the 2030
to 2050 period are around ten times today’s level.

Investment in new CO,-free power plants in BLUE Map (G\W/yr)

2005-2015 2015-2025 2025-2035 2035-2050

Gas + CCS 0 5 17 18
.(.: 00|+ . C C S (mdUdmg r etr Om) ........................ O ..................... ] .................... 26 .................... 43 ..........

NUCleor]é ..................... 1 8 ................... 24 .................... 46 ..........

Wmd ..................................................... 29 .................... 53 .................... 60 ................... 94 ..........

PV .......................................................... 2 ...................... 6 ................... 28 .................... 58 ..........

So| Gr CSP .................................................. O .................... ] 4 .................... 37 .................... ] 8 ..........

.é Iom 0 ss . ( md Udmg Cocom busho n) .................... 8 ..................... ] 2 .................... 20 ................... 25 ..........

GeOthermol ............................................... 2 ..................... ] O” .................... ]9 ..........
HYdro]Q ..................... ] 5]6 ...................... 8 ..........
Total 68 134 239 330

The timing of the investments needed is different in the ACT Map and the
BLUE Map scenarios. In the transformation sector, for example, both scenarios
require slightly more investment to 2015 than does the Baseline scenario,
predominantly because of increased investment in biofuels plant. Thereafter,
additional investment needs are lower than in the Baseline scenario. However,
the savings below the baseline between 2015 and 2030 in the BLUE Map
scenario are around 40% smaller than in the ACT Map scenario and 75%
smaller in the period 2030 to 2050. This is due to the higher biofuels and
hydrogen production-plant investment.

For electricity generation plant, less investment is needed in the period to 2015 in
both the ACT Map and BLUE Map scenarios compared to the baseline, as energy
efficiency offsets the investment in more capital-intensive renewables. However,
after 2030 there is a significant increase in investment needs in the BLUE Map
scenario, as large amounts of renewable energy are deployed and as electrification
reduces the contribution that energy efficiency makes to reduce the need for power-
plant investment. Additional average annual investment over the baseline in the
BLUE Map scenario between 2030 and 2050 is around six times higher than the
additional needs in the ACT Map scenario for this period.

Investment needs in electricity transmission are lower than the baseline until 2015
in the ACT Map and BLUE Map scenarios, but are larger thereafter as the impact
of more remote renewables and the need for grid strengthening come into play.
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In the ACT Map scenario, higher average annual additional transmission network
investment occurs between 2015 and 2030, while in the BLUE Map scenario,
this occurs between 2030 and 2050. In terms of electricity distribution system
investment, the needs compared to the baseline are reduced in each period in the
ACT Map scenario. In the BLUE Map scenario, however, between 2030 and 2050,
distribution investment rises to around the level of the baseline, as elecirification
returns growth in electricity demand in this period to a similar level to that in
the Baseline scenario (note however, that between 2005 and 2050, distribution
investment in total is still lower than the baseline).

In industry, the ACT Map and BLUE Map scenarios show increased demand for
investment in each period, but the increase to 2015 is modest given capital stock
turnover constraints. In later periods, more stock needs replacing at the same time
that CCS technologies start to be widely applied. As a result, most of the industry
investment needs (57% in the BLUE Map scenario) occur after 2030.

In the transport sector, the average annual investment need over the baseline
is highest in the period to 2015 in the ACT Map scenario, before stabilising as
deployment lowers the incremental cost of efficiency and hybridisation. In the BLUE
Map scenario, deeper emissions cuts require much more expensive options to be
taken up. As a result, the average annual additional investment in this scenario
over the baseline increases significantly compared to the ACT Map scenario, and
continues fo increase over fime as the greater deployment of still expensive options
occurs after 2030. In the BLUE Map scenario, the average annual investment
above the baseline in the period 2030 to 2050 is around 2.3 times higher than in
the ACT Map scenario.

Average annual additional investment in the ACT Map and BLUE Map
scenarios by period compared to the baseline

Transmission

2005 - 2015 2015-2030 2030 - 2050 {2005 - 2015 2015-2030 2030 - 2050

(electricity)

(electricity)

B Power plant

M Services

B Industry

— B Residential

M Transport
Transformation
Distribution

- |

ACT Map BLUE Map

Average annual additional investment needs are quite stable in ACT Map, but need to increase over time in BLUE
Map.
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Regional differences

In the Baseline scenario, around 40% of the total investments to 2050 occur in
OECD countries. In the period to 2015, investment in OECD countries is around
52% of the total. However, this share declines to 35% in the period 2030 to
2050, as the investment of developing countries in energy supply infrastructure
and energy consuming equipment accelerates alongside their continuing rapid
economic growth.

Investment in OECD countries is greater than in non-OECD countries in the
residential and service sectors in the period to 2015 (Table 6.5). The OECD
countries’ share of investment is less than half of the total in the period 2030-2050
in every sector except electricity transmission and distribution and industry. Over the
whole period from 2005 to 2050, non-OECD countries account for between 55%
(in the power plant and residential sectors) and 72% (in the transformation sector)
of the investment.

Table 6.5 OECD countries’ share of investment in the Baseline scenario
2005-2015 2015-2030 2030-2050 2005-2050

Transformation 30% 25% 29% 28%

POW er plom ......................... 4 6% ...................... 4 9% ...................... 4 2% ....................... 4 5% ...........

Tmnsmlssmcnd .................. 2 3% ...................... 2 4% ...................... 5 ]% ....................... 34% ...........

distribution (electricity)

.I ndusfry .............................. 2 3% ...................... 2 4% ...................... 5 ]% ....................... 34% ...........

Tmnspoﬁ ............................ 4 4% ...................... 4 3% ...................... 3 3% ....................... 39% ...........

Res ldenh (.].l ........................... 5 5% ...................... 4 7% ...................... 3 5% ....................... 4 ]% ...........

Semces .............................. 5 9% ...................... 4 6% ...................... 4 ]% ....................... 4 5% ...........

The average annual investment in non-OECD countries in the period 2030
to 2050 averages 170% more than in the period 2005 to 2015. The average
annual investment in non-OECD countries in the Baseline scenario by period is
relatively stable in the electricity transmission and distribution sector and in industry.
Investment in other sectors grows significantly, however. For example, average
annual investment in transport from 2030 to 2050 is 215% higher than in 2005 to
2015. The same comparison for the residential and service sectors shows a growth
of 111% and 193% respectively.

In the OECD countries, the increase in the average annual investment from the
period 2005 to 2015 to the period 2030 to 2050 is only 32%, reflecting the
much more modest growth in energy demand in these countries than in non-
OECD countries. The only sectors in which OECD countries are projected to invest
significantly more per year from 2030 to 2050 than in 2005 to 2015 are the
electricity generation and transport sectors.
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In the ACT Map scenario, the additional investment needs over and above the
Baseline scenario are USD 7.3 trillion in OECD countries and USD 10.3 trillion in
non-OECD countries (Figure 6.12). In the BLUE Map scenario, OECD countries
invest USD 18.4 ftrillion and non-OECD countries invest USD 27 ftrillion over
and above the Baseline scenario. Investment needs increase significantly in the
transformation sector in the OECD countries between the ACT Map scenario
and the BLUE Map scenario, as significant additional investment in biofuels and
hydrogen production and the associated infrastructure is required. However, the
increase in investment is largest in absolute terms in transport, where an exira
USD 5.9 trillion is needed in OECD countries and USD 9.8 trillion is needed in
non-OECD countries.

Additional investment in the ACT Map and BLUE Map scenarios by
region compared to the baseline, 2005-2050
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Around 60% of the additional investment needs over the baseline in the ACT Map and BLUE Map scenarios occurs
in non-OECD countries.

Investment needs and global investment flows

The investment required to achieve the outcomes envisaged in the ACT Map and
BLUE Map scenarios is very significant, both in absolute terms and compared
to current levels. In 2006, investment in clean energy was estimated to total
USD 70.9 billion. This was an increase of 43% over 2005 (UNEP and New Energy
Finance, 2007). The average annual additional investment needs in the ACT Map
scenario are 6 times higher than this, while in the BLUE Map scenario they average
around 16 times this level each year from 2010 to 2050.

Theglobaleconomyhasthe capacitytofinancethisadditionalinvestment. Thetotal
investment of USD 254 trillion between 2005 and 2050 in the Baseline scenario
— or USD 5.6 trillion a year — represents around 6% of global GDP over
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that time.” In the ACT Map scenario, this increases by USD 0.4 trillion per
year between 2010 and 2050, and in the BLUE scenario, it increases by
USD 1.1 trillion. The total investment needs as a percentage of global GDP
therefore increase by 0.4% in the ACT Map scenario and by 1.1% in the BLUE
Map scenario.

Globally, total investment in the economy is estimated to have averaged around
22% to 23% of global GDP at market exchange rates since 1985. It is projected to
grow to an average 24% to 25% of global GDP (Figure 6.13) between 2009 and
2012 (IMF, 2007).8 With the exception of the United States, investment as a share
of GDP is generally growing. Developing countries, particularly in Asia, also tend
to have higher rates of investment, as these economies are rapidly expanding their
infrastructure and industrialising. The additional investment needs in the ACT Map
and BLUE Map scenarios, particularly when excluding what would be considered
“consumption” expenditure in the analysis presented here, therefore appear to be
well within the capability of the global economy to finance.

Global economy-wide investment trends by region, 2001-2012
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Source: IMF, 2007.

Key point

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Since 2001, global investment as a share of GDP has been growing in most regions.

The key issue for policy makers, however, will be to ensure that the required
investment in clean energy technologies and energy efficiency will actually occur,
and in a tfimely fashion. Although over the period to 2050 there is sufficient
global capacity to meet investment needs, in the short to medium term, ramping
up investment in clean energy technologies could prove very challenging. This
is critical, however, as any delays in investment in the ACT Map or BLUE Map
scenarios would result in significantly higher CO, emissions in the early years and
hence higher concentrations of GHGs in the atmosphere.

7. Unlike in other chapters, the comparison to global GDP in this chapter is based on GDP at market exchange rates.
This is to ensure the direct comparison of monetary values between countries in this analysis.

8. NB many of the additional purchases required in the end-use sectors (such as televisions and dishwashers) that are
treated as investments in this analysis are not classified as investment, but as consumption in official statistics.
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Within the total level of investment, policy makers will also want to ensure that
investment is directed to those cleaner energy developments that have the most
economically effective impact on carbon emissions. Currently, wind dominates
investment in clean energy, accounting for around 38% of total clean energy
investment of USD 70.9 billion, with biofuels accounting for 26%, solar 16% and
biomass and waste 10%. Given the low-cost potential of energy efficiency to reduce
fuel bills, improve energy security and reduce CO, emissions, a disappointingly
small proportion (just 6%) of investment is directed towards this area.’

Clean energy investment by technology, 2006

Wind
38% Other renewables

4%

EE/Other low carbon
e

6%
Solar . Biofuels
26%

16%

Biomass and waste
10%

Total: USD 70.9 billion

Source: UNEP and New Energy Finance, 2007.

Key point

Wind, biofuels and solar are currently attracting the largest share of clean energy investment.

Figure 6.15 shows the total average annual investment from 2005 to 2050
for renewable electricity generation technologies, nuclear and CCS, as well as
incremental average annual investment in energy efficiency for the final demand
sectors'® in the ACT Map and BLUE Map scenarios. In the Baseline scenario,
average annual investment between 2005 and 2050 for the categories considered
in Figure 6.15 is only 36% higher than in 2006. This is because this scenario
assumes no new policies and supposes that the current high levels of investment in
biofuels, solar and wind all decline over time. In the ACT Map scenario, average
annual investment needs for 2005 to 2050 in energy efficiency and clean energy
technologies is almost 10 times as high as in 2006. In the BLUE Map scenario,

9. Given the difficulty of tracking all utility and other energy efficiency programmes, this figure is probably a significant
under-estimate of the true investment in energy efficiency.

10. This figure only includes a sample of the investment needs in this chapter, to ensure the data are directly comparable
with the available historic data for 2006.
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investment is 18.4 times as high as it was in 2006. The additional investment needs
for energy efficiency in the residential, commercial and industry sectors in the ACT
Map scenario is 17 times current estimated levels of investment, in the BLUE Map
scenario it is 50 times current estimated levels.

Average annual clean energy investment for selected technologies
and sectors, 2006 and 2005-2050
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Sources: UNEP and New Energy Finance, 2007 and IEA.
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Investment in clean energy technologies and energy efficiency in the ACT Map and BLUE Map scenarios is

dramatically higher than current investment.

Bringing about a rebalancing of overall investment towards clean energy
technologies and energy efficiency represents a significant challenge, particularly
in the short to medium term. Those sectors that are likely to be the most capable
of making the transition are the upstream sectors, although this may not always
be the case. If policies create a secure and stable long-term market for clean
energy fechnologies, then the upstream companies have the expertise, institutional
capacity and financing ability to ensure that investment takes place. This is clear
from the current surge in investment in biofuels production capacity and wind and
solar. However, governments will also need to ensure that deployment policies and
CO,-reduction incentive mechanisms are put in place fo ensure that low-carbon
technologies that are currently more expensive than fossil-fuel options are taken up.
For those technologies that are not as close to market deployment, RD&D support
will also be critical.

Perhaps the most significant challenge lies in ensuring that investment in
energy efficient end-use technologies occurs in a timely fashion. There are a
number of barriers to this. These problems are not insurmountable, but they
will require careful examination of different product markets and consumers so
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that policies can be tailored both to promote more efficient technology options
and to ensure that consumers invest in those technologies in a timely manner. In
OECD countries, multi-policy packages that address all of the barriers to energy
efficiency uptake will be the most relevant and likely to succeed (IEA, 2007b). In
developing countries, lack of access to credit and the high risks associated with
debt when living close to the poverty line will often mean that poorer consumers
are not in a position to choose least life-cycle cost products. Experience in
developed and developing countries with the successful financing of energy
efficiency programmes will need to be adapted to meet the specific needs of
different countries in the ramp-up of investment that is required in the ACT Map
and BLUE Map scenarios.

Financial barriers to investment in clean and efficient
technologies

Like any other new technology, new supply- and demand-side energy technologies
will face barriers in the development chain from R&D through to demonstration and
to full commercial deployment. Chapter 5 examines the technical and deployment
barriers, while the following section discusses the often-faced financial barriers.

The uptake of clean energy technologies and energy efficiency is likely to be
inhibited by a number of financially related barriers, including:

B New fechnologies are often perceived to carry higher risks than mature technologies
(including areas such as operation and maintenance costs, efficiency and economic
life). Investors may also lack confidence in them.

B High initial costs compared to existing technologies can be a barrier for capital-
constrained consumers, or where financial markets are immature or ill-adapted to
clean energy technologies and energy efficiency investments.

B Information may not be available to consumers to enable them to make a valid
comparison of investment options. The absence of international standards and
codes can exacerbate this.

B Small investments may suffer from the fact that it is more difficult to develop
appropriate financial packages for numerous small investments than for small
numbers of large projects. In addition, smaller clean energy or energy efficiency
projects are likely to carry higher transaction costs than larger investments.

B Markets, without regulatory intervention, generally fail to properly value the
environmental benefits of clean energy technologies.

B New technologies may depend on significant parallel infrastructure investment or
on the need for investment to adapt existing infrastructures.

B Tax policies tend to favour existing low-investment cost technologies, for example
by enabling fuel expenditures to be deducted from tax in the year of use. Clean
energy technologies tend to have a higher tax burden because they are more
capital-intensive.
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B “Split incentives” can occur between asset owners and users. This is the classic
principal-agent problem: for example, where the owner of an apartment or
building has an incentive only to minimise up-front capital costs, but not to
minimise life-cycle costs of energy consumption — because energy-consumption
costs are born by the tenant.

Many of these barriers are not just financial. They are also influenced by consumer
behaviour and psychology. Achieving significant CO, emission reductions will
be heavily dependent on these barriers being tackled, particularly in the BLUE
Map scenario. Integrated policies will need to be designed to ensure that proper
emphasis is placed on addressing these financial barriers.

Policy issues and options

Governments need to create a stable policy environment that promotes low carbon
technologies and energy efficiency. This is critical in the ACT Map scenario, and
even more so in the BLUE Map scenario. It will require unprecedented co-operation
and co-ordination between developed and developing countries to ensure that
an international framework is put in place to incentivise investment in low carbon
technologies and energy efficiency. Setting stable long-term policy frameworks
will help to reduce regulatory uncertainty and thus reduce the risk to individuals
and businesses of investing in clean energy technologies and energy efficiency.
However, good policy design is just as important as early implementation.
Unnecessary volatility in the CO, reduction incentive would have a negative impact
on investment decisions and lead to unnecessary delays in investment in clean-
energy technologies. This could lock in dirty and inefficient capital equipment for as
much as 40 years in the case of new investments in coal-fired electricity generation
plant.

Another important goal is the reduction or elimination of subsidies to fossil fuels.
These subsidies, often introduced with social or development goals in mind, are
generally an inefficient way of meeting their declared goals, and encourage
inefficiency and waste. Phasing out these subsidies should be a top priority; they
can be replaced if necessary by more efficient, targeted social and development
programmes. Although their absolute level is uncertain, fossil-fuel subsidies could
be in the region of USD 600 billion annually (Upton, 2007). This is some 40% more
than the annual additional investment needs of the ACT Map scenario and around
half of the average annual additional investment needs of the BLUE Map scenario.
The removal of these subsidy costs would provide a potentially major contribution
to the investment needs of the ACT Map and BLUE Map scenarios.

The ACT Map and BLUE Map scenarios imply two significant new challenges if
the necessary investment is to occur in a fimely fashion. First, the importance of
demand-side investment means that financing mechanisms and policies will have
to be integrated into energy efficiency policy to influence the investment decisions
of individuals and households. Second, the scale of clean energy and energy
efficiency investment needed in non-OECD countries is such as to suggest a need
both for a significant expansion of current funding arrangements and for new and
innovative funding mechanisms.
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In general, OECD countries are likely to have sufficient capital, or access to it, to
finance their own needs in new fechnology investment, although ensuring that
this actually occurs will require significant policy effort. The situation for many
developing countries is often much more difficult. Although savings rates may
be high, domestic and infernational investment is often not forthcoming. Better
economic policy, improved regulation and more effective financial markets would
all contribute to facilitating appropriate investment in developing countries. These
countries will also require assistance in policy and capacity building, as well as in
financing mechanisms and technology transfer.

The ACT Map and BLUE Map scenarios assume that, in parallel with climate
change policy, economic and financial policies evolve to facilitate the needed
investment. However, effort will be needed to bring this about. If successful, such
changes will have significant economic and social benefits in developing countries,
in addition to their environmental benefits.

End-use efficiency improvements in the transportation, industry, commercial and
residential sectors reduce the need for investment in upstream energy supply,
but these clean energy investment requirements shift the balance of investment
from the supply-side to the demand-side. This represents a significant challenge,
as demand-side policies often need to influence a wide-range of actors facing a
myriad of individual circumstances.

Capital markets in developing countries differ in several important ways from those
in developed countries. These differences are important in analysing options for
providing credit to the poor. Many particular issues in developing countries prevent
consumers from obtaining a loan to finance cleaner energy technologies, including
limited collateral, limited investment options, high transaction costs, and isolated
and thinly competitive financial markets. These issues are also often coupled with
high delinquency and default rates.

International financial institutions have had many decades of experience in tailoring
policies and programmes to help overcome these barriers in their efforts to
improve investment in infrastructure, education and health services. Where strong
partnerships have been formed with donors and recipient countries alike, there
have been some significant success stories. Building on this experience and those
of other organisations also active in these areas will be critical to ensuring that the
essential investment is made in clean energy technologies and energy efficiency.

A wide range of funding mechanisms specifically facilitate investment in developing
countries in clean energy options and carbon reduction and energy efficiency
opportunities. Although they are substantial in size, it is nonetheless clear from the
Energy Technology Perspectives scenarios that these existing financing mechanisms
are too small to facilitate the scale of transition implied in the ACT Map and BLUE
Map scenarios. Even so, these mechanisms can provide a nucleus of expertise and
experience that could be used to significantly expand their size and role, as well as
to help other organizations to engage in this area effectively.

The magnitude of the investment challenge is not lost on international financial
institutions. They are active in trying to expand the financing capacity available for
clean energy and efficiency investment. The World Bank has proposed two new
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funds, the Clean Energy Financing Vehicle (CEFV) and the Clean Energy Support
Fund (CESF). The CEFV would blend public and private sources of financing.
It would assist in scaling-up clean energy technologies, reduce the incremental
costs of clean energy technologies and related energy infrastructure through
increased deployment, and help stimulate investments in the carbon market.
An initial capitalisation of USD 10 billion, with an annual disbursement of up
to USD 2 billion, was suggested by the World Bank (2006). This would provide
low-interest loans to cover the incremental capital costs with the carbon credits
generated assigned to the CEFV. Initial equity could be provided via direct cash
contributions from developed countries, although the fund itself would be expected
to generate a reasonable rate of return to atftract, over time, private capital.

The CESF would be a subsidy mechanism to support projects according to the
amount of carbon emissions they reduced. It would operate on a grant financing
basis, with funding provided by donors. The CESF would provide a subsidy based
on the incremental costs required to achieve carbon savings. Eligible projects would
be competitively selected to ensure the lowest subsidy is paid. The project’s carbon
credits would be pledged to the CESF.
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Chapter FOSSIL FUEL-FIRED
POWER PLANTS AND
CO_, CAPTURE AND
STORAGE

Key Findings

> Already available clean coal technologies can make a significant contribution to
containing the growth of CO, emissions from power generation. Use of advanced
steam cycle or integrated gasification combined-cycle (IGCC) technologies could

raise the average efficiency of coal-fired power plants from 35% today to 50% in
2050.

> The age of a country’s power plants will be an important factor, as the current
efficiency of most coal-fired power plants is well below state-of-the-art. A gradual
replacement of smaller subcritical coal-fired units should be considered, along with
retrofitting larger-scale plants to achieve higher efficiencies (preferably >40%) and
to enable CO, capture and storage (CCS).

> New power plants should be designed to be suitable for CCS retrofitting, and
located in places where they can be connected to suitable storage sites.

> Many components of the CCS chain (capture, transportation, storage) have been
validated at an industrial scale for more than a decade. Costs across the whole
chain have been rising since 2005 in most countries due to the general increase in
material costs and engineering shortages. It is unclear whether such increases will
continue.

> Near-zero emissions can be achieved using fossil fuels with CCS. A CO, reduction
incentive of USD 50 per tonne will be necessary for wide-scale deployment of CCS
in the power sector. Enhanced oil recovery (EOR) provides early opportunities for
technology demonstration at a lower cost. In the BLUE Map scenario, nearly 20% of
the emissions reduction will originate from CCS in the power sector.

> Full-scale deployment of CCS requires a significant effort in demonstration and the
development of a suitable infrastructure. Development of the legal and regulatory
frameworks, CO, reduction incentive pricing, financial support for RD&D, and public
outreach are needed to enable CCS. From a technical viewpoint, CCS may become
a mature technology for fossil-fuelled power plants by 2020.

> Combined heat and power (CHP) can significantly raise energy supply efficiency,
but barriers need to be removed and appropriate policies are needed. With further
research and demonstration, CHP can expand into new commercial and residential

markets to lower the costs of high-temperature CHP, fuel cell CHP and micro-turbine
CHP.

> Natural gas fuel cells for distributed generation or back-up power are currently
used in demonstration projects or niche applications. Fuel cells and other emerging
decentralised power generation technologies are expected to raise overall fuel
efficiencies, but require further RD&D.
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Overview

The current mix of natural gas and coal in electricity generation varies by country
and region depending on resource availability and domestic fuel prices. Overall,
40% of the world’s electricity production comes from coal and 20% from gas. In
South Africa and Poland the share of coal in power generation is above 90%. In
China and Australia it is close to 80%, as in India, where it is more than two-thirds.
Coal accounts for around half of electricity generation in the United States and
Germany, one-third in the United Kingdom, one-quarter in Japan and one-sixth in
Russia. Russia produces almost half of its electricity from gas, the United Kingdom
close to 40% and the United States and Japan around 20%.

Carbon-dioxide emissions from fossil fuel-fired plants can be reduced by improving
conversion efficiency — by modernising and refurbishing existing plants and
deploying the best available technologies in new plants; by co-firing coal with
biomass, adding biogas to natural gas and employing CCS; and by switching
from coal to natural gas.! The best combination of mitigation measures depends
on the existing power generation stock, the price of competing fuels and the cost
of alternative technologies.

In the Baseline scenario, without a CO, reduction price incentive, coal dominates the
power sector, with nearly 50% of the total power generation in 2050 (Figure 7.1).

Figure 7.1 P Share of power generation in the baseline, ACT Map and BLUE Map
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Source: IEA Statistics, IEA 2006.

Key point

In the baseline scenario, coal’s share in power generation increases from 40% in 2005 to more than 50% in 2050.
In the ACT Map and BLUE Map scenarios, all coal-fired power generation will incorporate CCS in 2050.

1. Efficiency figures in this chapter are based on lower heating values (LHV). LHVs, unlike higher heating values (HHV),
do not include the latent heat of the moisture originally present in the fuel or from combustion of the coal hydrogen.
European and IEA statistics are reported on an LHV basis, while United States statistics are reported on an HHV basis.
On these bases, HHV efficiencies are about 2% lower than LHVs for coal-fired power plants and 5% lower for gas-fired
combined-cycle plants.
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Gas is the second largest fuel source with 23%. Hydropower and nuclear are the
other key contributors. In the ACT Map scenario, the total fossil fuel share of power
generation decreases from 72% to 43%, with the bulk of the difference made up
from renewables and nuclear. There is also a significant shift in the coal/gas mix
towards gas. The BLUE Map scenario has a total share of coal that is similar to
that of the ACT Map, although in the BLUE Map scenario nearly 60% of coal-fired
power generation and 41% of gas-fired power incorporates CCS.

In the Baseline scenario, CO, emissions from the power sector alone increase to
27 Gt in 2050, equal fo the total CO, emissions in 2005 (Figure 7.2). In the ACT
Map scenario, CCS in the power sector amounts to 2.9 Gt per year by 2050. In
the BLUE Map scenario, 2050 emissions from the power generation sector drop to
2 Gt, a reduction of more than 80% from the 2005 level.

CO, emissions from the power sector in the Baseline, ACT Map and
BLUE Map scenarios
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Key point

In the Baseline scenario, CO, emissions from the power sector alone increase in 2050 to more than the total CO,

emissions in 2005.

The current status of coal and natural gas-fired
electricity generation

Power generation using natural gas is competitive with coal at today’s prices for
natural gas and coal in many regions of the world (for gas, typically USD 4 to
USD 8 per GJ). However, fuel costs in natural gas combined-cycle (NGCC) plants
account for 60% to 75% of total generation costs, as compared to plants powered
by renewables, nuclear or coal, where fuel costs account for between 0% and 40%
(Figure 7.3). Rises in gas prices in the United States and Europe in recent years
have resulted in a switch from gas to coal-fired generation. A rapid development
of natural gas-fired power generation could strain gas production and transmission
systems and lead to further natural gas price increases.
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Box 2.1 Coal-fired power generation in China

Installed power generation capacity in China has increased nearly ten-fold from 1985 to 2006,
reaching 622 GW. This includes 100 GW of new capacity in 2006 alone. Installed coal-fired
capacity in China is projected to increase under the IEA WEO Reference Scenario to 814 GW in
2015 and to 1 259 GW in 2030. The 4 x 1 000 MW Huaneng Yuhuan power plant in Zhejiang
province (Eastern China) is the world’s largest coal-fired plant using ultra-supercritical technology.
It has a target efficiency of more than 45% (HHV). China also has, however, a very large number
of small-scale subcritical power plants. 78% of the total electricity supply in 2006 was from coal-
fired power plants (mostly based on pulverised coal). The average coal consumption of plants in
China is more than 50 gce/kWh higher than for state-of-the-art USC units — this is equivalent to
using 100 Mtce a year more than could be achieved with the best available technologies. China
is the world’s largest coal consumer, and if Chinese plants were as efficient as the average plant
in Japan, coal demand would be 21% less in China.

Table 7.1 shows emissions relative to electricity generation in China’s coal-fired plants. The
expected introduction of large numbers of supercritical and ultra supercritical plants, along with
the retirement of older small capacity units, is expected to improve average efficiency from 32%
in 2005 to 39% in 2030, and should reduce emissions by 25% in 2030 compared to 2005.

Table 7.1 Coal-fired electricity generation and CO, emissions in China
Reference scenario 1990 2005 2015 2030
Generation (TWh) 471 1996 4 326 6 586
.é .(; p0c|fyGW ...................................... 8 7 ................ 368 ................ 8] 4 .............. ]. 259 ........
COZ(Mf) .......................................... 593242443285997 ........
Emlssmsmo(wcoﬂwm]27]2]]Oo ............... 091 .........

Source: |IEA 2007c.

Figure 7.3 P Investment, O&M and fuel costs of natural gas and coal-fired power
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Key point

Natural gas plants are more sensitive to fuel costs, while coal plants are generally more capital intensive.
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Power generation efficiency

Coal

The efficiency of hard coal-fired power plants averaged about 35% from 1992
to 2005 globally. The best available coal-fired plants can achieve 47%. The
efficiency of brown coal-fired power plants increased from 33% in 1992 to
35% in 2005.

In 2005, the average efficiency of hard coal-fired power plants ranged from 33% in
China to 42% in Japan. The average efficiency of hard coal-fired plants in the United
States has not changed significantly over the last 30 years, while the efficiency of
plants in Western Europe and China has increased by about 6 percentage points.
Relatively low coal prices in the United States provide little economic incentive to
invest in more efficient technology.

The current efficiency of most coal-fired power plants is well below the levels
that are already possible — and there is much potential for significant efficiency
improvements in state-of-the-art technologies. Efficiency gains can be realised by
improving existing plants or by installing new-generation technology. The cost to
retrofit or replace an existing plant depends on the efficiency and age of the stock.
The younger the plant, the more economical it is to retrofit an existing plant. The
efficiency of power plants also depends on the quality of their fuel (especially in
the case of coal), their environmental standards and their operation mode. All
else being equal, power plants using high-ash, high-moisture coal (such as those
used in India) have a lower efficiency than plants using low-ash, low-moisture coal.
The cleaning of flue gases requires energy and, therefore, reduces power plant
efficiency. Running plants below their rated output, a common practice in market-
driven electricity supply systems, also substantially reduces plant efficiency.

Pulverised coal combustion (PCC) accounts for about 97% of the world’s coal-
fired capacity. Improving the efficiency of PCC plants has been the focus of
considerable efforts by the industry as it seeks to stay competitive and to become
more environmentally acceptable. PCC subcritical steam power plants, with steam
pressure of around 180 bar, temperatures of 540°C and combustor-unit sizes up
to 1 000 MW, are commercially available and in use worldwide. The average net
efficiency (after in-plant power consumption) of larger subcritical plants burning
higher quality coal is between 35% and 36%. New subcritical units with conventional
environmental controls operate closer to 39% efficiency. The overall efficiency of
older, smaller PCC plants that burn low quality coal, can be below 30%.

Supercritical steam-cycle plants with steam pressures of around 240 bar to
260 bar and temperatures of around 570°C have become the system of choice
for new commercial coal-fired plants in many countries. Early supercritical units
developed in Europe and the United States in the 1970s lacked operational
flexibility and reliability and experienced maintenance problems. These difficulties
have been overcome. In Europe and Japan, plants with supercritical steam
operate reliably and economically at net thermal efficiencies in the range of 42%
to 45%, and even higher in some favourable locations. Ultra-supercritical plants
are supercritical pressure units with steam temperatures of approximately 580°C
and above.
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Integrated coal gasification combined-cycle (IGCC) plants are a fundamentally
different coal technology, and are now expected to become commercially
available. A small number of plants that were initially built with public funding as
demonstrators are currently operating, with the best one achieving 42% electric
efficiency. Future coal-fired steam units and IGCC plants are expected to achieve
efficiencies above 50% in demonstrator projects within ten years.

For coal with high ash and sulphur content, fluidised bed combustion (FBC) in
boilers operating at atmospheric pressure could be more efficient than PCC. FBC
relies on two technologies: bubbling beds (BFBC) and circulating beds (CFBC), the
latter being more commonly used for power generation applications. The power
generation efficiency of larger CFBC units (200 MW to 300 MW) is generally
comparable to that of PCC plants, because they use steam turbine cycles that
operate under similar conditions.

Brown coal (lignite) is expected to increase its contribution to coal supply in some
countries. It has a higher water content than hard coal, a lower heating value, and
different boiler requirements. The optimal technology choice for hard coal and
lignite may differ, as the availability and price of different coal types affects the
power generation technology choice.

Gas

There is considerable scope to increase the efficiency of natural gas-fired generation,
primarily by replacing gas-fired steam cycles with more efficient combined-cycle
plants. Because open-cycle plants are used as peaking plants, their annual use is
low — which makes their low efficiency more acceptable from a cost perspective.
A natural gas combined-cycle plant consists of a gas turbine and a steam cycle. A
gas-fired steam cycle has an efficiency similar to that of a coal-fired plant.

The average efficiency of natural gas-fired power plants increased from 35% in
1992 to 42% in 2005. Most of the improvement in efficiency was a result of the
introduction of large combined-cycle units, which now account for 38% of global
gas-fired capacity.

In 2005, the average efficiency of natural gas-fired power plants ranged from
about 33% in Russia to 49% in Western Europe. Average efficiencies in Europe
have increased since 1990 with the introduction of natural gas, combined-cycle
units. The range of efficiencies among regions widened, mainly because of rapid
efficiency gains in Western Europe. If Russian gas-fired plants had the same
average efficiency as that of Western Europe, they would use one-third less gas for
the same output.

Since the early 1990s, NGCC has been the preferred technology for new gas-fired
generation plants. Efficiencies of the best available combined-cycle plants are 60%.
The new Siemens-E.ON NGCC plant under construction is expected to be the first
over 60%. Natural gas plant efficiency, however, falls considerably when plants are
run at widely varying loads. This explains why reported fleet efficiencies fall below
quoted design efficiencies.



257

CHAPTER a FOSSIL FUEL-FIRED POWER PLANTS AND CO, CAPTURE AND STORAGE

Because of the long lifespan (up to 60 years) of power plants, the average efficiency
of currently operating power plants that are not implementing appropriate plant
operation and maintenance is substantially lower than that which could be achieved
by the best available technology. Power producers primarily aim to minimise their
production costs, not to maximise efficiency — and these two objectives do not
always coincide.

CO2 emissions

A comparison of average efficiencies with the best available power plant efficiency
(as shown in Table 7.2) shows that fuel consumption and CO, emissions could
be reduced considerably if the best available technologies were employed for
refrofitting existing power plants.

Table 7.2 Performance summary for different fossil fuel-fired plants
Plant type PCC PCC PCC PCC NGCC IGCC
Fuel Hard Hard Hard Hard Natural Hard
coal coal coal coal gas coal
Steam cycle Sub- Typical Ultra- Ultra- Triple Triple
critical super- super- supercritical  pressure pressure
critical critical (best  (AD700) reheat reheat
available)

180 bar 250 bar 300 bar 350 bar 124 bar 124 bar

540°C 560°C 600°C 700°C 566°C 563°C

540°C 560°C 620°C 700°C 566°C 563°C
Grossoufpmesoosoo ............. 500 ............. 5 00500 ............. 5 00 .......
AUXIhOrypowerMW .......... 42 .............. 42 ............... 4 4 .............. 43 ............... ] ]67 ........
NetOUtpUtMW458458 ............. 456457489433 .......
Grosseﬁlaency ........... % ........... 439 ........... 459476 ............ 499 ........... 593 ........... 509 ......
Neteﬁlaency ............. % ........... 402 ........... 420434 ............ 456 ........... 581 ............ 44] .......
Cozemlﬁed ............. Vh38]364 ............. 352 ............. 3 35 ............. ]70 ............. 3 2] .......
SpeCIﬁc C02 ........... ) /MWh ........ 083 ........... 080077 ............ 073 ............ 035 ........... 074 ......
emitted net

Source: Loyd, 2007.

More information on designs for high efficiency and the potential of efficiency
improvements can be found in IEA, 2007b, 2008a and 2008b.

Efficiency improvements can significantly reduce CO, and other emissions. For a
power plant with efficiency of 30%, an increase in efficiency to 45% brings about a
33% decrease in CO, emissions. Improvements in the average efficiency of coal-
fired power plants are already feasible. Two-thirds of all coal-fired plants are over
20 years old. Such plants have an average net efficiency of 29% or lower, and emit
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at least 3.9 Gt CO, per year. If all of these were replaced by plants with efficiencies
of 45%, CO, emissions would be reduced by 1.4 Gt per year.

Efficiency improvements also have the potential to reduce emissions of sulphur
dioxide and, in certain cases, nitrous oxides (NO,). Natural gas, combined-cycle
plants have the lowest CO, emissions of all fossil fuel-based technologies, because
of the low carbon intensity of natural gas and the high efficiency of the plants
(Figure 7.4).

Figure 7.4 P The impact of fuel and efficiency on the CO, emissions of power

CO, emitted (tonnes/MWh net generation)

plants
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T T
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Net plant efficiency (LHV)

Source: Loyd, 2007.

Key point

CO, emissions per MWh net generated decrease by nearly 50% when net plant efficiency is doubled.

Age profile of the capital stock

The age of a coal-fired generation plant has a considerable impact on the potential
for CO, emission reductions. Outage rates for coal-fired plants are generally about
5% for plants that are 10 to 20 years old. Unless the plant is refurbished, the rate
increases to 20% for plants that are 40 years old. In the United States, repowering
projects for existing coal plants have significantly extended plant lifetimes and
in certain cases have resulted in substantial efficiency improvements. China is
planning fo repower existing plants by introducing CFBC steam boilers and by
replacing pulverised coal subcritical boilers with supercritical plants. Measures to
reduce pollutant emissions may also be detrimental to boiler life. Electricity market
liberalisation has brought more start-and-stop cycles than were contemplated in
original plant designs, which has considerably reduced boiler life (Paterson and
Wilson, 2002).

Given a lifespan of 40 to 60 years, retrofits may be considered for many coal fired
plants. In China, the bulk of coal-fired power plant stock is under 15 years old, so
retrofitting existing stock may be a good option, as it may be in the United Kingdom,
where 30-year old plants may be subject to life extensions. In Germany, about one-
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third of the stock is under 15 years old, and may be suitable for retrofitting, as
in India where plants are on average 20 years old (IEA, 2008a). Construction of
coal-fired stock in the United States peaked around 1970. Many of these plants will
have to be replaced between 2010 and 2030 and may not therefore be candidates
for retrofitting. Our scenario analysis indicates that at around USD 25 per tonne
of CO,, old plants may have higher operation costs than the total costs of a new
plant with CCS.

Technology status/development

Advanced steam cycles

Supercritical and ultra-supercritical plants are defined by the steam temperatures
they generate. Supercritical plants use steam femperatures of 540°C and above,
while ultra-supercritical plants use steam at 580°C and above. Supercritical steam-
cycle technology has been used in OECD countries for several decades. Typically, a
switch from supercritical to ultra-supercritical steam conditions would raise efficiency
by another 4 percentage points. Overall, the efficiency of ultra-supercritical pressure
units could be in the range of 50% to 55% by 2020.

Supercritical technology is already used in a number of countries. In China, more
than 18 GW of supercritical units were installed in 2006. There are ultra-supercritical
plants in operation in Japan, Denmark and Germany. Ultra-supercritical units
operating at temperatures of 700°C and higher are still in the RD&D phase. They will
need to use nickel-based super-alloys for some components. These are already used
in gas turbines, but larger components are needed for steam boilers and turbines,
and the operating environment is different. International programmes such as the
EC-supported AD700 project and the associated COMTES700 demonstration in
Germany, as well as national programmes such as COORETEC in Germany, are
seeking to develop the necessary materials and components (IEA, 2007b).

Because of fuel savings, the total investment cost for ultra-supercritical steam-
cycle plants can be 12% to 15% higher than the cost of a subcritical steam-cycle
and still be competitive. The balance-of-plant cost is 13% to 16% lower in an
ultra-supercritical plant, because of reduced coal handling and reduced flue gas
handling. The boiler and steam turbine costs can be as much as 40 to 50% higher
for an ultra-supercritical plant. Studies in the United States of supercritical coal
power plants indicate a relatively low learning rate of 5% for the capital cost.

In power plants based on steam cycles, the introduction of coal drying for lignite
may improve efficiency by up to 4 percentage points. This technology is expected
to be commercial by 2010.

The major barriers to advances in supercritical and ultra-supercritical steam
cycles concern metallurgical and control problems. Developments in new steels
for water and steam boiler tubes and in high-alloy steels that minimise corrosion
are expected fo result in a dramatic increase in the number of supercritical plants
installed over the next few years. New control equipment and strategies will also
allow these plants to be more flexible than in the past.
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Fluidised bed combustion (FBC)

Two parallel paths have so far been pursued in FBC development — bubbling
(BFBC) and circulating (CFBC) beds. Another promising option, particularly for
CO, capture, is a circulating fluidised bed (CFB) power plant working with O,
instead of air. In this case, solids are cooled down before their return to the bed.
Consequently, the temperature can be controlled more effectively. This could lead
to a significant reduction in flue gas recirculation, thereby reducing both investment
and operating costs.

There are hundreds of atmospheric CFBC units operating worldwide, including a
number of plants as large as 250 MW to 300 MW. Fluidised beds are particularly
suited to the combustion of low-quality coals and most of the existing CFBC plants
burn such materials. Moving to supercritical cycles is a logical step for very large
CFBC units. A 460 MW supercritical unit is under construction at Lagisza, Poland,
and is due for start-up at the beginning of 2009. This unit is expected to have a
thermal efficiency of 43%. Designs for even larger 600 MW supercritical CFBC units
have also been developed.

Other advantages of CFBC systems include fuel flexibility, good emissions
performance and the ability to scale up from a few megawatt to over 500 MW.
CFBC technology is a near-term solution, because it uses commercially available
technologies including oxygen production and CO, stream gas processing.

FBC can also be employed at high pressure, in which case the boiler exhaust
gases can be used to generate additional power. Heat is also recovered from the
exhaust of the turbine. This approach has been applied in demonstrations at a
small number of locations. The result is a form of combined gas and steam cycle
that gives efficiencies of up to around 44%. The first of such units had a capacity of
about 80 MW, but two larger units are operating in Karita and Osaki, Japan, the
former using supercritical steam.

Second generation pressurised FBC cycles (such as hybrid systems incorporating
higher-temperature turbines with supplementary firing of coal-derived gas after
the combustor) have been considered in some locations, including Japan, but their
development is unlikely.

Further work is required to understand the oxyfuel combustion conditions to further
clarify the mechanisms involved in pollutant formation and carbonation due to high
CO, concentrations. Design considerations, particularly for supercritical boilers,
are also important areas of research. It is also necessary to learn more about fuel
flexibility and options for cost-effective CO, sequestration.

Natural gas combined-cycle (NGCC)

Today, NGCC power plants are often preferred over conventional coal-fired plants
due to:

m efficiency achievements topping 60%;

B |ower capital costs of USD 600 to USD 750 per kW, compared with USD 1 400 to
USD 2 000 per kW for a typical coal-fired plant;

B shorter construction times;
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lower emissions: NGCC plants emit less than half the CO, emissions of similarly
rated coal-fired plants.

The efficiency of NGCC plants has improved with new gas turbine technology. The
General Electric F-class combined-cycle gas turbine (in the 200 MW range) was
first introduced in the 1990s. Many of its features derive from jet engine technology.
Although commissioning problems have occurred, combined-cycle gas turbine
designs have progressed, with advances in both cooling systems and materials,
including higher compression ratios and higher firing temperatures. It is estimated
that advanced NGCC plants will bring a further reduction of 3% to 6% in CO,
emissions per kWh of electricity generated. Further efficiency gains are possible if
fuel cells are integrated into the design, or if a bottoming cycle using waste heat
is added, albeit at higher cost.? The IEA has published a case study on recently
constructed NGCC plants (IEA, 2007b).

Natural gas turbines are also employed as peaking plants that generate electricity
only during periods of high demand. Such single-cycle plants will probably co-exist
with advanced NGCC plants, as low capital costs are more important than high
efficiencies when the annual load factor is low.

Future R&D efforts are likely to focus on natural gas turbine design and additional
efficiency improvements. Gas turbine R&D is aimed at higher firing temperatures and
the use of reheat, which gives higher power outputs and efficiencies, but which may
increase NO, formation. A number of counter-measures are under consideration,
including the use of novel gas turbine cycles. Many gas turbine manufacturers are
also investigating the possibility of more advanced combustors, including catalytic
combustors. Other R&D activities aim to increase the aerodynamic efficiencies of
components, reduce the number of compressor and turbine stages, and improve
turbine-stator and blade-cooling mechanisms.

Integrated gasification combined-cycle (IGCC)

Integrated gasification combined-cycle (IGCC) technology (Maurstad, 2005)
comprises four basic steps:

fuel gas is generated from the partial combustion of solid fuels such as coal at
pressure in a limited supply of air or oxygen;

particulates, sulphur and nitrogen compounds are removed;
the clean fuel gas is combusted in a gas turbine generator to produce electricity;

the residual heat in the hot exhaust gas from the gas turbine is recovered in a heat
recovery steam generator — the steam is used to produce additional electricity in a
steam turbine generator.

IGCC systems are among the cleanest and most efficient of the coal technologies.
Gasification technologies can process all carbonaceous feedstocks, including
coal, petroleum coke, residual oil, biomass and municipal solid waste. There are
seventeen (fotalling 4 000 MW) IGCC plants operating in the world today — of
which five are using coal alone (IEA CCC, 2007).

2. A bottoming cycle uses a medium with a low boiling temperature, such as an organic solvent.
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The net efficiency of existing coal-fired IGCC plants is around 40% to 43%
(IEA, 2007b). Recent gas turbines would enable this to be improved, and future
developments should take efficiencies beyond 50%. The investment cost of IGCC
is about 20% higher than that of PCC. There is, however, more uncertainty in
IGCC costs, as there are no recently built coal-fuelled IGCC plants and the existing
ones were originally constructed as demonstrations. Availabilities have also not yet
reached the demonstrated level of operating PCC units. Suppliers have plans to
bring capital costs within 10% of that of PCC.

IGCC reference plant designs of 600 MW have been developed by supplier
groupings to encourage market uptake by driving down costs and providing turnkey
IGCC plants. This is aimed at facilitating planning and decision-making for power
producers. Examples are those from GE-Bechtel and Siemens with ConocoPhillips.
With IGCC now available as a commercial package, more orders could follow as
utilities see the cost decreasing and availability improving. Subsidies or incentives
may still be necessary to cover the higher cost compared with PCC.

IGCC fits well with CCS, and there are CCS projects planned in several countries
— including Canada, Australia, Germany and the United Kingdom. Further
programmes are being pursued through the United States DOE FutureGen and
European Commission Hypogen initiatives and the GreenGen project in China.
Inclusion of CCS will reduce efficiency, but the generation cost may be lower than
for CO, capture on PCC.

Maijor R&D efforts are ongoing in the field of gasification systems, gas turbines
and oxygen production. Research is being carried out to improve efficiency and
availability and to reduce capital and operating costs. R&D is focusing on hot gas
clean-up, development of large-scale gasifiers with 1 200 MWth to 1T 500 MWth
for a single train configuration (ZEP, 2006), novel air separation technologies,
improved coal feeding systems, improved slag and fly-ash removal systems,
system optimisation, and the integration of fuel cells.* Cogeneration of electricity
and other products, such as hydrogen or other transportation fuels, is also being
considered.

Studies have shown that second generation IGCC plants will need to have an
investment cost around that of supercritical plants. Second generation IGCC plants
are expected to have lower kWh costs than PFBC and supercritical plants. Their
competitiveness relative to NGCC plants depends on the evolution in natural gas
prices.

Combined heat and power (CHP)

Cogeneration, or combined heat and power (CHP), is the simultaneous utilisation of
useful heat and power from a single fuel source. As Figure 7.5 illustrates, by using
both heat and power, CHP plants can convert 75% to 80% of the fuel resource into

3. Existing technologies for the removal of contaminants from the generated syngas (before it is fed to the turbine) require
significant cooling of the gas. Hot gas cleanup would significantly improve efficiency. Warm gas cleanup is also being
explored as an option that could provide most of the benefits of hot gas cleanup while avoiding sorbent aftrition costs that
render hot gas cleanup uneconomic.
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useful energy, with some plants reaching overall efficiencies of 90% or more (IPCC,
2007). In contrast fo centralised generation plants, which can experience efficiency
losses of 8% to 10% during transmission and distribution, most small decentralised
CHP plants experience significantly lower transmission and distribution losses
because they are sited near the end user.

Figure 7.5 ) Comparison of energy flows from CHP and separate production of
heat and electricity

Combined heat and Separate heat and
power generation power generation
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Source : Alakangas and Flyktman, 2001.

-point

CHP can be more fuel efficient than producing the same amount of heat and electricity in two separate plants.

Almost any fuel is suitable for CHP, although natural gas and coal currently
predominate. Some CHP technologies can be fired by multiple fuel types, providing
valuable flexibility at a time of growing fuel choice. CHP plant sizes range from
1 kW to 500 MW. For larger plants (greater than 1 MW), equipment is generally
tailored to the individual site, but smaller-scale applications can often utilise pre-
packaged units. CHP plants are usually sized to meet the required heat demand,
selling the excess electricity produced back to the grid.
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The efficiency gains from CHP plants depend on the technologies used and the
fuel or energy sources employed, and on the heating and power generation
systems they replace. In recent years, many countries have begun to differentiate
between high- and low-efficiency CHP (UK DEFRA, 2000). Efficiency is typically
measured in power-to-heat ratios.

The amount of electricity produced globally from CHP has been gradually
increasing, and has now reached more than 6 EJ per year, or more than 10% of
total global electricity production. The amount of heat that is cogenerated is not
exactly known, but it is in the range of 5 EJ to 15 EJ per year, which represents an
important share of industrial, commercial and residential heat supply.

The penetration of CHP in the power generation sector varies widely from country
to country. Whereas Denmark, Finland and the Netherlands already have high
penetration rates, Russia and China have substantial lower-efficiency CHP capacity
that offers significant opportunity for improvement. China also has tremendous
growth potential given its increased attention to energy efficiency and its rapidly
growing industrial base. Many other countries have significant potential to expand
their use of CHP, but they must first address barriers such as unfavourable
regulatory frameworks (buy-back tariffs, exit fees, back-up fees), challenges in
locating suitable heat users, and cost-effectiveness (relative fuel and electricity
prices) for smaller-scale CHP units (under 1 MW capacity).

While CHP facilities can be found in almost all manufacturing industries, the food,
pulp and paper, chemical, and petroleum-refining sub-sectors represent more
than 80% of the total current capacity. More than 50% of the electricity produced in
CHP units in Europe is generated in public CHP plants that are connected to district
heating schemes. Figure 7.6 shows the distribution of industrial CHP capacity in the
European Union and the United States.

Distribution of industrial CHP capacity in the European Union and
the United States

Chemicals

B United States

B EU 25

Refining  Pulp Food Primary  Textile Minerals Other
and metals
paper

Note: In Eurostat statistics, utility-owned CHP units at industrial sites are classified as public supply. This may affect the
distribution of capacity.

Source: IEA, 2007f.

Key point

Industrial CHP is concentrated in a few energy intensive sectors.
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Large systems still account for the vast majority of CHP facilities. In the United States,
more than 85% of existing capacity is 50 MW or larger. Reciprocating engines and
smaller gas turbines dominate in smaller industrial CHP applications such as food
processing, fabrication and equipment industries, while combined-cycle and steam
turbine systems dominate the larger systems.

Natural gas fuels 40% of CHP generated electricity in the European Union and
72% of capacity in the United States. But coal, wood and process wastes are
used extensively in many industries, especially in large CHP systems. As a result,
combustion turbines are the dominant technology, representing 38% of CHP based
power in the European Union and 67% of installed capacity in the United States.
Boilers and steam turbines represent 50% of power generated by CHP in the
European Union and 32% of installed CHP capacity in the United States.

The current industry standard has an efficiency of 34% to 40%. Industrial sized
turbines are available that, with increased turbine inlet temperatures, demonstrate
efficiencies of 40% to 42%. It is expected that the efficiencies of aero-derivative and
industrial turbines can be increased to 45% by 2010.

Further efficiencies can be achieved through “repowering”, in which the combustion
air fans in the furnace are replaced by a gas turbine. The exhaust gases still contain
a considerable amount of oxygen and can thus be used as combustion air for the
furnaces, while the gas turbine can deliver up to 20% of the furnace heat. The
repowering option has been used at two refineries in the Netherlands, with a total
combined capacity of 35 MW.

Two different types of high-temperature CHP are available. In the first type, the
exhaust gases heat the process feed directly in a furnace. In the second, exhaust
heat is led to a heat exchanger, where thermal oil is heated as an intermediate.
The heat content of the oil is transferred to the process feed and gives greater
process flexibility. In the long term, probably after 2025, the integration of industrial
processes with high-temperature solid-oxide fuel cells could lead to revolutionary
design changes and to the direct cogeneration of power and chemicals. High-
temperature CHP has a large market potential, especially in the chemical and
refinery industries in relation to atmospheric distillation, coking and hydro treating,
and the manufacture of ethylene and ammonia.

CHP infegration allows increased use of CHP in industry by employing the heat in
more efficient ways. The flue gas of a turbine can often be used directly for drying
or process heating: for example, for the drying of minerals and food products. Tri-
generation of electricity, heat and cooling has been used in food processing plants
in Europe for margarine and vegetable oils, dairy products, vegetable and fruit
processing, freezing, and meat processing.

Worldwide, CHP has very significant potential. In the United States alone, the
future potential of large-scale conventional CHP systems has been estimated at
50 GW (IEA, 20071), with potential energy savings of more than 1 EJ. But policies
will be needed to support its diffusion, including the removal of direct and indirect
subsidies for centralised power generation, the resolution of interconnection issues,
the removal of unfavourable tariffs for power sales, and high back-up rates and
exit fees.
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To improve the performance of CHP technologies, and to demonstrate their
reliability and reduce investment costs, R&D is needed in the following areas:

High-temperature CHP: the inlet (and outlet) temperatures of gas turbines need
to be increased, as well as the reliability of the turbines, to allow longer running
times.

Medium-scale applications: the integration of medium-scale turbines needs to be
demonstrated at various scales and in various industrial settings. Development of
integrated technologies to reduce the nitrogen oxides in flue gases would allow
process integrated applications to be used in food industries.

Biomass CHP, heat/cold storage system optimisation and integration of CHP with
other forms of surplus and renewable heat in district heating and cooling systems.

Performance improvement (technology and economics) for district heating and
cooling networks.

Small-scale systems: the efficiency of micro-turbines needs to be improved and their
cost brought down through improved manufacturing techniques. Fuel cell research
aims at bringing down the costs through improved durability and better materials
(lower catalyst needs and improved lifetime) and through better manufacturing
processes.

Table 7.3 Global technology prospects for CHP systems
Cogeneration (CHP) 2003-2015 2015-2030 2030-2050
Technology stage R&D, Demonstration, Commercial

demonstration, commercial

commercial

Internal rate of return 10% 10-15% 10-15%
Energy reduction (%) < 20% 10-20% 15-30%
CO, reduction (Gt/yr) 0-0.05 0.01-0.1 0.1-0.4

Fuel cells

Gasification-based power plants can improve their efficiency by incorporating fuel

cells.

Fuel cells are electrochemical devices that generate electricity and heat using
hydrogen (H,) or H,-rich fuels, together with oxygen from air.* These options are

discussed in detail in IEA, 2007d.

4. The text on fuel cells comes from IEA, 2007d.
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Figure 7.7 P Fuel cell concept
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Key point

Fuel cells consist of two electrodes sandwiched around an electrolyte; they operate by feeding hydrogen to the anode
and oxygen to the cathode.

Several thousand fuel cell systems are produced per year. Most are for small
stationary units, although several hundred are for large stationary systems and
several hundred more are for car and bus demonstration projects. Total installed
FC power capacity is some 50 MW. There are around 3 000 stationary systems
in operation worldwide. A number of additional small units are being installed for
remote applications and for telecommunication power supplies.

Polymer electrolyte membrane fuel cells (PEMFC) are the choice technology
for the transportation sector and for 70% to 80% of the current small-scale
stationary fuel cell market. While phosphoric acid fuel cells were a pioneer
technology for the large-scale stationary market, molten carbonate fuel cells
(MCFC) and solid oxide fuel cells (SOFC) are now the reference options in this
sector. They are used in niche markets for back-up, highly reliable or remote
power generation. SOFCs represent 15% to 20% of the stationary market, but
their share is expected to increase. Direct methanol fuel cells (DMFC) appear to
be close to entering the market for portable devices. More R&D is needed on
PEMFCs in the transport sector.
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Table 7.4 Fuel cells: performance and use
PEMFC SOFC MCFC DMFC
Operating 80-150 800-1 000 >650 80-100
temperature (°C)
Fuel H, H,, natural gas and other methanol
hydrocarbons hydrocarbons
Electrical 35-40 <45 44-50 15-30

efficiency (%)

Applications
Lifetime  Vehicles
(h) e
Power
Target Vehicles
lifetime  --iceeeeees
(h) Power

2 000 6 000 8 000 data not available
............ 300002000020000
4000 .................... 40000 ................... 40000 ............ dmanofqvollqble
............ 250006000060000

Source: IEA, 2005.

For stationary MCFC and SOFC systems, the cost of prototype or small-scale
200kW to 300 kW units is between USD 12 000/kW to USD 15 000/kW, the FC
stack accounting for 50% of this. Large-scale production and technology learning
are expected to reduce the cost to between USD 1500/kW and USD 1600/kW.
These systems could become economically competitive in a few years, notably for
distributed power generation.

CO, capture and storage (CCS)

CQO, (or carbon) capture and storage (CCS) involves three main steps. These have
been used in the chemical processing and oil and gas industries for decades, but
are not yet incorporated into large-scale power plants:

CO, capture from a large-scale stationary source, such as a power plant or other
industrial emission process. Includes gas processing, fuel transformation and
compression.

Transportation tfo an injection sink. Onshore and offshore pipelines, ships and
trucks are the most common options.

Underground geological injection. This involves injecting CO, in a supercritical
state via wellbores into suitable geological strata such as deep saline formations,
depleted oil and gas reservoirs, and non-mineable coal seams on land or under
the sea floor (at depths generally exceeding 700 metres). Other methods, such as
storage in ocean waters and mineral carbonation are still in the research phase
and will require a considerable amount of testing and assessment of environmental
risks, especially for ocean storage (IPCC, 2005). Most countries, including those in
the European Union, exclude storage in ocean waters for environmental reasons.
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Turning the gas into storable solids through chemical reaction with rocks would
require very large quantities of reactant, and enormous storage space for the
reaction product.

CO, capture
Capturing CO, from emission sources

Most man-made CO, emissions come from power generation and large-scale
industrial processes. The cost of capturing CO, from these larger-scale emission
sources is much less than from distributed sources, such as transport.

There are three main classes of CO, capture processes (Figure 7.8):

B With post-combustion processes, CO, is captured at low pressure from flue gas
that generally has a CO, content of 2% to 25%. The challenge is to recover CO,
from the flue gas economically. The separated gas has to be compressed before
transportation.

B CO, can also be captured pre-combustion in coal or natural gas burning plants.
Reacting the fuel with air or oxygen enables the capture of high concentrations of
CO, (more than 95%).

Figure 7.8 P Three main options for CO, capture from power generation and
industrial processes
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Source: IPCC, 2005.

Key point

CO, capture technologies fall into three main categories: post-combustion generates CO,, with the lowest purity, while
pre-combustion and oxyfuel combustion use air from which nitrogen and other gases have been stripped — hence
they use mainly oxygen, to produce high purity CO,,.
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Cost and potential for cost reductions from power plants

The bulk of the costs of CCS projects are associated with CO, capture. CCS costs
between USD 40 and USD 90 per tonne of CO, emissions avoided, dependent on
the fuel and the technology that the power plant uses. For the most cost effective
technologies, capture costs alone are USD 25 to USD 50 per tonne of CO,
emissions avoided, with transport and storage about USD 10 per tonne. Because
CO, capture itself uses more energy and leads to the production of more CO,),
the cost per tonne of CO, emission reduction is higher than the per tonne cost of
capturing and storing CO,,. The gap between the two narrows, however, as CO,
capture energy efficiency increases.

In some circumstances, depending on factors such as oil prices, extraction
economics and reservoir performance, the benefits from enhanced oil recovery
(EOR) can offset part or all of the capture, transportation and injection costs. By
2030, costs for coal-fired plants could fall to below USD 35 per tonne of CO,
captured, provided sufficient R&D and demonstration efforts are put in place and
are successful (IEA, 2008c).

Using CCS with new natural gas and coal-fired power plants would increase
electricity production costs by USD 0.02 to USD 0.04 per kWh. By 2030, the
additional costs could drop back to USD 0.01 to USD 0.03 per kWh (Remme and
Bennaceur, 2007).

Future cost projections for CCS depend on which technologies are used, how they
are applied, how far costs fall as a result of RD&D and market uptake, and fuel
prices.

Efficiency and retrofitting

Capturing CO, from low-efficiency power plants is not economically viable. The
higher the efficiency of electricity generation, the lower the cost increase per
kilowatt-hour of electricity. Future PCC systems employing super alloys, high
temperature hydrogen gas turbines, and new CO, separation fechnologies should
enable power generation efficiencies with CO, capture that are comparable with
current conventional plants without capture (IEA, 2007b).

A case study of a new gas-fired power plant in Karstg, Norway, has compared the
costs of an integrated system (where steam was extracted from the power plant)
with those of a back-end capture system (with its own steam supply) designed as
a retrofit after the power plant had been built. The analysis suggested that the
retrofit would reduce efficiency by 3.3% more than the integrated option, at similar
investment cost (IEA, 2004).

As most coal-fired power plants have a long lifespan, any rapid expansion of
CO, capture into the power sector would include retrofitting. New capacity will be
needed to offset the capacity de-rating caused by CO, capture.

Capture readiness

Financial and regulatory framework