
Part III 
The Economics of Stabilisation 

 
Part III of the Review considers the economic challenges of achieving stabilisation of 
greenhouse gases in the atmosphere. 
 
‘Business as usual’ emissions will take greenhouse gas concentrations and global 
temperatures way beyond the range of human experience. In the absence of action, 
the stock of greenhouse gases in the atmosphere could more than treble by the end 
of the century.    
 
Stabilisation of concentrations will require deep emissions cuts of at least 25% by 
2050, and ultimately to less than one-fifth of today’s levels. The costs of achieving 
this will depend on a number of factors, particularly progress in bringing down the 
costs of technologies. Overall costs are estimated at around 1% of GDP for 
stabilisation levels between 500-550ppm CO2e. 
 
The costs will not be evenly felt – some carbon-intensive sectors will suffer, while for 
others, climate change policy will create opportunities. Climate change policies may 
also have wider benefits where they can be designed in a way that also meets other 
goals. 
 
Comparing the costs and benefits of action clearly shows that the benefits of strong, 
early action on climate change outweigh the costs. The current evidence suggests 
aiming for stabilisation somewhere within the range 450-550ppm CO2e. Ignoring 
climate change will eventually damage economic growth; tackling climate change is 
the pro-growth strategy. 
 
Part III is structured as follows: 
 
• Chapter 7 discusses the past drivers of global emissions growth, and how these 

are likely to evolve in the future. 
 
• Chapter 8 explains what needs to happen to emissions in order to stabilise 

greenhouse-gas concentrations in the atmosphere, and the range of trajectories 
available to achieve this. 

 
• Chapter 9 discusses how to identify the costs of mitigation, and looks at a 

resource-based approach to calculating global costs. 
 
• Chapter 10 compares modelling approaches to calculating costs, and looks at 

how policy choices may influence cost. 
 
• Chapter 11 considers how climate change policies may affect competitiveness if 

they are not applied evenly worldwide. 
 
• Chapter 12 looks at how to take advantage of the opportunities and wider 

benefits arising from action on climate change. 
 
• Chapter 13 brings together the analysis of costs and benefits, and looks at how a 

global long-term goal for climate change policy can be defined. 
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7 Projecting the Growth of Greenhouse-Gas Emissions  
 
Key Messages 
 
Greenhouse-gas concentrations in the atmosphere now stand at around 430ppm CO2 
equivalent, compared with only 280ppm before the Industrial Revolution. The stock is rising, 
driven by increasing emissions from human activities, including energy generation and land-use 
change.  
 
Emissions have been driven by economic development. CO2 emissions per head have been 
strongly correlated with GDP per head across time and countries. North America and Europe 
have produced around 70% of CO2 emissions from energy production since 1850, while 
developing countries – non-Annex 1 parties under the Kyoto Protocol – account for less than one 
quarter of cumulative emissions.  
 
Annual emissions are still rising. Emissions of carbon dioxide, which accounts for the largest 
share of greenhouse gases, grew at an average annual rate of around 2½% between 1950 and 
2000. In 2000, emissions of all greenhouse gases were around 42GtCO2e, increasing 
concentrations at a rate of about 2.7ppm CO2e per year.  
 
Without action to combat climate change, atmospheric concentrations of greenhouse 
gases will continue to rise. In a plausible ‘business as usual’ scenario, they will reach 550ppm 
CO2e by 2035, then increasing at 4½ppm per year and still accelerating.  
 
Most future emissions growth will come from today’s developing countries, because of 
more rapid population and GDP growth than developed countries, and an increasing share 
of energy-intensive industries. The non-Annex 1 parties are likely to account for over three 
quarters of the increase in energy-related CO2 emissions between 2004 and 2030, according to 
the International Energy Agency, with China alone accounting for over one third of the increase. 
 
Total emissions are likely to increase more rapidly than emissions per head, as global 
population growth is likely to remain positive at least to 2050. 
 
The relationship between economic growth and development and CO2 emissions growth is 
not immutable. There are examples where changes in energy technologies, the structure of 
economies and the pattern of demand have reduced the responsiveness of emissions to income 
growth, particularly in the richest countries. Strong, deliberate policy choices will be needed, 
however, to decarbonise both developed and developing countries on the scale required for 
climate stabilisation. 
 
Increasing scarcity of fossil fuels alone will not stop emissions growth in time. The stocks 
of hydrocarbons that are profitable to extract (under current policies) are more than 
enough to take the world to levels of CO2 concentrations well beyond 750ppm, with very 
dangerous consequences for climate-change impacts. Indeed, with business as usual, 
energy users are likely to switch towards more carbon-intensive coal, oil shales and synfuels, 
tending to increase rates of emissions growth. It is important to redirect energy-sector research, 
development and investment away from these sources towards low-carbon technologies. 
 
Extensive carbon capture and storage would allow some continued use of fossil fuels, and 
help guard against the risk of fossil fuel prices falling in response to global climate-change policy, 
undermining its effectiveness. 
 
7.1 Introduction 
 
Part II showed that continuing climate change will produce harmful and ultimately dangerous 
impacts on the environment, the global economy and society. This chapter shows that, in the 

STERN REVIEW: The Economics of Climate Change 169 



Part III: The Economics of Stabilisation 

absence of deliberate policy to combat climate change, global greenhouse-gas emissions will 
continue to increase at a rapid rate. 
 
Even if annual greenhouse-gas (GHG) emissions remained at the current level of 42 GtCO2 
equivalent1 each year2, the world would experience major climate change. That rate of emissions 
would be sufficient to take greenhouse-gas concentrations to over 650ppm CO2 equivalent 
(CO2e) by the end of this century, likely to result eventually in a rise in the global mean 
temperature of at least 3°C from its pre-industrial level3.  
 
But annual emissions are not standing still – they are rising, at a rapid rate. If they continue to do 
so, then the outlook is even worse.  
 
This chapter reviews some of the projections of emissions growth in Section 7.2, noting that, 
despite the uncertainties about the precise pace of increases, there is powerful evidence, robust 
to plausible variations in the detail of forecasts, that with ‘business as usual’ emissions will reach 
levels at which the impacts of climate change are likely to be very dangerous. Sections 7.3 to 7.5 
then look behind the headline projections to consider the main drivers of energy-related 
emissions growth: economic growth, technological choices affecting carbon intensity of energy 
use and energy intensity of output, and population growth. This is helpful not only in 
understanding what underlies the projections but also in identifying the channels through which 
climate-change policy can work. Finally, in Section 7.6, the chapter argues that fossil fuels’ 
increasing scarcity is not going to rein in emissions growth by itself. To the contrary, there will be 
a problem for climate-change policies if they induce significant falls in fossil-fuel prices. That is 
one reason why carbon capture and storage technology is so important. 
 
7.2 Past greenhouse-gas emissions and current trends 
 
57% of emissions are from burning fossil fuels in power, transport, buildings and industry; 
agriculture and changes in land use (particularly deforestation) produce 41% of emissions. 
 
Total greenhouse-gas emissions were 42 GtCO2e4 in 20005, of which 77% were CO2, 14% 
methane, 8% nitrous oxide and 1% so-called F-gases such as perfluorocarbon and sulphur 
hexafluoride. Sources of greenhouse-gas emissions comprise:  
 
• Fossil-fuel combustion for energy purposes in the power, transport, buildings and industry 

sectors amounted to 26.1 GtCO2 in 20046. Combustion of coal, oil and gas in electricity 
and heat plants accounted for most of these emissions, followed by transport (of which 
three quarters is road transport), manufacturing and construction and buildings. 

• Land-use change such as deforestation releases stores of CO2 into the atmosphere. 
• Methane, nitrous oxide and F-gases are produced by agriculture, waste and industrial 

processes. Industrial processes such as the production of cement and chemicals involve 
a chemical reaction that releases CO2 and non-CO2 emissions. Also, the process of 

                                                 
1 Greenhouse gases are converted to a common unit, CO2 equivalent, which measures the amount of carbon dioxide that 
would produce the same global warming potential (GWP) over a given period as the total amount of the greenhouse gas 
in question. In 2000, 77% of the 100-year GWP of new emissions was from CO2. See Table 8.1 for conversion factors for 
different gases. Figures for the stock of greenhouse gases are usually reported in terms of the amount of CO2 that would 
have the equivalent effect on current radiative forcing, i.e. they focus on the GWP over one year.  
2 GHG emissions in 2000 were 42 GtCO2e, WRI (2006). This does not include some emissions for which data are 
unavailable. For example: CO2 emissions from soil; additional global warming effect of aviation, including the uncertain 
contrail effect (see Box 15.6); CFCs (for example from refrigerants in developing countries); and aerosols (for example, 
from the burning of biomass). 
3 Chapter 8 examines the relationship between stabilisation levels, temperatures and emissions trajectories. 
4 WRI (2006). 
5 WRI (2006). Historical emission figures are drawn from the WRI’s Climate Analysis Indicators Database (CAIT) 
http://cait.wri.org. Emission estimates exclude: CO2 emissions from soil; additional global warming effect of aviation, 
including the uncertain cirrus cloud effect (see Box 15.6); CFCs (for example from refrigerants in developing countries); 
and aerosols (for example, from the burning of biomass). 
6 IEA (in press). 

STERN REVIEW: The Economics of Climate Change 170 

http://cait.wri.org/


Part III: The Economics of Stabilisation 

extracting fossil fuels and making them ready for use generates CO2 and non-CO2 
emissions (so-called fugitive emissions). 

ENERGY
EMISSIONS
ENERGY
EMISSIONS

 
The shares are summarised in Figure 7.1 below, and emissions sources are analysed further by 
sector in Box 7.1 and Annexes 7.B to 7.G7. 
 
Figure 7.1 GHG emissions in 2000, by source8  
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Source:  WRI (2006) 
 
Box 7.1 Current and projected emissions sources by sector 
 
Power 
A quarter of all global greenhouse-gas emissions come from the generation of power and heat, which 
is mostly used in domestic and commercial buildings, and by industry. This was the fastest growing 
source of emissions worldwide between 1990 and 2002, growing at a rate of 2.2% per year; 
developing-country emissions grew most rapidly, with emissions from Asia (including China and 
India), the Middle East and the transition economies doubling between 1990 and 2000. 
 
This sector also includes emissions arising from petroleum refineries, gas works and coal mines in 
the transformation of fossil fuel into a form that can be used in transport, industry and buildings. 
Emissions from this source are likely to increase over four-fold between now and 2050 because of 
increased synfuel production from gas and coal, according to the IEA. Total power-sector emissions 
are likely to rise more than three-fold over this period. For more detail on power emissions, see 
Annex 7.B. 
 
Land use 
Changes in land use account for 18% of global emissions. This is driven almost entirely by emissions 
from deforestation. Deforestation is highly concentrated in a few countries. Currently around 30% of 
land-use emissions are from Indonesia and a further 20% from Brazil.  
 
Land-use emissions are projected to fall by 2050, because it is assumed that countries stop 
deforestation after 85% of forest has been cleared. For more detail, see Annex 7.F. 
 

                                                 
7 For Annexes 7B to 7G, see www.sternreview.org.uk 
8 Emissions are presented according to the sector from which they are directly emitted, i.e. emissions are by source, as 
opposed to end user/activity; the difference between these classifications is discussed below. 
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Agriculture 
Non-CO2 emissions from agriculture amount to 14% of total GHG emissions. Of this, fertiliser use and 
livestock each account for one third of emissions; other sources include rice and manure 
management. Over half of these emissions are from developing countries. Agricultural practices such 
as the manner of tillage are also responsible for releasing stores of CO2 from the soil, although there 
are no global estimates of this effect. Agriculture is also indirectly responsible for emissions from 
land-use change (agriculture is a key driver of deforestation), industry (in the production of fertiliser), 
and transport (in the movement of goods). Increasing demand for agricultural products, due to rising 
population and incomes per head, is expected to lead to continued rises in emissions from this 
source. For more detail on trends in agriculture emissions, see Annex 7.G. 
 
Total non-CO2 emissions are expected to double in the period to 20509. 
 
Transport 
Transport accounts for 14% of global greenhouse-gas emissions, making it the third largest source of 
emissions jointly with agriculture and industry. Three-quarters of these emissions are from road 
transport, while aviation accounts for around one eighth and rail and shipping make up the remainder. 
The efficiency of transport varies widely between countries, with average efficiency in the USA being 
around two thirds that in Europe and half that in Japan10. Total CO2 emissions from transport are 
expected to more than double in the period to 2050, making it the second-fastest growing sector after 
power. 
 
CO2 emissions from aviation are expected to grow by over three-fold in the period to 2050, making it 
among the fastest growing sectors. After taking account of the additional global warming effects of 
aviation emissions (discussed in Box 15.8), aviation is expected to account for 5% of the total 
warming effect (radiative forcing) in 205011. For more detail on trends in transport emissions, see 
annex 7.C. 
 
Industry  
Industry accounts for 14% of total direct emissions of GHG (of which 10% are CO2 emissions from 
combustion of fossil fuels in manufacturing and construction and 3% are CO2 and non-CO2 emissions 
from industrial processes such as production of cement and chemicals). 
 
Buildings 
A further 8% of emissions are accounted for by direct combustion of fossil fuels and biomass in 
commercial and residential buildings, mostly for heating and cooking. 
 
The contribution of the buildings and industry sectors to climate change are greater than these figures 
suggest, because they are also consumers of the electricity and heat produced by the power sector 
(as shown in Figure B below). Direct emissions from both industry and buildings are both expected to 
increase by around two thirds between 2000 and 2050 under BAU conditions. For more detail on 
industry and buildings emissions, see Annex 7.D and 7.E respectively. 
 
 
 
 
 
 
 
 

                                                                                                                                               
9 There are no projections available splitting non-CO2 emission estimates into individual sector sources after 2020.  
10 An and Sauer (2004). 
11 For explanation of how these percentages are calculated, see Box 15.6. The transport emissions presented in Figure A 
and B include CO2 emissions from aviation, but exclude the additional global warming effect of these emissions at altitude 
because there is no internationally agreed consensus on how to include these effects. 
12 Note that the estimates of energy-related CO2 emissions in the early 1990s include approximate estimates of emissions 
from transition economies, which are sometimes excluded from data tables from the WRI (2006). 
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Figure A  Historical and projected GHG emissions by sector (by source) 
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Source: WRI (2006), IEA (in press), IEA (2006), EPA (forthcoming), Houghton (2005). 
 
GHG emissions can also be classified according to the activity associated with them. Figure B below 
shows the relationship between the physical source of emissions and the end use/activity associated 
with their production. For example, at the left-hand side of the diagram it can be seen that electricity 
generation leads to production of emissions at the coal, gas or oil plant; the electricity produced is 
then consumed by residential and commercial buildings and in a range of industries such as 
chemicals and aluminium. 
 
This analysis is useful for building a detailed understanding of the drivers behind emissions growth 
and how emissions can be cut. For example, emissions from the power sector can be cut either by 
improving the efficiency and technology of the power plant, or by reducing the end-use demand for 
electricity. 
 
Data sources for historical and projected GHG emissions used in this box and throughout the report: 
Historical data on all GHG emissions (1990-2002) from WRI (2006)12.  
Fossil-fuel emissions projections (i.e. power, transport, buildings and industry CO2 emissions) from 
IEA. Data for 2030 taken from IEA (in press) and data for 2050 from IEA (2006). Intermediate years 
calculated by extrapolation. 
Land-use emission projections were taken from Houghton (2005). 
Non-CO2 emission projections to 2020 from EPA (forthcoming). Figures extrapolated to 2050 using 
IPCC SRES scenarios A1F1 and A2. 
CO2 industrial-process and CO2 fugitive emissions projections extrapolated at 1.8% pa (the growth 
rate in fossil fuel emissions anticipated by the IEA). 
 
 

STERN REVIEW: The Economics of Climate Change 173 



Part III: The Economics of Stabilisation 

 
Figure B   World Resources Institute mapping from sectors to greenhouse-gas emissions 
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Annual global greenhouse-gas emissions have been growing. 
 
Figure 7.2 illustrates the long-run trend of energy-related CO2 emissions13, for which reasonable 
historical data exist. Between 1950 and 2002, emissions rose at an average annual rate of over 
3%. Emissions from burning fossil fuels for the power and transport sectors have been increasing 
since the mid-nineteenth century, with a substantial acceleration in the 1950s.  
 
The rate fell back somewhat in the three decades after 1970, but was still 1.7% on average 
between 1971 and 2002 (compared with an average rate of increase in energy demand of 2.0% 
per year). The slowdown appears to have been associated with the temporary real increases in 
the price of oil in the 1970s and 1980s, the sharp reduction in emissions in Eastern Europe and 
the former Soviet Union due to the abrupt changes in economic systems in the 1990s, and 
increases in energy efficiency in China following economic reforms.  
 
The majority of emissions have come from rich countries in the past. North America and Europe 
have produced around 70% of the CO2 from energy production since 1850, while developing 
countries – non-Annex 1 parties under the Kyoto Protocol – account for less than one quarter of 
cumulative emissions. 
 
Figure 7.2 Global CO2 emissions from fossil-fuel burning and cement over the long term  
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Less is known about historical trends in emissions from agriculture and changes in land use, but 
emissions due to land-use changes and deforestation are thought to have risen on average by 
around 1.5% annually between 1950 and 2000, according to the World Resources Institute. 
 
In total, between 1990 and 2000 (the period for which comprehensive data are available), the 
average annual rate of growth of non-CO2 greenhouse gases, in CO2-equivalent terms, was 0.5% 
and of all GHGs together 1.2%. 
 

                                                 
13 Including emissions from international aviation and shipping and CO2 emissions from the industrial process of making 
cement. 
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Global emissions are projected to continue to rise in the absence of climate-change 
policies; ‘business as usual’ will entail continuing increases in global temperatures well 
beyond levels previously experienced by humankind. 
 
Some simple arithmetic can illustrate this. The concentration of greenhouse gases in the 
atmosphere is currently at around 430ppm CO2e, adding 2-3ppm a year. Emissions are rising. But 
suppose they continue to add to GHG concentrations by only 3ppm a year. That will be sufficient 
to take the world to 550ppm in 40 years and well over 700ppm by the end of the century. Yet a 
stable global climate requires that the stock of greenhouse gases is constant and therefore that 
emissions are brought down to the level that the Earth system can naturally absorb from the 
atmosphere annually in the long run. 
 
Formal projections suggest that the situation in the absence of climate-change policies is worse 
than in this simple example. The reference scenario14 in the International Energy Agency (IEA)’s 
2006 World Energy Outlook projects an increase of over 50% in annual global fossil fuel CO2 
emissions between 2004 and 2030, from 26 GtCO2 to 40 GtCO2, an annual average rate of 
increase of 1.7%. The reference scenario for the IEA’s Energy Technology Perspectives 
envisages emissions of 58 GtCO2 by 2050.  
 
Developing countries will account for over three-quarters of the increase in fossil-fuel emissions to 
2030, according to the World Energy Outlook, thanks to rapid economic growth rates and their 
growing share of many energy-intensive industries. China may account for over one third of the 
increase by itself, with Chinese emissions likely to overtake those of the United States by the end 
of this decade, driven partly by heavy use of coal.  
 
The fastest growing sectors are driven by growth in demand for transport. The second fastest 
source of emissions is expected to be aviation, expected to rise about three-fold over the same 
period. Fugitive emissions are expected to increase over four-fold in the period to 2050, because 
of an increase in production of synfuels from gas and coal, mostly for use in the transport sector.  
 
Other ‘business as usual’ (BAU) projections show similar patterns. The US Energy Information 
Administration is currently projecting an increase from 25 GtCO2 in 2003 to 43.7 GtCO2 by 2030, 
at an annual average rate of increase of 2.1%15, as does the POLES model16. The factors 
responsible for the rise in energy-related missions are considered further in the sections below. 
 
Projections of future emissions from land-use changes remain uncertain. At the current rate of 
deforestation, most of the top ten deforesting nations would clear their forests before 2100. Based 
on rates of deforestation over the past two decades, and assuming that countries stop 
deforestation when 85% of the forests they had in 2000 have been cut down, annual emissions 
will remain at around 7.5 GtCO2/yr until 2012, falling to 5 GtCO2/yr by 2050 and 2 GtCO2/yr by 
210017. 
 
The US Environmental Protection Agency (EPA) projects an increase in agricultural emissions 
from 5.7 to 7.3 GtCO2e between 2000 and 2020 with business as usual. The key drivers behind 
agricultural emissions growth are population and income growth. While the share of emissions 
from the OECD and transition economies is expected to fall, the share from developing countries 
is expected to increase, especially in Africa and Latin America. The income elasticity of demand 
for meat is often high in developing countries, which will tend to raise emissions from livestock. 
Increases in emissions from other sources, including waste and industrial processes, are also 
expected.  
 

                                                 
14 The reference scenario assumes no major changes to existing policies. 
15 Different modellers may use slightly different definitions of emissions, depending on their treatment of international 
marine and aviation fuel bunkers and gas flaring. 
16 According to WRI (2006). 
17 Houghton (2005) 
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Looking at emissions from all sources together, the IPCC Special Report on Emissions Scenarios, 
published in 2000, considered a wide range of possible future scenarios. Although they differ 
considerably, all entail substantial increases in emissions for at least the next 25 years and 
increases in greenhouse-gas concentrations at least until the end of the century. All but one 
SRES storyline envisage a concentration level well in excess of 650ppm CO2e by then. Academic 
studies also envisage steady increases. The MIT EPPA model reference projection, for example, 
envisages an average annual increase in CO2 emissions of 1.26% between 1997 and 2100 (faster 
in the earlier years). In the rest of this review, for the purposes of illustrating the size of the 
emission abatement required to achieve various CO2e concentration levels, a BAU trajectory 
based on IEA, EPA, IPCC and Houghton projections has been used18. This is broadly 
representative of BAU projections in the literature and results in emissions reaching 84 GtCO2e 
per year, and a greenhouse-gas level of around 630ppm CO2e, by 2050. 
 
Despite the differences across the emissions scenarios in the literature and the unavoidable 
uncertainty in making long-run projections, any plausible BAU scenario entails continuing 
increases in global temperatures, well beyond levels previously experienced by humankind, with 
the profound physical, social and economic consequences described in Part II of the Review. If, 
for instance, the average annual increase in greenhouse-gas emissions is 1.5%19, concentrations 
will reach 550ppm CO2e by around 2035, by when they will be increasing at 4½ppm per year and 
still accelerating.  
 
The rest of this chapter takes a more detailed look at the drivers that lie behind these headline 
projections. 
 
7.3 The determinants of energy-related CO2 emissions  
 
The drivers of emissions growth can be broken down into different components. 
 
The reasons why annual emissions are projected to increase under ‘business as usual’ can be 
better understood by focusing on energy-related CO2 emissions from the combustion of fossil fuel, 
which have been more thoroughly investigated than emissions from land use, agriculture and 
waste20.  
 
The so-called Kaya identity expresses total CO2 emissions in terms of the components of an 
accounting identity: the level of output (which can be further split into population growth and GDP 
per head); the energy intensity of that output; and the carbon intensity of energy21: 
 
CO2 emissions from energy ≡ 

Population x (GDP per head) x (energy use/GDP) x (CO2 emissions/energy use)  
 
Trends in each of these components can then be considered in turn. In particular, it can 
immediately be seen that increases in world GDP will tend to increase global emissions, unless 
income growth stimulates an offsetting reduction in the carbon intensity of energy use or the 
energy intensity of GDP.  
 
Table 7.1 abstracts from the impact of population size and focuses on emissions per head, which 
are equal to the product of income per head, carbon intensity of energy and energy intensity. 
These are reported for the world and various countries and groupings within it. The table 

                                                 
18 Fossil fuel projections to 2050 are taken from IEA (2006). Non-CO2 emission projections to 2020 are taken from EPA 
(forthcoming) and extrapolated forward to 2050 in a manner to be consistent with non-CO2 emissions reached by SRES 
scenarios A1F1 and A2. Land use emissions to 2050 are taken from Houghton (2005). Actual estimates of CO2 emissions 
from industrial processes and CO2 fugitive emissions were taken from CAIT until 2002; henceforth, they are extrapolated 
at 1.8% pa (the average growth rate for fossil fuel emissions projected by IEA). 
19 This assumes that total emissions of greenhouse gases grow more slowly than emissions of CO2. Their annual growth 
rate was about 0.5 percentage points lower during 1990 to 2000. 
20 Econometric studies of past data have tended to focus on energy-related CO2 emissions, although modellers are 
increasingly including non-CO2 GHGs in their projections. See, for example, Paltsev et al. (2005). 
21 Kaya (1990) 
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illustrates the wide variation in emissions per head across countries and regions, and how this 
variation is driven primarily by variations in income per head and, to a lesser extent, by variations 
in energy intensity. It also illustrates the similarity in the carbon intensity of energy across 
countries and regions. 
 
Table 7.1 Key ratios for energy-related22 CO2 emissions in 2002 
Country/grouping CO2 per 

head (tCO2) 
GDP per head 
($ppp2000) 

CO2 
emissions/energy 
use (tCO2/toe) 

Energy use/GDP 
(toe/$ppp2000 x 
106) 

USA 20.4 34430 2.52 230.8 
EU 9.4 23577 2.30 158.0 
UK  9.6 27176 2.39 140.6 
Japan  9.8 26021 2.35 155.7 
China  3.0 4379 3.08 219.1 
India 1.1 2555 2.05 201.3 
OECD 11.7 24351 2.41 193.0 
Economies in 
transition  

7.7 7123 2.57 421.2 

Non-Annex 1 
parties 

2.2 3870 2.48 217.8 

World 4.0 7649 2.43 219.5 
Source: WRI (2006). 
 
Some of the factors determining these ratios change only very slowly over time. Geographers 
have drawn attention to the empirical importance of a country’s endowments of fossil fuels and 
availability of renewable energy sources23, which appear to affect both the carbon intensity of 
energy use and energy use itself. Qatar, a Gulf oil-producing state, for example, has the highest 
energy use per head and the highest CO2 emissions per head24. China, which uses a greater 
proportion of coal in its energy mix than the EU, has a relatively high figure for carbon intensity. A 
country’s typical winter climate and population density are also important influences on the energy 
intensity of GDP.  
 
But some factors are subject to change. Economists have stressed, for example, the role of the 
prices of different types of energy, the pace and direction of technological progress, and the 
structure of production in different countries in influencing carbon intensity and energy intensity25.  
 
Falls in the carbon intensity of energy and energy intensity of output have slowed the 
growth in global emissions, but total emissions have still risen, because of income and 
population increases. 
 
In Table 7.2, the Kaya identity is used to break down the total growth rates of energy-related CO2 
emissions for various countries and regions over the period 1992 to 2002 into the contributions – 
in an accounting sense – from population growth, changes in the carbon intensity of energy use, 
changes in the energy intensity of GDP, and growth of GDP per head. It shows that, in the recent 
past, income growth per head has tended to raise global emissions (by 1.9% per year) whereas 
reductions in global carbon and energy intensity have tended to reduce them (by the same 
amount). Because world population has grown (by 1.4% per year), emissions have gone up.  

                                                 
22 Energy-related emissions include all fossil-fuel emissions plus CO2 emissions from industrial processes. 
23 E.g. Neumayer (2004) 
24 Generous endowments of raw materials are not necessarily reflected in domestic consumption (e.g. South Africa and 
diamonds), but in the case of energy there does seem to be a significant correlation, perhaps because of the broad-based 
demand for energy and the tendency for local energy prices to be relatively low in energy-rich countries. 
25 E.g. Huntington (2005) and McKibbin and Stegman (2005) 
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Table 7.2  Annual growth rates in energy-related26 CO2 emissions and their components, 1992-
2002 (%)  
Country/grouping CO2 

emissions 
(GtCO2) 

GDP per 
head 

Carbon 
intensity 

Energy 
intensity 

Population 

USA 1.4 1.8 0.0 -1.5 1.2
EU 0.2 1.8 -0.7 -1.2 0.3
UK  -0.4 2.4 -1.0 -2.3 0.2
Japan  0.7 0.7 -0.5 0.2 0.3
China  3.7 8.5 0.5 -6.4 0.9
India 4.3 3.9 1.1 -2.5 1.7
OECD 1.2 1.8 -0.3 -1.1 0.7
Economies in transition  -3.0 0.4 -0.6 -2.7 -0.1
Non-Annex 1 parties 3.3 3.5 0.2 -2.0 1.6
World 1.4 1.9 -0.1 -1.7 1.4
Source: WRI (2006). 
 
There has been a variety of experience across countries. The EU and the economies in transition 
were able to reduce carbon intensity considerably during the period, but there was a significant 
increase in India, from a very low base. Population growth, as well as increases in GDP per head, 
was particularly important in developing countries. The reductions in the energy intensity of output 
in China, India and the economies in transition are striking. If energy intensity had fallen in China 
only at the speed it fell in the OECD, global emissions in 2002 would have been over 10% higher. 
But Table 7.1 shows that, at least in China and India, energy intensity is now below that of the 
United States. Economic reforms helped to reduce wasteful use of energy in many countries in 
the 1990s, but many of the improvements are likely to have reflected catching up with best 
practice, boosting the level of energy efficiency but not necessarily bringing reductions in its long-
run growth rate. 
 
7.4 The role of growth in incomes and population in driving emissions 
 
In the absence of policies to combat climate change, CO2 emissions are likely to rise as the 
global economy grows. 
 
Historically, economic development has been associated with increased energy consumption and 
hence energy-related CO2 emissions per head. Across 163 countries, from 1960 to 1999, the 
correlation between CO2 emissions per head and GDP per head (expressed as natural 
logarithms) was nearly 0.927. Similarly, one study for the United States estimated that, over the 
long term, a 1% rise in GDP per head leads to a 0.9% increase in emissions per head, holding 
other explanatory factors constant28. 
 
Consistent with this, emissions per head are highest in developed countries and much lower in 
developing countries – although developing countries are likely to be closing the gap, because of 
their more rapid collective growth and their increasing share of more energy-intensive industries, 
as shown in the example of the projection in Figure 7.329.  

                                                 
26 Energy-related emissions include all fossil-fuel emissions plus CO2 emissions from industrial processes. 
27 See Neumayer, (2004) 
28 See Huntington (2005). GDP per head is itself a function of many other variables, and emissions projections should in 
principle be based upon explicit modelling of the sources of growth; for example, the consequences for emissions will be 
different if growth is driven by innovations in energy technology rather than capital accumulation. 
29 Holtsmark, B (2006). McKitrick and Strazicich (2005) have pointed out that global emissions per head have behaved as 
a stationary series subject to structural breaks. But this does not preclude increases in global emissions per head in future, 
either because of structural changes within economies, or changes in the distribution of emissions across fast- and slow-
growing economies, leading to further structural breaks. 
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Figure 7.3 Global emissions per head: history and extrapolations 
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Structural shifts in economies may change the relationship between income and 
emissions. 
 
Structural changes in economies will have a significant impact on their emissions. In some rich 
countries, the shift towards a service-based economy has helped to slow down, or even reverse, 
the growth in national emissions. Indeed, emissions per head have fallen in some countries over 
some periods (e.g. they peaked in the United Kingdom in 1973 and fell around 20% between then 
and 1984). Holtsmark’s extrapolation in Figure 7.3 envisages a decline in emissions per head for 
the developed world as a whole. And breaks in the relationship between emissions per head and 
GDP per head have taken place, as seen in Figure 7.4 for the USA, at income levels around 
$6000 per head, $12000 per head and $22000 per head.  
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Figure 7.4 Annual emissions of CO2 per head vs. GDP per head, USA 
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Source: Huntington (2005) 
 
If it were true that the relationship between emissions and income growth disappeared at higher 
income levels, emissions growth would eventually be self-limiting, reducing the need to take 
action on climate change if this happened fast enough. The observation that, at high incomes, 
some kinds of pollution start to fall is often explained by invoking the ‘environmental Kuznets 
curve’ hypothesis – see Annex 7.A. The increasing importance of the ‘weightless economy’ in the 
developed world30, with a rising share of spending accounted for by services, shows how patterns 
of demand, and the resulting energy use, can change. 
 
However, in the case of climate change, the hypothesis is not very convincing, for three reasons. 
First, at a global level, there has been little evidence of large voluntary reductions in emissions as 
a result of consumers’ desire to reduce emissions as they become richer. That may change as 
people’s understanding of climate-change risks improves, but the global nature of the externality 
means that the incentive for uncoordinated individual action is very low. Second, the pattern seen 
in Figure 7.4 partly reflects the relocation of manufacturing activity to developing countries. So, at 
the global level, the structural shift within richer countries has less impact on total emissions. 
Third, demand for some carbon-intensive goods and services – such as air transport31 – has a 
high income elasticity, and will continue to grow as incomes rise. Demand for car transport in 
many developing countries, for example, is likely to continue to increase rapidly. For these 
reasons, at the global level, in the absence of policy interventions, the long-run positive 
relationship between income growth and emissions per head is likely to persist. Breaking the link 
requires significant changes in preferences, relative prices of carbon-intensive goods and 
services and/or breaks in technological trends. But all of these are possible with appropriate 
policies, as Part IV of this Review argues. 
 
Different assumptions about the definition and growth of income produce different 
projections for emissions, but this does not affect the conclusion that emissions are well 
above levels consistent with a stable climate and are likely to remain so under ‘business 
as usual’. 
                                                 
30 Quah (1996) 
31 Air transport is particularly problematic given its impacts on the atmosphere over and above the simple CO2 effect. The 
additional global warming effect of aviation is discussed in Box 15.8. 
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Projected trajectories for CO2 are sensitive to long-run growth projections, but the likelihood of 
economic growth slowing sufficiently to reverse emissions growth by itself is small. Most models 
assume some decline in world growth rates in the medium to long run, as poorer countries catch 
up and exhaust the growth possibilities from adopting best practices in production techniques. But 
some go further and assume that developed-country income growth per head will actually decline. 
There is no strong empirical basis for this assumption. Neither is the assumption very helpful if 
one wishes to assess the consequences if developed economies do manage to continue to grow 
at post-World War II rates.  
 
The choice of method for converting the incomes of different countries into a common currency to 
allow them to be aggregated also makes some difference – see Box 7.2. But given that the 
growth rate of global GDP was around 2.9% per year on average between 1900 and 2000, and 
3.9% between 1950 and 2000, projecting world growth to continue at between 2 and 3% per year 
(as in the IPCC SRES scenarios, for example) does not seem unreasonable. 
 
Box 7.2 Using market exchange rates or purchasing power parities in projections 
 
There has been some controversy over how GDPs of different countries and regions should be 
compared for the purposes of making long-run emissions projections. Some method is required 
to convert data compiled in national currency terms into a common unit of account. Most 
emissions scenarios have used market exchange rates (MER), while others have argued for 
purchasing power parity (PPP) conversions. Castles and Henderson (2003) argue that “the 
mistaken use of MER-based comparisons, together with questionable assumptions about 
'closing the gap' between rich countries and poor, have imparted an upward bias to projections 
of economic growth in developing countries, and hence to projections of total world emissions.” 
 
MER conversions suffer from two main problems. First, although competition tends to equalise 
the prices of internationally traded goods and services measured in a common currency using 
MERs, this is not true of non-traded goods and services. As the price of the latter relative to 
traded goods and services tends to be higher in rich countries than in poor ones, rich countries 
tend to have higher price levels converted at MERs. This phenomenon arises because the 
productivity differential between rich and poor countries tends to be larger for traded than non-
traded goods and services (the ‘Balassa-Samuelson’ effect32). In this sense, the ratio of income 
per head between rich countries and poor countries is exaggerated if the comparison is intended 
to reflect purchasing power. Thus, the use of MERs will mean that developing countries’ current 
GDP levels per head will be underestimated. If GDP levels per head are assumed to converge 
over some fixed time horizon, this means that the growth rates of the poor countries while they 
‘catch up’ will be exaggerated. Henderson and Castles were concerned that this would lead to 
an over-estimate of the growth of emissions as well. 
Second, MERs can be driven away from the levels that ensure the ‘law of one price’ for traded 
goods and services by movements across countries’ capital accounts. Different degrees of firms’ 
market power in different countries may also have this effect.  
Instead of using MERs, one can try to use conversions based on purchasing power parity (PPP). 
These try to compare real incomes across countries by comparing the ability to purchase a 
standard basket of goods and services. But PPP exchange rates have their own problems, as 
explained by McKibbin et al (2004). PPP calculation requires detailed information about the 
prices in national currencies of many comparable goods and services. The resource costs are 
heavy. There are different ways of weighting individual countries’ prices to obtain ‘international 
prices’ and aggregating volumes of output or expenditure. Different PPP conversions are needed 
for different purposes. For example, different baskets of products and PPP conversion rates are 
appropriate for comparing the incomes of old people across countries than for comparing the 
incomes of the young; similarly, different price indices need to be used for comparing industrial 
outputs. Data are only available for benchmark years, unlike MERs, which for many countries 
are available at high frequency.  

                                                 
32 See, for example, Balassa (1964) 
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But efforts are under way to improve the provision of PPP data. The International Comparison 
Programme (ICP), launched by the World Bank when Nicholas Stern was Chief Economist, is 
the world’s largest statistical initiative, involving 107 countries and collaboration with the OECD, 
Eurostat and National Statistical Offices. It produces internationally comparable price levels, 
economic aggregates in real terms, and Purchasing Power Parity (PPP) estimates that inform 
users about the relative sizes of markets, the size and structure of economies, and the relative 
purchasing power of currencies. 
 
In the IPCC SRES scenarios that use MER conversions, it is not clear that the use of MERs 
biases upwards the projected rates of emissions growth, as the SRES calibration of the past 
relationship between emissions per head and GDP per head also used GDPs converted at 
MERs as the metric for economic activity (Holtsmark and Alfsen (2003)). Hence the scenarios 
are based on a lower estimate of the elasticity of emissions growth per head with respect to (the 
incorrectly measured) GDP growth per head. As Nakicenovic et al (2003) have argued, the use 
of MERs in many of the IPCC SRES scenarios is unlikely to have distorted the emissions 
trajectories much.  

 
Overall, the statement that, under business as usual, global emissions will be sufficient to propel 
greenhouse-gas concentrations to over 550ppm CO2e by 2050 and over 650-700ppm by the end 
of this century is robust to a wide range of changes in model assumptions. It is based on a 
conservative assumption of constant or very slowly rising annual emissions. The proposition does 
not, for example, rely on convergence of growth rates of GDP per head across countries, an 
assumption commonly made in global projections. Cross-country growth regressions suggest that 
on average there has been a general tendency towards convergence of growth rates33. But there 
has been a wide range of experience over time and regions, and some signs of divergence in the 
1990s34.   
 
Total emissions are likely to increase more rapidly than emissions per head.  
 
The UN projects world population to increase from 6.5 billion in 2005 to 9.1 billion in 2050 in its 
medium variant and still to be increasing slowly then (at about 0.4% per year), despite projected 
falls in fertility35. The average annual growth rate from 2005 to 2050 is projected to be 0.75%; the 
UN’s low and high variants give corresponding rates of 0.38% and 1.11%. Population growth 
rates will be higher among the developing countries, which are also likely in aggregate to have 
more rapid emissions growth per head. This means that emissions in the developing world will 
grow significantly faster than in the developed world, requiring a still sharper focus on emissions 
abatement in the larger economies like China, India and Brazil.  
 
Climate change itself is also likely to have an impact on energy demand and hence emissions, but 
the direction of the net impact is uncertain. Warmer winters in higher latitudes are likely to reduce 
energy demand for heating36, but the hotter summers likely in most regions are likely to increase 
the demand for refrigeration and air conditioning37. 
 
7.5 The role of technology and efficiency in breaking the link between growth and 

emissions 
 
The relationship between economic development and CO2 emissions growth is not 
immutable. 
 
Historically, there have been a number of pervasive changes in energy systems, such as the 
decline in steam power, the spread of the internal combustion engine and electrification. The 

                                                 
33 Bosworth, B, and Collins, S (2003) 
34 See McKibbin and Stegman, op. cit.; Pritchett, L (1997) 
35 Population Division of the Department of Economic and Social Affairs of the United Nations Secretariat (2005) 
36 See Neumayer, op. cit. 
37 Asadoorian et al (2006)  
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adoption of successive technologies changed the physical relationship between energy use and 
emissions. A number of authors have identified in several countries structural breaks in the 
observed relationship that are likely to have been the result of such switches38. Using US data, 
Huntington (2005) found that, after allowing for these technology shifts, the positive relationship 
between emissions per head and income per head has remained unchanged, casting some doubt 
on the scope for changes in the structure of demand to reduce emissions in the absence of 
deliberate policy. Also, an MIT study suggests that, since 1980, changes in US industrial structure 
have had little effect on energy intensity39. 
 
Shifts usually entailed switching from relatively low-energy-density fuels (e.g. wood, coal) to 
higher-energy-density ones (e.g. oil), and were driven primarily by technological developments, 
not income growth (although cause and effect are difficult to disentangle, and changes in the 
pattern of demand for goods and services may also have played a role). The energy innovations 
and their diffusion were largely driven by their advantages in terms of costs, convenience and 
suitability for powering new products (with some local environmental concerns, such as smog in 
London or Los Angeles, occasionally playing a part). As the discussion of technology below 
suggests (see Chapter 16), given the current state of knowledge, alternative technologies do not 
appear, on balance, to have the inherent advantages over fossil-fuel technologies (e.g. in costs, 
energy density or suitability for use in transport) necessary if decarbonisation were to be brought 
about purely by private commercial decisions. Strong policy will therefore be needed to provide 
the necessary incentives.  
 
Technical progress in the energy sector and increased energy efficiency are also likely to 
moderate emissions growth. Figure 7.5, for instance, illustrates that the efficiency with which 
energy inputs are converted into useful energy services in the United States has increased seven-
fold in the past century. One study has found that innovations embodied in information technology 
and electrical equipment capital stocks have played a key part in reducing energy intensity over 
the long term40. But, in the absence of appropriate policy, incremental improvements in efficiency 
alone will not overwhelm the income effect. For example, a review of projections for China carried 
out for the Stern Review suggests that energy demand is very likely to increase substantially in 
‘business as usual’ scenarios, despite major reductions in energy intensity41. And in the USA, 
emissions per head are projected to rise whenever income per head grows at more than 1.8% per 
year42. But the scale of potential cost-effective energy efficiency improvements, which will be 
explored elsewhere in this Review, indicates that energy efficiency and reductions in energy 
intensity constitute an important and powerful part of a wider strategy.  

                                                 
38 See, for example, Lanne and Liski (2004) and Huntington, op. cit. The former study 16 countries but use a very limited 
set of explanatory variables. 
39 Sue Wing and Eckaus (2004) 
40 Sue Wing and Eckaus (2004) 
41 Understanding China’s Energy Policy: Background Paper Prepared for Stern Review on the Economics of Climate 
Change by the Research Centre for Sustainable Development, Chinese Academy of Social Sciences 
42 Huntington, op. cit. 
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Figure 7.5 Energy conversion efficiencies, USA, 1900–1998 
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Source: Ayres et al (2005) and Ayres and Warr (2005) This graph shows the efficiency with which 
power from fossil-fuel, hydroelectric and nuclear sources is converted into useful energy services. 
The percentages reflect the ratio of useful work output to energy input. 
 
 
Chapter 9 will set out in more detail the potential for improvements in efficiency and technology; 
Part IV of this report will look at how policy frameworks can be designed to make this happen. 
 
7.6 The impact of fossil-fuel scarcity on emissions growth  
 
This chapter has argued that, without action on climate change, economic growth and 
development are likely to generate levels of greenhouse-gas emissions that would be very 
damaging. Development is likely to lead to increasing demand for fossil-fuel energy, and, without 
appropriate international collective action, producers and consumers will not modify their 
behaviour to reduce the adverse impacts. But is the increase in energy use implied actually 
technically feasible? In other words, are the stocks of fossil fuels in the world large enough to 
satisfy the demand implied by the BAU scenarios? Or will increasing scarcity drive up the relative 
prices of fossil fuels sufficiently to choke off demand fast enough to provide a ‘laissez faire’ 
answer to the climate-change problem?  
 
There is enough fossil fuel in the ground to meet world consumption demand at 
reasonable cost until at least 2050. 
 
To date, about 2.7 trillion barrels of oil equivalent (boe) of oil, gas and coal have been used up43. 
At least another 40 trillion boe remain in the ground, of which around 7 trillion boe can reasonably 
be considered economically recoverable44. This is comfortably enough to satisfy the BAU demand 
for fossil fuels in the period to 2050 (4.7 trillion boe)45. 
 
The IEA has looked at where the economically recoverable reserves of oil might come from in the 
next few decades and the associated extraction costs (see Figure 7.7). Demand for oil in the 

                                                 
43 World Energy Council (2000) 
44 World Energy Council (2000) 
45 IEA (2006) 
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period to 2050 is expected to be 1.8 trillion boe46; this could be extracted at less than $30/barrel. 
This alone would be enough to raise the concentration of CO2e in the atmosphere by 50ppm47. 
 
Figure 7.6 Availability of oil by price48  
 

 
 
Source: International Energy Agency 
 
There appears to be no good reason, then, to expect large increases in real fossil-fuel prices to 
be necessary to bring forth supply. Yet big increases in price would be required to hold energy 
demand and emissions growth in check if no other method were also available. The IEA 
emissions projections envisage an average annual rate of increase of 1.7% to 2030. If the price 
elasticity of energy demand were -0.23, an estimate in the middle of the range in the literature49, 
the prices of fossil fuels would have to increase by over 7% per year in real terms merely to bring 
the rate of emissions growth back to zero, implying a more-than-six-fold rise in the real price of 
energy.  
 
‘Carbon capture and storage’ technology is important, as it would allow some continued 
use of fossil fuels and help guard against the risk of fossil-fuel prices falling in response to 
global climate-change policy, undermining its effectiveness. 
 
There are three major implications for policy. First, it is important to provide incentives to redirect 
research, development and investment away from the fossil fuels that are currently more difficult 
to extract (see Grubb (2001)). The initial costs of development provide a hurdle to the exploitation 
of some of the more carbon-intensive fuels like oil shales and synfuels. This obstacle can be used 
to help divert R,D&D efforts towards low-carbon energy resources. Second, the low resource 
costs of much of the remaining stock of fossil fuels have to be taken into account in climate-
change policy50. Third, as there is a significant element of rent in the current prices of exhaustible 
fossil-fuel resources, particularly those of oil and natural gas, there is a danger that fossil-fuel 
prices could fall in response to the strengthening of climate-change policy, undermining its 

                                                 
46 IEA (2006) 
47 This assumes that half of CO2 emissions are absorbed, as discussed in Chapter 1. 
48 IEA (2005) 
49 See Hunt et al (2003) 
50 In calculating the costs of climate-change mitigation to the world as a whole, fossil-fuel energy should be valued at its 
marginal resource cost, excluding the scarcity rents, not at its market price. Some estimates of cost savings from 
introducing alternative energy technologies ignore this point and consequently overestimate the global cost savings. 
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effectiveness51. Extensive carbon capture and storage would maintain the viability of fossil fuels 
for many uses in a manner compatible with deep cuts in emissions, and thereby help guard 
against this risk. 
 

                                                 
51 A downward shift in the demand curve for an exhaustible natural resource is likely to lead to a fall in the current and 
future price of the resource. In the case of resources for which the marginal extraction costs are very low, this fall could 
continue until the demand for the fossil fuel is restored. Pindyck (1999) found that the behaviour of oil prices has been 
broadly consistent with the theory of exhaustible natural resource pricing. See also Chapter 2 references on the pricing of 
exhaustible natural resources. 
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Annex 7A   Climate Change and the Environmental Kuznets Curve 
 

Some evidence indicates that, for local pollutants like oxides of nitrogen, sulphur dioxide and 
heavy metals, there is an inverted-U shaped relationship between income per head and 
emissions per head: the so-called ‘environmental Kuznets curve’, illustrated in Figure 7.752. The 
usual rationale for such a curve is that the demand for environmental improvements is income 
elastic, although explanations based on structural changes in the economy have also been put 
forward. So the question arises, is there such a relationship for CO2? If so, economic 
development would ultimately lead to falls in global emissions (although that would be highly 
unlikely before GHG concentrations had risen to destructive levels). 
 
Figure 7A.1 ’A hypothetical environmental Kuznets curve’ 
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In the case of greenhouse gases, this argument is not very convincing. As societies become 
richer, they may want to improve their own environment, but they can do little about climate 
change by reducing their own CO2 emissions alone. With CO2, the global nature of the externality 
means that people in any particular high-income country cannot by themselves significantly affect 
global emissions and hence their own climate. This contrasts with the situation for the local 
pollutants for which environmental Kuznets curves have been estimated. It is easier than with 
greenhouse gases for the people affected to set up abatement incentives and appropriate political 
and regulatory mechanisms. Second, CO2 had not been identified as a pollutant until around 20 
years ago, so an explanation of past data based on the demand for environmental improvements 
does not convince. 
 
Nevertheless, patterns like the one in Figure 7.4 suggest that further empirical investigation of the 
relationship between income and emissions is warranted. The relationship could reflect changes 
in the structure of production as countries become better off, as well as or instead of changes in 
the pattern of demand for environmental improvements. Several empirical studies53 have found 
that a relationship looking something like the first half of an environmental Kuznets curve exists 
for CO2 (after allowing for some other explanatory factors in some, but not all, cases). Figure 7.8 
illustrates this, using Schmalensee et al’s estimates for the United States.  

                                                 
52 See Seldon and Song (1994) and Harbaugh et al (2002) 
53 See, inter alia, Neumayer, op. cit., Holtz-Eakin and Selden (1995) and Schmalensee et al, op. cit. 
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Figure 7A. 2 ‘Income effects from 10-segment CO2 regression, USA, 1990’ 
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Source: Schmalensee et al (1998) 
 
Even if this finding were robust, however, it does not imply that the global relationship between 
GDP per head and CO2 emissions per head is likely to disappear soon. The estimated turning 
points at which CO2 emissions start to fall are at very high incomes (for example, between 
$55.000 and $90,000 in Neumayer’s cross-country study, in which the maximum income level 
observed in the data was $41,354). Poor and middle-income countries will have to grow for a long 
time before they get anywhere near these levels. Schmalensee et al found that, using their 
estimates – with an implied inverted-U shape – as the basis for a projection of future emissions, 
emissions growth was likely to be positive up to their forecast horizon of 2050; indeed, they 
forecast more rapid growth than in nearly all the 1992 IPCC scenarios, using the same 
assumptions as the IPCC for future population and income growth. 
 
In any case, it is not clear that the link between emissions and income does disappear at high 
incomes. First, the apparent turning points in some of the studies may simply be statistical 
artefacts, reflecting the particular functional forms for the relationship assumed by the 
researchers54. Second, the apparent weakening of the link may result from ignoring the 
implications of past changes in energy technology; after controlling for the adoption of new 
technologies that, incidentally, were less carbon-intensive, the link may reappear, as argued by 
Huntington (2005). 
 

                                                 
54 This is not the case with the ‘piecewise segments’ approach of Schmalensee et al. 
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8 The Challenge of Stabilisation 
 
 
Key Messages 
 
The world is already irrevocably committed to further climate changes, which will lead 
to adverse impacts in many areas. Global temperatures, and therefore the severity of 
impacts, will continue to rise unless the stock of greenhouse gases is stabilised. 
Urgent action is now required to prevent temperatures rising to even higher levels, 
lowering the risks of impacts that could otherwise seriously threaten lives and 
livelihoods worldwide.  
 
Stabilisation – at whatever level – requires that annual emissions be brought down to 
the level that balances the Earth’s natural capacity to remove greenhouse gases from 
the atmosphere. In the long term, global emissions will need to be reduced to less than 5 
GtCO2e, over 80% below current annual emissions, to maintain stabilisation. The longer 
emissions remain above the level of natural absorption, the higher the final stabilisation level 
will be. 
 
Stabilisation cannot be achieved without global action to reduce emissions. Early 
action to stabilise this stock at a relatively low level will avoid the risk and cost of 
bigger cuts later. The longer action is delayed, the harder it will become. 
 
Stabilising at or below 550 ppm CO2e (around 440 - 500 ppm CO2 only) would require 
global emissions to peak in the next 10 - 20 years, and then fall at a rate of at least 1 - 
3% per year.  By 2050, global emissions would need to be around 25% below current 
levels. These cuts will have to be made in the context of a world economy in 2050 that may 
be three to four times larger than today – so emissions per unit of GDP would need to be just 
one quarter of current levels by 2050. 
 
Delaying the peak in global emissions from 2020 to 2030 would almost double the rate 
of reduction needed to stabilise at 550 ppm CO2e. A further ten-year delay could make 
stabilisation at 550 ppm CO2e impractical, unless early actions were taken to dramatically 
slow the growth in emissions prior to the peak. 
 
To stabilise at 450 ppm CO2e, without overshooting, global emissions would need to 
peak in the next 10 years and then fall at more than 5% per year, reaching 70% below 
current levels by 2050. This is likely to be unachievable with current and foreseeable 
technologies.  
 
If carbon absorption were to weaken, future emissions would need to be cut even more 
rapidly to hit any given stabilisation target for atmospheric concentration. 
 
Overshooting paths involve greater risks to the climate than if the stabilisation level 
were approached from below, as the world would experience at least a century of 
temperatures, and therefore impacts, close to those expected for the peak level of emissions. 
Some of these impacts might be irreversible. In addition, overshooting paths require that 
emissions be reduced to extremely low levels, below the level of natural absorption, which 
may not be feasible. 
 
Energy systems are subject to very significant inertia. It is important to avoid getting 
‘locked into’ long-lived high carbon technologies, and to invest early in low carbon 
alternatives.  
 
8.1 Introduction 
 
The stock of greenhouse gases in the atmosphere is already at 430 ppm CO2e and currently 
rising at roughly 2.5 ppm every year. The previous chapter presented clear evidence that 
greenhouse gas emissions will continue to increase over the coming decades, forcing the 
stock of greenhouse gases upwards at an accelerating pace. Parts I and II demonstrated that, 
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if emissions continue unabated, the world is likely to experience a radical transformation of its 
climate, with profound implications for our way of life. 
 
Global mean temperatures will continue to rise unless the stock of greenhouse gases in the 
atmosphere is stabilised. This chapter considers the pace, scale and composition of 
emissions paths associated with stabilisation. This is a crucial foundation for examining the 
costs of stabilisation; which are discussed in the following two chapters.  
 
The first section of this chapter looks at what different stabilisation levels mean for global 
temperature rises and presents the science of how to stabilise greenhouse gas levels. The 
following two sections go on to consider stabilisation of carbon dioxide and other gases in 
detail. Sections 8.4 and 8.5 use preliminary results from a simple model to examine the 
emissions cuts required to stabilise the stock of greenhouse gases in the range 450 – 550 
ppm CO2e, and the implications of delaying emissions cuts. The final section gives a more 
general discussion of the scale of the challenge of achieving stabilisation.  
 
The focus on the range 450 – 550 ppm CO2e is based on analyses presented in chapter 13, 
which conclude that stabilisation at levels below 450 ppm CO2e would require immediate, 
substantial and rapid cuts in emissions that are likely to be extremely costly, whereas 
stabilisation above 550 ppm CO2e would imply climatic risks that are very large and likely to 
be generally viewed as unacceptable. 
 
8.2 Stabilising the stock of greenhouse gases 
 
The higher the stabilisation level, the higher the ultimate average global temperature 
increase will be. 
 
The relationship between stabilisation levels and temperature rise is not known precisely 
(chapter 1). Box 8.1 summarises recent studies that have tried to establish probability 
distributions for the ultimate temperature increase associated with given greenhouse gas 
levels. It shows the warming that is expected when the climate comes into equilibrium with the 
new level of greenhouse gases; it can be understood as the warming committed to in the long 
run. In most cases, this would be higher than the temperature change expected in 2100.  
 
Box 8.1 shows, for example, that stabilisation at 450 ppm CO2e would lead to an around 5 – 
20% chance of global mean temperatures ultimately exceeding 3°C above pre-industrial (from 
probabilities based on the IPCC Third Assessment Report (TAR) and recent Hadley Centre 
work). An increase of more than 3°C would entail very damaging physical, social and 
economic impacts, and heightened risks of catastrophic changes (chapter 3). For stabilisation 
at 550 ppm CO2e, the chance of exceeding 3°C rises to 30 – 70%. At 650 ppm CO2e, the 
chance rises further to 60 – 95%.  
 
Stabilisation – at whatever level – requires that annual emissions be brought down to 
the level that balances the Earth’s natural capacity to remove greenhouse gases from 
the atmosphere. 
 
To stabilise greenhouse gas concentrations, emissions must be reduced to a level where they 
are equal to the rate of absorption/removal by natural processes. This level is different for 
different greenhouse gases. The longer global emissions remain above this level, the higher 
the stabilisation level will be. It is the cumulative emissions of greenhouse gases, less their 
cumulative removal from the atmosphere, for example by chemical processes or through 
absorption by the Earth’s natural systems, that defines their concentration at stabilisation. The 
following section examines the stabilisation of carbon dioxide concentrations. The stabilisation 
of other gases in discussed separately in section 8.4. 
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Box 8.1 Likelihood of exceeding a temperature increase at equilibrium 

 
This table provides an indicative range of likelihoods of exceeding a certain temperature 
change (at equilibrium) for a given stabilisation level (measured in CO2 equivalent).  For 
example, for a stock of greenhouse gases stabilised at 550 ppm CO2e, recent studies 
suggest a 63 - 99 % chance of exceeding a warming of 2°C relative to the pre-industrial. 
 
The data shown is based on the analyses presented in Meinshausen (2006), which brings 
together climate sensitivity distributions from eleven recent studies (chapter 1). Here, the 
‘maximum’ and ‘minimum’ columns give the maximum and minimum chance of exceeding a 
level of temperature increase across all eleven recent studies. The ‘Hadley Centre’ and ‘IPCC 
TAR 2001’ columns are based on Murphy et al. (2004) and Wigley and Raper (2001), 
respectively. These results lie close to the centre of the range of studies (Box 1.2). The ‘IPCC 
TAR 2001’ results reflect climate sensitivities of the seven coupled ocean-atmosphere climate 
models used in the IPCC TAR. The individual values should be treated as approximate.  
 
The red shading indicates a 60 per cent chance of exceeding the temperature level; the 
amber shading a 40 per cent chance; yellow shading a 10 per cent chance; and the green 
shading a less than a 10 per cent chance.  

 
Stabilisation 
Level (CO2e) 

Maximum Hadley Centre 
Ensemble 

IPCC TAR 
2001 Ensemble 

Minimum 

Probability of exceeding 2°C (relative to pre-industrial levels) 
400 57% 33% 13% 8% 
450 78% 78% 38% 26% 
500 96% 96% 61% 48% 
550 99% 99% 77% 63% 
650 100% 100% 92% 82% 
750 100% 100% 97% 90% 

Probability of exceeding 3°C (relative to pre-industrial levels) 
400 34% 3% 1% 1% 
450 50% 18% 6% 4% 
500 61% 44% 18% 11% 
550 69% 69% 32% 21% 
650 94% 94% 57% 44% 
750 99% 99% 74% 60% 

Probability of exceeding 4°C (relative to pre-industrial levels) 
400 17% 1% 0% 0% 
450 34% 3% 1% 0% 
500 45% 11% 4% 2% 
550 53% 24% 9% 6% 
650 66% 58% 25% 16% 
750 82% 82% 41% 29% 

Probability of exceeding 5°C (relative to pre-industrial levels) 
400 3% 0% 0% 0% 
450 21% 1% 0% 0% 
500 32% 3% 1% 0% 
550 41% 7% 2% 1% 
650 53% 24% 9% 5% 
750 62% 47% 19% 11% 

 
8.3 Stabilising carbon dioxide concentrations 
 
Carbon dioxide concentrations have risen by over one third, from 280 ppm pre-
industrial to 380 ppm in 2005. The current concentration of carbon dioxide in the 
atmosphere accounts for around 70% of the total warming effect (the ‘radiative 
forcing’) of all Kyoto greenhouse gases1. 

                                                      
1  The conversion to radiative forcing is given in IPCC (2001). 
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Over the past two centuries, around 2000 GtCO2 have been released into the atmosphere 
through human activities (mainly from burning fossil fuels and land-use changes)2. The 
Earth’s soils, vegetation and oceans have absorbed an estimated 60% of these emissions, 
leaving 800 GtCO2 to accumulate in the atmosphere. This corresponds to an increase in the 
concentration of carbon dioxide in the atmosphere of 100 parts per million (ppm), thus an 
accumulation of around 8 GtCO2 corresponds to a 1 ppm rise in concentration. 
 
Accordingly, a carbon dioxide concentration of 450 ppm, around 70 ppm more than today, 
would correspond to a further accumulation of around 550 GtCO2 in the atmosphere. 
However, the cumulative emissions that would be expected to lead to this concentration level 
would be larger, as natural processes should continue to remove a substantial portion of 
future carbon dioxide emissions from the atmosphere. 
 
Note that, a carbon dioxide concentration of 450 ppm would be equivalent to a total stock of 
greenhouse gases of at least 500 ppm CO2e (depending on emissions of non-CO2 gases). 
 
Today, for every 15 - 20 GtCO2 emitted, the concentration of carbon dioxide rises by a further 
1 ppm, with natural processes removing the equivalent of roughly half of all emissions. But, 
the future strength of natural carbon absorption is uncertain. It will depend on a number of 
factors, including: 
 
• 

• 
• 

                                                     

The sensitivity of carbon absorbing systems, such as forests, to future climate 
changes. 
Direct human influences, such as clearing forests for agriculture. 
The sensitivity of natural processes to the rate of increase and level of carbon dioxide 
in the atmosphere. For example, higher levels of carbon dioxide can stimulate a 
higher rate of absorption by vegetation (the carbon fertilisation effect – chapter 3). 

 
Assuming that climate does not affect carbon absorption, a recent study projects that 
stabilising carbon dioxide concentrations at 450 ppm would allow cumulative emissions of 
close to 2100 GtCO2 between 2000 and 2100 (Figure 8.1)3 (equivalent to roughly 60 years of 
emissions at today’s rate). This means that approximately 75% of emissions would have been 
absorbed. Stabilising at 550 ppm CO2 would allow roughly 3700 GtCO2.  
 
Land use management, such as afforestation and reforestation, can be used to enhance 
natural absorption, slowing the accumulation of greenhouse gases in the atmosphere and 
increasing the permissible cumulative level of human emissions at stabilisation. However, this 
can only be one part of a mitigation strategy; substantial emissions reduction will be required 
from many sectors to stabilise carbon dioxide concentrations (discussed further in chapter 9). 
 
There is now strong evidence that natural carbon absorption will weaken as the world 
warms (chapter 1). This would make stabilisation more difficult to achieve.  
 
A recent Hadley Centre study shows that if feedbacks between the climate and carbon cycle 
are included in a climate model, the resulting weakening of natural carbon absorption means 
that the cumulative emissions at stabilisation are dramatically reduced. Figure 8.1 shows that 
to stabilise carbon dioxide concentrations at 450 – 750 ppm, cumulative emissions must be 
20 – 30% lower than previously estimated. For example, the cumulative emissions allowable 
to stabilise at 450 ppm CO2 are reduced by 500 GtCO2, or around fifteen years of global 
emissions at the current rate. This means that emissions would need to peak at a lower level, 
or be cut more rapidly, to achieve a desired stabilisation goal. The effects are particularly 
severe at higher stabilisation levels. 
 

 
2 Extrapolating to 2005 from Prentice et al. (2001), which gives 1800 GtCO2 total emissions in 2000 and a 90 ppm 
increase in atmospheric carbon dioxide concentration. The extrapolation assumes 2000 emissions to 2005.   
3 Based on Jones et al. 2006, assuming no climate-carbon feedback.  
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The uncertainties over future carbon absorption make a powerful argument for taking 
an approach that allows for the possibility that levels of effort may have to increase 
later to reach a given goal. 
 
Not taking into account the uncertainty in future carbon absorption, including the risk of 
weakening carbon absorption, could lead the world to overshoot a stabilisation goal. As the 
scientific understanding of this effect strengthens, adjustments will need to be made to the 
estimates of trajectories consistent with different levels of stabilisation.  
 
 
Figure 8.1 Cumulative emissions of carbon dioxide at stabilisation 
 
This figure gives illustrative results from one study that shows the level of cumulative 
emissions between 2000 and 2300 for a range of stabilisation levels (carbon dioxide only). 
For the green bars, natural carbon absorption is not affected by the climate. The grey bars 
include the feedbacks between the climate and the carbon cycle (stabilisation levels labelled 
as (W)). Comparison of these sets of bars shows that if natural carbon absorption weakens 
(as predicted by the model used) then the level of cumulative emissions associated with a 
stabilisation goal reduces. The intervals on the bars show emissions to 2100 and 2200. 
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Source: based on Jones et al. (2006) 
 
To stabilise concentrations of carbon dioxide in the long run, emissions will need to be 
cut by more than 80% from 2000 levels. 
  
To achieve stabilisation, annual carbon dioxide emissions must be brought down to a level 
where they equal the rate of natural absorption. After stabilisation, the level of natural 
absorption will gradually fall as the vegetation sink is exhausted. This means that to maintain 
stabilisation, emissions would need to fall to the level of ocean uptake alone over a few 
centuries. This level is not well quantified, but recent work suggests that emissions may need 
to fall to roughly 5 GtCO2e per year (more than 80% below current levels) by the second half 
of the next century4. On a timescale of a few hundred years, this could be considered a 
‘sustainable’ rate of emissions5. However, in the long term, the rate of ocean uptake will also 
weaken, meaning that emissions may eventually need to fall below 1GtCO2e per year to 
maintain stabilisation. 
  
Reducing annual emissions below the rate of natural absorption would lead to a fall in 
concentrations. However, such a recovery would be a very slow process; even if very low 

                                                      
4 The two carbon cycle models used in the IPCC Third Assessment Report project emissions falling to around 3 – 
9GtCO2 per year by around 2150 - 2300 (longer for higher stabilisation levels) (Prentice et al. (2001), Figure 3.13). 
5 See Jacobs (1991) for discussion of operationalising the concept of sustainability for complex issues. 
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emissions were achieved, concentrations would only fall by a few parts per million (ppm) per 
year6.  This rate would be further reduced if carbon absorption were to weaken as projected. 
  

Stabilising concentrations of non-CO2 gases 8.4 
 
Non-CO2 gases account for one quarter of the total ‘global warming potential’ of 
emissions and therefore, must play an important role in future mitigation strategies. 
 
Global warming potentials (GWP) provide a way to compare greenhouse gases, which takes 
into account both the warming affect and lifetime7 of different gases. The 100-year GWP is 
most commonly used; this is equal to the ratio of the warming affect (radiative forcing) from 
1kg of a greenhouse gas to 1kg of carbon dioxide over 100 years. Over a hundred year time 
horizon, methane has a GWP twenty-three times that of carbon dioxide, nitrous oxide nearly 
300 times and some fluorinated gases are thousands of times greater (Table 8.1). 
 
This leads to a measure, also known as CO2 equivalent (CO2e), which weights emissions by 
their global warming potential. This measure is used as an exchange metric to compare the 
long-term impact of different emissions. Table 8.1 shows the portion of 2000 emissions made 
up by the different Kyoto greenhouse gases in terms of CO2e. Note that, in this Review, CO2 
equivalent emissions are defined differently to CO2 equivalent concentrations, which consider 
the instantaneous warming effect of the gas in the atmosphere.  For example, non-CO2 Kyoto 
gases make up around one quarter of total emissions in terms of their long term warming 
potential in 2000 (Table 3.1). However, they account for around 30% of the total warming 
effect (the radiative forcing) of non-CO2 gases in the atmosphere today.  
 
 
Table 8.1 Characteristics of Kyoto Greenhouse Gases 
 
Despite the higher GWP of other greenhouse gases over a 100-year time horizon, carbon 
dioxide constitutes around three-quarters of the total GWP of emissions. This is because the 
vast majority of emissions, by weight, are carbon dioxide. HFCs and PFCs include many 
individual gases; the data shown are approximate ranges across these gases.  
 

 
Lifetime in the 
atmosphere 

(years) 

100-year Global 
Warming 

Potential (GWP) 

Percentage of 
2000 emissions 

in CO2e 
Carbon dioxide 5-200 1 77% 

Methane 10 23 14% 
Nitrous Oxide 115 296 8% 

Hydrofluorocarbons (HFCs) 1 – 250 10 – 12,000 0.5% 
Perfluorocarbons (PFCs) >2500 >5,500 0.2% 

Sulphur Hexafluoride (SF6) 3,200 22,200 1% 
Source: Ramaswamy et al. (2001)8 and emissions data from the WRI CAIT database9. 
 
As methane is removed from the atmosphere much more rapidly than carbon dioxide, its 
short term effect is even greater than is suggested by its 100-year GWP. However, over-
reliance on abatement of gases with strong warming effects but short lifetimes could lock in 
long term impacts from the build up of carbon dioxide. Some gases, like HFCs, PFCs and 
SF6, have both a stronger warming effect and longer lifetime than CO2, therefore abating their 
emissions is very important in the long run.  
 
The stock of different greenhouse gases at stabilisation will depend on the exact stabilisation 
strategy adopted. In the examples used in this chapter, stabilising the stock of all Kyoto 
greenhouse gases at 450 – 550 ppm CO2e would mean stabilising carbon dioxide 
                                                      
6 For example, O’Neill and Oppenheimer (2005). 
7 The lifetime of a gas is a measure of the average length of time that a molecule of gas remains in the atmosphere 
before it is removed by chemical or physical processes. 
8 These estimates are from the Third Assessment Report of the IPCC (Ramaswamy et al. (2001)). The UNFCCC 
uses slightly different GWPs based on the Second Assessment Report (http://ghg.unfccc.int/gwp.html). 
9 The World Resources Institute (WRI) Climate Analysis Indicators Tool (CAIT): http://cait.wri.org/ 
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concentrations at around 400 – 490 ppm. More intensive carbon dioxide mitigation, relative to 
other gases, might lead to a lower fraction of carbon dioxide at stabilisation, and vice versa. 
Two recent cost optimising mitigation studies find that, at stabilisation, non-CO2 Kyoto gases 
contribute around 10 – 20% of the total warming effect expressed in CO2e10. Therefore, a 
stabilisation range of 450 – 550 ppm CO2e, could mean carbon dioxide concentrations of 360 
– 500 ppm.  The cost implications of multi-gas strategies are discussed further in chapter 10. 
 
It is the total warming effect (or radiative forcing), expressed as the stock in terms of CO2 
equivalent, which is critical in determining the impacts of climate change. For this reason, this 
Review discusses stabilisation in terms of the total stock of greenhouse gases. 
 
8.5 Pathways to stabilisation 
 
As discussed above, stabilisation at any level ultimately requires a cut in emissions down to 
less than 20% of current levels. The question then becomes one of how quickly stabilisation 
can be achieved. If action is slow and emissions stay high for a long time, the ultimate level of 
stabilisation will be higher than if early and ambitious action is taken.  
 
The rate of emissions cuts required to meet a stabilisation goal is very sensitive to 
both the timing of the peak in global emissions, and its height. Delaying action now 
means more drastic emissions reductions over the coming decades. 
 
There are a number of possible emissions trajectories that can achieve any given stabilisation 
goal. For example, emissions can peak early and decline gradually, or peak later and decline 
more rapidly. This is demonstrated in Figure 8.2, which shows illustrative pathways to 
stabilisation at 550 ppm CO2e.  
 
Figure 8.2 Illustrative emissions paths to stabilise at 550 ppm CO2e. 
 
The figure below shows six illustrative paths to stabilisation at 550 ppm CO2e. The rates of 
emissions cuts are given in the legend and are the maximum 10-year average rate (see Table 
8.2). The figure shows that delaying emissions cuts (shifting the peak to the right) means that 
emissions must be reduced more rapidly to achieve the same stabilisation goal. The rate of 
emissions cuts is also very sensitive to the height of the peak. For example, if emissions peak at 
48 GtCO2 rather than 52 GtCO2 in 2020, the rate of cuts is reduced from 2.5%/yr to 1.5%/yr. 
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Source:  Generated with the SiMCaP EQW model (Meinshausen et al. 2006) 

 

                                                      
10 For example, Meinshausen (2006) and US CCSP (2006) 
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Table 8.2 Illustrative Emissions Paths to Stabilisation 
 
The table below explores the sensitivity of rates of emissions reductions to the stabilisation 
level and timing and size of the peak in global emissions. These results were generated using 
the SiMCaP EQW model, as used in Meinshausen et al. (2006), and should be treated as 
indicative of the scale of emissions reductions required.  
 
The table covers three stabilisation levels and a range of peak emissions dates from 2010 to 
2040. The centre column shows the implied rate of global emissions reductions. The value 
shown is the maximum 10-year average rate. As shown in Figure 8.2, the rate of emissions 
reductions accelerates after the peak and then slows in the second half of the century. The 
maximum 10-year average rate is typically required in the 5 – 10 years following the peak in 
global emissions. The range of rates shown in each cell is important: the lower bound 
illustrates the rate for a low peak in global emissions (that is, action is taken to slow the rate of 
emissions growth prior to the peak) – in this example, these trajectories peak at not more than 
10% above current levels; the upper bound assumes no substantial action prior to the peak 
(note that emissions in this case are still below IEA projections – see Figure 8.4). 
 
The paths use the assumption of a maximum 10%/yr reduction rate. A symbol “-“ indicates 
that stabilisation is not possible given this assumption. Grey italic figures indicate 
overshooting. The overshoots are numbered in brackets ‘[ ]’ and details given below the table. 
 

Percentage reduction in 
emissions below 2005* values Stabilisation 

Level (CO2e) 

Date of peak 
global 

emissions 

Global emissions 
reduction rate (% 

per year) 2050 2100 
2010 7.0 70 75 

450 ppm 
2020 - - - 
2010 3.0 50 75 
2020 4.0 - 6.0 60 - 70 75 
2030 5.0[1] – 5.5 [2] 50 - 60 75 – 80 

500 ppm 
(falling to 450 
ppm in 2150) 

2040 - - - 
2015 1.0 25 50 
2020 1.5 – 2.5 25 – 30 50 – 55 
2030 2.5 – 4.0 25 – 30 50 – 55 

550 ppm 

2040 3.0 – 4.5 [3] 5 – 15 50 – 60 
Notes: overshoots: [1] to 520 ppm, [2] to 550 ppm, [3] to 600 ppm. 2005 emissions taken as 45 GtCO2e/yr. 
Source:  Generated with the SiMCaP EQW model and averaged over multiple scenarios (Meinshausen et al. 2006) 
 
The height of the peak is also crucial. If early action is taken to substantially slow the growth 
in emissions prior to the peak, this will significantly reduce the required rate of reductions 
following the peak. For example, in Figure 8.2, if action is taken to ensure that emissions peak 
at only 7% higher than current levels, rather than 15% higher in 2020 to achieve stabilisation 
at 550 ppm CO2e, the rate of reductions required after 2020 is almost halved. 
 
If the required rate of emissions cuts is not achieved, the stock of greenhouse gases will 
overshoot the target level. Depending on the size of the overshoot, it could take at least a 
century to reduce concentrations back to a target level (discussed later in Box 8.2). 
 
Table 8.2 gives examples of implied reduction rates for stabilisation levels between 550 ppm 
and 450 ppm CO2e. A higher stabilisation level would require weaker cuts. For example, to 
stabilise at 650 ppm CO2e, emissions could be around 20% above current levels by 2050, 
and 35% below current levels by 2100. As described in section 8.2, this higher stabilisation 
level would mean a much greater chance of exceeding high levels of warming and therefore, 
a higher risk of more adverse and unacceptable outcomes. The paths shown in Table 8.2 are 
based on one model and should be treated as indicative. Despite this, they provide a crucial 
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illustration of the scale of the challenge. Further research is required to explore the 
uncertainties and inform more detailed strategies on future emissions paths. 
 
To stabilise at 550 ppm CO2e, global emissions would need to peak in the next 10 – 20 
years and then fall by around 1 – 3% per year. Depending on the exact trajectory taken, 
global emissions would need to be around 25% lower than current levels by 2050, or 
around 30-35 GtCO2.   
 
If global emissions peak by 2015, then a reduction rate of 1% per year should be sufficient to 
achieve stabilisation at 550 ppm CO2e (Table 8.2). This would mean immediate, substantial 
and global action to prepare for this transition. Given the current trajectory of emissions and 
inertia in the global economy, such an early peak in emissions looks very difficult. But the 
longer the peak is delayed, the faster emissions will have to fall afterwards. For a delay of 15 
years in the peak, the rate of reduction must more than double, from 1% to between 2.5% and 
4.0% per year, where the lower value assumes a lower peak in emissions (see Figure 8.2). 
Given that it is likely to be difficult to reduce emissions faster than around 3% per year 
(discussed in the following section), this emphasises the importance of urgent action now to 
slow the growth of global emissions, and therefore lower the peak. 
 
A further 10-year delay would mean a reduction rate of at least 3% per year, assuming that 
action is taken to substantially slow emissions growth; if emissions growth is not slowed 
significantly, stabilisation at 550 ppm CO2e may become unattainable without overshooting.  
 
Stabilising at 450 ppm CO2e or below, without overshooting, is likely to be very costly 
because it would require around 7% per year emission reductions.   
 
Table 8.2 illustrates that even if emissions peaked in 2010, they would have to fall by around 
7% per year to stabilise at 450 ppm CO2e without overshooting11. This would take annual 
emissions to 70% below current levels, or around 13 GtCO2 by 2050. This is an extremely 
rapid rate, which is likely to be very costly. For example, 13GtCO2 is roughly equivalent to the 
annual emissions from agriculture and transport alone today.  
 
Achieving this could mean, for example, a rapid and complete decarbonisation of non-
transport energy emissions, halting deforestation and substantial intensification of 
sequestration activities. The achievability of stabilisation levels is discussed in more detail in 
the following sections and in chapter 9. 
 
Allowing the stock to peak at 500 ppm CO2e before stabilising at 450 ppm (an 
‘overshooting’ path to stabilisation, Box 8.2) would decrease the required annual 
reduction rate from around 7% to 3%, if emissions were to peak in 2010. However, 
overshooting paths, in general, involve greater risks. 
 
An overshooting path to any stabilisation level would lead to greater impacts, as the world 
would experience a century or more of temperatures close to those expected for the peak 
level (discussed later in Figure 8.3). Given the large number of unknowns in the climate 
system, for example, threshold points and irreversible changes, overshooting is potentially 
high risk. In addition, if natural carbon absorption were to weaken as projected, it might be 
impossible to reduce concentrations on timescales less than a few centuries.  
 
Given the extreme rates of emissions cuts required to stabilise at 450 ppm CO2e, in this case 
overshooting may be unavoidable. The risks involved in overshooting can be reduced through 
minimising the size of the overshoot by taking substantial, early action to cut emissions. 
 

                                                      
11 An atmospheric greenhouse gas level of 450 ppm is less than 10 years away, given that concentrations are rising 
at 2.5 ppm per year (chapter 3). However, in the scenarios outlined in Table 8.1, aerosol cooling temporarily offsets 
some of the increase in greenhouse gases, giving more time to stabilise. This effect is illustrated in Box 8.2. 
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Box 8.2 Overshooting paths to stabilisation 
 
The figure below illustrates an overshooting path to stabilisation at 450 ppm CO2e (or 400 
ppm CO2 only) – this is characterised by greenhouse gas levels peaking above the 
stabilisation goal and then reducing over a period of at least a century.  
 
The light blue line shows the level of all Kyoto greenhouse gases in CO2e (the Review 
definition) and the red line shows the level of carbon dioxide alone. The dark blue line shows 
a third measure of greenhouse gas level that includes aerosols and tropospheric ozone. This 
is the measure used in the Meinshausen et al. trajectories shown in this chapter. The gap 
between the two blue lines in the early period is mainly due to the cooling effect of aerosols. 
Critically, by 2050 the lines converge as it is assumed that aerosol emissions diminish. 
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Source:  Generated with the SiMCaP EQW model (Meinshausen et al. 2006) 
 
8.6 Timing of Emissions Reductions 
 
Pathways involving a late peak in emissions may effectively rule out lower stabilisation 
trajectories and give less margin for error, making the world more vulnerable to 
unforeseen changes in the Earth’s system.  
 
Early abatement paths offer the option to switch to a lower emissions path if at a later date the 
world decides this is desirable. This might occur for example, if natural carbon absorption 
weakened considerably (section 8.3) or the damages associated with a stabilisation goal were 
found to be greater than originally thought. Similarly, aiming for a lower stabilisation trajectory 
may be a sensible hedging strategy, as it is easier to adjust upwards to a higher trajectory 
than downwards to a lower one. 
 
Late abatement trajectories carry higher risks in terms of climate impacts; 
overshooting stabilisation paths incur particularly high risks. 
 
The impacts of climate change are not only dependent on the final stabilisation level, but also 
the path to stabilisation. Figure 8.3 shows that if emissions are accumulated more rapidly, this 
will lead to a more rapid rise in global temperatures. Figure 8.3 demonstrates the point made 
in the last section, that overshooting paths lead to particularly high risks, as temperatures rise 
more rapidly and to a higher level than if the target were approached from below. 
 
Early abatement may imply lower long-term costs through limiting the accumulation of 
carbon-intensive capital stock in the short term. 
 
Delaying action risks getting ‘locked into’ long-lived high carbon technologies. It is crucial to 
invest early in low carbon technologies.  Technology policies are discussed in chapter 15. 
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Figure 8.3 Implications of Early versus Late Abatement 
 
The figure below is an illustrative example of the rate of change in (a) the stock of greenhouse 
gases and (b) global mean temperatures, for a set of slow (SC, black), rapid (RC, blue) and 
overshooting (OS, red) paths to stabilisation at 500 ppm CO2e.  
 
On the slow paths, emissions cuts begin early and progress at a gradual pace, leading to a 
gradual increase in greenhouse gas concentrations and therefore, temperatures. On the rapid 
paths, reductions are delayed, requiring stronger emissions cuts later on. This leads to a 
more rapid increase in temperature as emissions are accumulated more rapidly early on. The 
overshooting path has even later action, causing concentrations and temperatures to rise 
rapidly, as well as peaking at a higher level before falling to the stabilisation level.  
 
The higher rate of temperature rise associated with the delayed action paths (RC and OS) 
would increase the risk of more severe impacts. Temperatures associated with the 
overshooting path rise at more than twice the rate of the slow path (more than 0.2°C/decade) 
for around 80 years and rise to a level around 0.5°C higher. Many systems are sensitive to 
the rate of temperature increase, most notably ecosystems, which may be unable to adapt to 
such high rates of temperature change. 
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Source: redrawn from O’Neill and Oppenheimer (2004). The temperature calculations assume a climate 
sensitivity of 2.5°C (see chapter 1), giving an eventual warming of 2.1°C relative to pre-industrial. 
 
Paths requiring very rapid emissions cuts are unlikely to be economically viable. 
 
To meet any given stabilisation level, a late peak in emissions implies relatively rapid cuts in 
annual emissions over a sustained period thereafter. However, there is likely to be a 
maximum practical rate at which global emissions can be reduced. At the national level, there 
are examples of sustained emissions cuts of up to 1% per year associated with structural 
change in energy systems (Box 8.3). One is the UK ‘dash for gas’; a second is France, which, 
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by switching to a nuclear power-based economy, saw energy-related emissions fall by almost 
1% per year between 1977 and 2003, whilst maintaining strong economic growth.  
 
However, cuts in emissions greater than this have historically been associated only with 
economic recession or upheaval, for example, the emissions reduction of 5.2% per year for a 
decade associated with the economic transition and strong reduction in output in the former 
Soviet Union. These magnitudes of cuts suggest it is likely to be very challenging to reduce 
emissions by more than a few percent per year while maintaining strong economic growth. 
 
 
Box 8.3 Historical reductions in national emissions  
 
Experience suggests it is difficult to secure emission cuts faster than about 1% per year 
except in instances of recession.  Even when countries have adopted significant emission 
saving measures, national emissions often rose over the same period.   
 

Nuclear power in France: In the late 1970s, France invested heavily in nuclear power. 
Nuclear generation capacity increased 40-fold between 1977 and 2003 and emissions 
from the electricity and heat sector fell by 6% per year, against a background 125% 
increase in electricity demand. The reduction in total fossil fuel related emissions over the 
same period was less significant (0.6% per year) because of growth in other sectors. 

 
Brazil’s biofuels: Brazil scaled up the share of biofuels in total road transport fuel from 
1% to 25% from 1975 to 2002.  This had the effect of slowing, but not reversing, the 
growth of road transport emissions, which rose by 2.8% per year with biofuels, but would 
otherwise have risen at around 3.6% per year.  Total fossil fuel related emissions from 
Brazil rose by 3.1% pa over the same period. 

 
Forest restoration in China: China embarked on a series of measures to reduce 
deforestation and increase reforestation from the 1980s, with the aim of restoring forests 
and the environmental benefits they entail. Between 1990 and 2000 forested land 
increased by 18m hectares from 16% to 18% of total land area12.  Despite cuts in land 
use emissions of 29% per year between 1990 and 200013, total GHG emissions rose by 
2.2% over the same period. 

 
UK ‘Dash for Gas’:  An increase in coal prices in the 1990s relative to gas encouraged a 
switch away from coal towards gas in power generation.  Total GHG emissions fell by an 
average of 1% per year between 1990 and 2000. 

 
Recession in Former USSR: The economic transition and the associated downturn 
during the period 1989 to 1998 saw fossil fuel related emissions fall by an average of 
5.2% per year. 

 
Source for emission figures: WRI (2006) and IEA (2006). 

• 

• 

• 

• 

• 

 
The key reason for the difficulty in sustaining a rapid rate of annual emissions cuts is inertia in 
the economy. This has three main sources: 
 
• 

• 

                                                     

First, capital stock lasts a number of years and for the duration it is in place, it locks the 
economy into a particular emissions pathway, as early capital stock retirement is likely to 
be costly. The extent and impact of this is illustrated in Box 8.3. 

 
Second, developing new lower emissions technology tends to be a slow process, 
because it takes time to learn about and develop new technologies. This is discussed in 
more detail in Chapter 9. 

 

 
12 Zhu, Taylor, Feng (2004) 
13  Chapter 25 notes that some of this gain was offset by increased timber imports from outside China. 
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• Third, it takes time to change habits, preferences and institutional structures in favour of 
low-carbon alternatives. Chapter 15 discusses the importance of policy in shifting these. 

 
These limits to the economically feasible speed of adjustment constrain the range of feasible 
stabilisation trajectories. 
 
 
Box 8.4 The implications for mitigation policy of long-lived capital stock 
 
Power generation infrastructure typically has a very long lifespan, as does much energy-using 
capital stock. Examples are given below. 
 

Infrastructure Expected lifetime (years) 
Hydro station 75++ 
Building 45+++ 
Coal station 45+ 
Nuclear station 30 – 60 
Gas turbine 25 
Aircraft 25-35 
Motor vehicle 12 - 20 

 
Source: World Business Council for Sustainable Development (2004) and IPCC (1999). 
 
This means that once an investment is made, it can last for decades. A high-carbon or low-
efficiency piece of capital stock will tend to lock the economy into a high emissions pathway. 
The only options are then early retirement of capital stock, which is usually uneconomic; or 
“retrofitting” cleaner technologies, which is invariably more expensive than building them in 
from the start. This highlights the need for policy to recognise the importance of capital stock 
replacement cycles, particularly at key moments, such as the next two decades when a large 
volume of the world’s energy generation infrastructure is being built or replaced. Missing 
these opportunities will make future mitigation efforts much more difficult and expensive.  
 
 
8.7 The Scale of the Challenge 
 
Stabilisation at 550 ppm CO2e requires emissions to peak in the next 10-20 years, and to 
decline at a substantial rate thereafter. Stabilisation at 450 ppm CO2e requires even more 
urgent and strong action. But global emissions are currently on a rapidly rising trajectory, and 
under “business as usual” (BAU) will continue to rise for decades to come. The “mitigation 
gap” describes the difference between these divergent pathways. 
 
To achieve stabilisation between 450 and 550 ppm CO2e, the mitigation gap between 
BAU and the emissions path ranges from around 50 – 70 GtCO2e per year by 2050. 
 
Figure 8.4 plots expected trends in BAU emissions14 against emission pathways for 
stabilisation levels in the range 450 to 550 ppm CO2e. The exact size of the mitigation gap 
depends on assumptions on BAU trajectories, and the stabilisation level chosen. In this 
example, it ranges from around 50 to 70 GtCO2e in 2050 to stabilise at 450 – 550 ppm CO2e. 
For comparison, total global emissions are currently around 45 GtCO2e per year. 
 
Another way to express the scale of the challenge is to look at how the relationship needs to 
change between emissions and the GDP and population (two of the key drivers of emissions). 
To meet a 550 ppm CO2e stabilisation pathway, global average emissions per capita need to 
fall to half of current levels, and emissions per unit of GDP need to fall to one quarter of 
current levels by 2050. These are structural shifts on a major scale. 
 
Stabilising greenhouse gas concentrations in the range 450 – 550 ppm CO2e will 
require substantial action from both developed and developing regions. 
                                                      
14 Business as usual (BAU) used in this chapter is described in chapter 7. 
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Even if emissions from developed regions (defined in terms of Annex I countries15) could be 
reduced to zero in 2050, the rest of the world would still need to cut emissions by 40% from 
BAU to stabilise at 550 ppm CO2e. For 450 ppm CO2e, this rises to almost 80%. Emissions 
reductions in developed and developing countries are discussed further in Part VI. 
 
 
Figure 8.4 BAU emissions and stabilisation trajectories for 450 - 550 ppm CO2e  
 
The figure below shows illustrative pathways to stabilise greenhouse gas levels between 450 
ppm and 550 ppm CO2e. The blue line shows a business as usual (BAU) trajectory. The size 
of the mitigation gap is demonstrated for 2050. To stabilise at 450 ppm CO2e (without 
overshooting) emissions must be more than 85% below BAU by 2050. Stabilisation at 550 
ppm CO2e would require emissions to be reduced by 60 – 65% below BAU. Table 8.2 gives 
the reductions relative to 2005 levels.  
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Stabilisation at 550 ppm CO2e or below is achievable, even with currently available 
technological options, and is consistent with economic growth. 
 
An illustration of the extent and nature of technological change needed to make the transition 
to a low-carbon economy is provided by Socolow and Pacala (2004). They identify a ‘menu’ of 
options, each of which can deliver a distinct ‘wedge’ of savings of 3.7 GtCO2e (1 GtC) in 
2055, or a cumulative saving of just over 90 GtCO2e (25 GtC) between 2005 and 2055.  Each 
option involves technologies already commercially deployed somewhere in the world and no 
major technological breakthroughs are required. Some technologies are capable of delivering 
several wedges.  
 
In their analysis, Socolow and Pacala only consider what effort is required to maintain carbon 
dioxide levels below 550 ppm (roughly equivalent to 610 – 690 ppm CO2e when other gases 
are included) by implementing seven of their wedges. This is demonstrated in Figure 8.5.  
 
While the Socolow and Pacala analysis does not explicitly explore how to stabilise at between 
450 and 550 ppm CO2e, it does provide a powerful illustration of the scale of action that would 
be required. It demonstrates that substantial emissions savings are achievable with currently 
available technologies and the importance of utilising a mix of options across several sectors. 
These conclusions are supported by many other studies undertaken by industry, governments 
and the scientific and engineering research community. 
 

                                                      
15 Annex I includes OECD, Russian Federation and Eastern European countries. This is discussed further in Part IV. 
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Figure 8.5 Socolow and Pacala’s “wedges”  
 
Socolow and Pacala compare a simple mitigation path for 
fossil fuel emissions with a projected BAU path. In the BAU 
path, fossil fuel CO2 emissions grow to around 50 GtCO2e in 
2055. In the mitigation path, fossil fuel CO2 emissions 
remain constant at 25 GtCO2 until 2055. This mitigation 
trajectory should maintain carbon dioxide concentrations at 
around 550 ppm. The difference between BAU and the 
stabilisation trajectory is the stabilisation triangle. To 
demonstrate how these emissions savings can be achieved, 
this triangle is split into 7 equal wedges, each of which 
delivers 3.7 GtCO2e (1 GtC) saving in 2055. Socolow and 
Pacala give a menu of fifteen measures that could achieve 
one wedge using currently available technologies. However, 
some wedges cannot be used together as they would 
double count emission savings. The panel to the right gives 
four of these suggested measures. 
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Four abatement measures 
that could each deliver one 
‘wedge’ (3.7 GtCO2e) in 
2055. 
 
 
1. Replace coal power with 

an extra 2 million 1-MW-
peak windmills (50 times 
the current capacity) 
occupying 30*106 ha, on 
land or off shore. 

 
2. Increase fuel economy 

for all cars from 30 to 60 
mpg in 2055. 

 
3. Cut carbon emissions by 

one-fourth in buildings 
and appliances in 2055. 

 
4. Replace coal power with 

700GW of nuclear (twice 
the current capacity). 

 

Source: Pacala and Socolow (2004) 
 
To meet a stabilisation level of 550 ppm CO2e or below, a broad portfolio of measures 
would be required, with non-energy emissions being a very important part of the story.  
 
Fossil fuel related emissions from the energy sector in total would need to be reduced to 
below the current 26 GtCO2 level, implying a very large cut from the BAU trajectory, which 
sees emissions more than doubling. This implies: 
• A reduction in demand for emissions-intensive goods and services, with both net 

reductions in demand, and efficiency improvements in key sectors including transport, 
industry, buildings, fossil fuel power generation. 

• The electricity sector would have to be largely decarbonised by 2050, through a mixture 
of renewables, CCS and nuclear. 

• The transport sector is still likely to be largely oil based by 2050, but efficiency gains will 
be needed to keep down growth; biofuels, and possibly some hydrogen or electric 
vehicles could have some impact. Aviation is unlikely to see technology breakthroughs, 
but there is potential for efficiency savings. 

A portfolio of technologies will be required to achieve this. Different studies make different 
assumptions on what the mix might be. This is discussed further in chapter 9. 
 
Emissions from deforestation are large, but are expected to fall gradually over the next fifty 
years as forest resources are exhausted (Annex 7.F). With the right policies and enforcement 
mechanisms in place, the rate of deforestation could be reduced and substantial emissions 
cuts achieved. Together with policies on afforestation and reforestation, net emissions from 
land-use changes could be reduced to less than zero – that is, land-use change could 
strengthen natural carbon dioxide absorption. 
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Emissions from agriculture will rise due to rising population and income, and by 2020 could be 
almost one third higher than their current levels of 5.7 GtCO2e. The implementation of 
measures to reduce agricultural emissions is difficult, but there is potential to slow the growth 
in emissions. 
 
In practice the policy choices involved are complex; some actions are much more expensive 
than others, and there are also associated environmental and social impacts and constraints.  
 
The following chapters discuss how to achieve cost-effective emissions cuts over the next few 
decades. These activities must be continued and intensified to maintain stabilisation in the 
long run. Over the next few centuries, section 8.3 showed that emissions would need to be 
brought down to approximately the level of agriculture alone today. Given that preliminary 
analyses indicate that it would be difficult to cut agricultural emissions (Chapter 9 and Annex 
7.F), this means that, in the long term, net emissions (which includes sequestration from 
activities such as planting forests) from all other sectors would need to fall to zero.  
 
8.8 Conclusions 
 
Stabilising the stock of greenhouse gases in the range 450 – 550 ppm CO2e requires urgent, 
substantial action to reduce emissions, firstly to ensure that emissions peak in the next few 
decades and secondly, to make the rate of decline in emissions as low as possible. If 
insufficient action is taken now to reduce emissions, stabilisation will become more difficult in 
the longer term, in terms of the speed of the transition required and the consequent costs of 
mitigation.  
 
Stabilising greenhouse gas emissions is achievable through utilising a portfolio options, both 
technological and otherwise, across multiple sectors. The cost-effectiveness of these 
measures is discussed in detail in the following chapters. 
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9 Identifying the Costs of Mitigation  
 
Key Messages 
 
Slowly reducing emissions of greenhouse gasses that cause climate change is likely to 
entail some costs.  Costs include the expense of developing and deploying low-emission 
and high-efficiency technologies and the cost to consumers of switching spending from 
emissions-intensive to low-emission goods and services. 
 
Fossil fuel emissions can be cut in several ways: reducing demand for carbon-intensive 
products, increasing energy efficiency, and switching to low-carbon technologies. Non-fossil 
fuel emissions are also an important source of emission savings.  Costs will differ 
considerably depending on which methods and techniques are used where. 
 
• Reducing demand for emissions-intensive goods and services is part of the 

solution. If prices start to reflect the full costs of production, including the greenhouse 
gas externality, consumers and firms will react by shifting to relatively cheaper low-
carbon products. Increasing awareness of climate change is also likely to influence 
demand. But demand-side factors alone are unlikely to achieve all the emissions 
reductions required.  

 
• Efficiency gains offer opportunities both to save money and to reduce 

emissions, but require the removal of barriers to the uptake of more efficient 
technologies and methods. 

 
• A range of low-carbon technologies is already available, although many are 

currently more expensive than fossil-fuel equivalents. Cleaner and more efficient 
power, heat and transport technologies are needed to make radical emission cuts in 
the medium to long term. Their future costs are uncertain, but experience with other 
technologies has helped to develop an understanding of the key risks. The evidence 
indicates that efficiency is likely to increase and average costs to fall with scale and 
experience. 

 
• Reducing non-fossil fuel emissions will also yield important emission savings. The 

cost of reducing emissions from deforestation, in particular, may be relatively low, if 
appropriate institutional and incentive structures are put in place and the countries 
facing this challenge receive adequate assistance. Emissions cuts will be more 
challenging to achieve in agriculture, the other main non-energy source.  

 
A portfolio of technologies will be needed. Greenhouse gases are produced by a wide 
range of activities in many sectors, so it is highly unlikely that any single technology will 
deliver all the necessary emission savings. It is also uncertain which technologies will turn out 
to be cheapest, so a portfolio will be required for low-cost abatement.   
 
An estimate of resource costs suggests that the annual cost of cutting total GHG to 
about three quarters of current levels by 2050, consistent with a 550ppm CO2e 
stabilisation level, will be in the range –1.0 to +3.5% of GDP, with an average estimate 
of approximately 1%. This depends on steady reductions in the cost of low-carbon 
technologies, relative to the cost of the technologies currently deployed, and improvements in 
energy efficiency. The range is wide because of the uncertainties as to future rates of 
innovation and fossil-fuel extraction costs. The better the policy, the lower the cost. 
 
Mitigation costs will vary according to how and when emissions are cut.  Without early, 
well-planned action, the costs of mitigating emissions will be greater. 
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9.1 Introduction 
 
Vigorous action is urgently needed to slow down, halt and reverse the growth in 
greenhouse-gas (GHG) emissions, as the previous chapters have shown. This chapter 
considers the types of action necessary and the costs that are likely to be incurred. 
 
This chapter outlines a conceptual framework for understanding the costs of reducing GHG 
emissions, and presents some upper estimates of costs to the global economy of reducing 
total emissions to three quarters of today’s levels by 2050 (consistent with a 550ppm CO2e 
stabilisation trajectory, described in Chapter 8).  The costs are worked out by looking at costs 
of individual emission saving technologies and measures. Chapter 10 looks at what 
macroeconomic models can say about how much it would cost to reduce emissions by a 
similar extent, and reaches similar conclusions. Chapter 10 also shows why a 450ppm CO2e 
target is likely to be unobtainable at reasonable cost.  
 
Section 9.2 explains the nature of the costs involved in reducing emissions. Estimating the 
resource cost of achieving given reductions by adopting new de-carbonising technologies 
alone provides a good first approximation of the true cost. The costs of achieving reductions 
can be brought down, however, by sensible policies that encourage the use of a range of 
methods, including demand-switching and greater energy efficiency, so this approach to 
estimation is likely to exaggerate the true costs of mitigation. 
 
Section 9.3 sets out the range of costs associated with different technologies and methods. 
The following four sections look at the potential and cost of tackling non-fossil fuel emissions 
(mainly from land-use change) and cutting fossil fuel related emissions (either by reducing 
demand, raising energy efficiency, or employing low-carbon technologies). 
 
The overall costs to the global economy are estimated in Sections 9.7 and 9.8, using the 
resource-cost method. They are found to be in the region of –1.0 to 3.5% of GDP, with a 
central estimate of approximately 1% for mitigation consistent with a 550ppm CO2e 
stabilisation level. Different modelling approaches to calculating the cost of abatement 
generate estimates that span a wide range, as Chapter 10 will show.  But they do not obscure 
the central conclusion that climate-change mitigation is technically and economically feasible 
at a cost of around 1% of GDP.  
 
While these costs are not small, they are also not high enough seriously to compromise the 
world’s future standard of living.  A 1% cost increase is like a one-off 1% increase in the price 
index with nominal income unaffected (see Chapter 10). While that is not insignificant, most 
would regard it as manageable, and it is consistent with the ambitions of both developed and 
developing countries for economic growth. On the other hand, climate change, if left 
unchecked, could pose much greater threats to growth, as demonstrated by Part II of this 
Review. 
 
9.2 Calculating the costs of cutting GHG emissions 
 
Any costs to the economy of cutting GHG emissions, like other costs, will ultimately be 
borne by households.  
 
Emission-intensive products will either become more expensive or impossible to buy. The 
costs of adjusting industrial structures will be reflected in pay and profits – with opportunities 
for new activities and challenges for old. The costs of adjusting industrial structures will be 
reflected in pay and profits – with opportunities for new activities and challenges for old. More 
resources will be used, at least for a while, in making currently emissions-intensive products 
in new ways, so fewer will be available for creating other goods and services. In considering 
how much mitigation to undertake, these costs should be compared with the future benefits of 
a better climate, together with the potential co-benefits of mitigation policies, such as greater 
energy efficiency and less local pollution, discussed in Chapter 12. The comparison is taken 
further in Chapter 13, where the costs of adaptation and mitigation are weighed up.  
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A simple first approximation to the cost of reducing emissions can be obtained by 
considering the probable cost of a simple set of technological and output changes that 
are likely to achieve those reductions.   
 
One can measure the extra resources required to meet projected energy demand with known 
low-carbon technologies and assess a measures of the opportunity costs, for example, from 
forgone agricultural output in reducing deforestation. This is the approach taken below in 
Sections 9.7 and 9.8. If the costs were less than the benefits that the emissions reductions 
bring, it would be better to take the set of mitigation measures considered than do nothing. 
But there may be still better measures available1. 
 
The formal economics of marginal policy changes or reforms has been studied in a general 
equilibrium framework that includes market imperfections2. A reform, such as reducing GHG 
emissions by using extra resources, can be assessed in terms of the direct benefits of a 
marginal reform on consumers (the emission reduction and the reduced spending on fossil 
fuels), less the cost at shadow prices3 of the extra resources.  
 
The formal economics draws attention to two issues that are important in the case of climate-
change policies. First, the policies need to bring about a large, or non-marginal, change. The 
marginal abatement cost (MAC) – the cost of reducing emissions by one unit – is an 
appropriate measuring device only in the case of small changes. For big changes, the 
marginal cost may change substantially with increased scale. Using the MAC that initially 
applies, when new technologies are first being deployed, would lead to an under-estimate of 
costs where marginal costs rise rapidly with the scale of emissions. This could happen, for 
example, if initially cheap supplies of raw materials start to run short. But it may over-estimate 
costs where abatement leads to reductions in marginal costs – for example, through induced 
technological improvements4. These issues will be discussed in more detail below, in the 
context of empirical estimates, where average and total costs of mitigation are examined as 
well as marginal costs.  
 
It is important to keep the distinction between marginal and average costs in mind throughout, 
because they are likely to diverge over time. On the one hand, the marginal abatement cost 
should rise over time to remain equal to the social cost of carbon, which itself rises with the 
stock of greenhouse gases in the atmosphere (see Chapter 13). On the other hand, the 
average cost of abatement will be influenced not only by the increasing size of emissions 
reductions, but also by the pace at which technological progress brings down the total costs 
of any given level of abatement (see Box 9.6). 
 
Second, as formal economics has shown, shadow prices and the market prices faced by 
producers are equal in a fairly broad range of circumstances, so market prices can generally 
be used in the calculations in this chapter. But an important example where they diverge is in 
the case of fossil fuels. Hydrocarbons are exhaustible natural resources, the supply of which 
is also affected by the market power of some of their owners, such as OPEC. As a result, the 
market prices of fossil fuels reflect not only the marginal costs of extracting the fuels from the 
ground but also elements of scarcity and monopoly rents, which are income transfers, not 
resource costs to the world as a whole. When calculating the offset to the global costs of 
climate-change policy from lower spending on fossil fuels, these rents should not be 
included5.  
 

                                                      
1 A full comparison of the cost estimates used in the Review is given in Annex 9A on www.sternreview.org.uk. 
2 See Drèze and Stern (1987 and 1990), Ahmad and Stern (1991) and Atkinson and Stern (1974). 
3 Expressed informally, shadow prices are opportunity costs: they can often be determined by ‘correcting’ market 
prices for market imperfections.  For a formal definition, see Drèze and Stern (1987 and 1990). In the models used 
there, the extra resources for emissions reductions represent a tightening of the general equilibrium constraint and 
the shadow prices times the quantities involved represent a summary of the overall general equilibrium 
repercussions.  
4 Similar issues to those arising for marginal changes arise in assessing instruments for reducing GHG emission 
although in the non-marginal changes, the distributions of costs and benefits can be of special importance. 
5 Of course, if the objective is to calculate the costs of climate-change mitigation to energy users rather than to the 
world as a whole, the rents can be included. 
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If there are cheaper ways of reducing carbon emissions than the illustrative set of 
measures examined in this chapter, and there generally will be cheaper methods than 
any one particular set chosen by assumption, then the illustration gives an upper 
bound to total costs. 
 
An illustration of how emissions can be reduced, and at what cost, by one particular simple 
set of actions should provide an over-estimate of the costs that will actually be involved in 
reducing emissions – as long as policies set the right incentives for the most cost-effective 
methods of mitigation to be used. Policy-makers cannot predict in detail the cheapest ways to 
achieve emission reductions, but they can encourage individual households and firms to find 
them. Thus the costs of mitigation will depend on the effectiveness of the policy tools chosen 
to deliver a reduction in GHG emissions. Possible tools include emission taxes, carbon 
taxation and tradable carbon quotas. Carbon pricing by means of any of these methods is 
likely to persuade consumers to reduce their spending on currently emissions-intensive 
products, a helpful channel of climate-change policy that is ignored in simple technology-
based cost illustrations. Induced changes in the pattern of demand can help to bring down the 
total costs of mitigation, but consumers still suffer some loss of real income. Regulations 
requiring the use of certain technologies and/or imposing physical limits on emissions 
constitute another possible tool.  
 
In assessing the impact of possible instruments, key issues include the structure of taxes and 
associated deadweight losses6, the distribution of costs and benefits and whether or not they 
disrupt or enhance competitive processes. Some of these issues are tackled in simple ways 
by the model-based approaches to estimating costs of mitigation considered in Chapter 10. 
Chapter 14 considers the merits and demerits of different methods in further detail. That 
discussion also examines the notion of a ‘double dividend’ from raising taxes on ‘public bads’. 
Chapter 11 uses UK input-output data to illustrate how extra costs proportional to carbon 
emissions would be distributed through the economy. If, for example, extra costs amounted to 
around $30/tCO2 (£70/tC), it would result in an overall increase in UK consumer prices of 
around 1%. The analysis shows how this additional cost would be distributed in different ways 
across different sectors.  
 
In examining whether mitigation by any particular method should be increased at the margin, 
and whether policies are cost-effective, the concept of marginal abatement cost (MAC) is 
central. There are many possible ways to reduce emissions, and many policy tools that could 
be used to do so. The costs of reductions will depend on the method chosen. One key test of 
the cost effectiveness of a possible plan of action is whether the MAC for each method is the 
same, as it should be if total costs are to be kept to a minimum. Otherwise, a saving could be 
made by switching at the margin from an option with a higher MAC to one with a lower MAC. 
This principle should be borne in mind in the discussion of different abatement opportunities 
below. 
 
9.3  The range of abatement opportunities 
 
The previous section set out a conceptual framework for thinking about the costs of reducing 
GHG emissions. The following sections look in more detail at estimates of the costs of 
different methods of achieving reductions. 
 
This section sets out four main ways in which greenhouse-gas emissions can be reduced.  
The first is concerned with abating non-fossil-fuel emissions, and the latter three are about 
cutting fossil-fuel (energy-related) emissions.  These are: 
 
• To reduce non-fossil fuel emissions, particularly land use, agriculture and fugitive 

emissions  
• To reduce demand for emission-intensive goods and services  
• To improve energy efficiency, by getting the same outputs from fewer inputs 
                                                      
6 The deadweight loss to a tax on a good that raises $1 of revenue arises as follows.  Suppose the government has 
raised $1 in tax revenue, and the consumer has paid this $1 in tax.  But, in addition, the individual has reduced 
consumption in response to changes in prices and the firms producing the goods have lost profits.  In the jargon of 
economics, the sum of the loss of consumer surplus and the loss of producer surplus exceeds the tax revenue.    
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• To switch to technologies which produce fewer emissions and lower the carbon 
intensity of production  

 
Annexes 7.B to 7.G7 include some more detail on which technologies can be used to cut 
emissions in each sector, and the associated costs. 
 
The array of abatement opportunities can be assessed in terms of their cost per unit of GHG 
reduction ($/tCO2e), both at present and through time. In theory, abatement opportunities can 
be ranked along a continuum of the kind shown in Figure 9.1. This shows that some 
measures (such as improving energy efficiency and reducing deforestation) can be very 
cheap, and may even save money. Other measures, such as introducing hydrogen vehicles, 
may be a very expensive way to achieve emission reductions in the near term, until 
experience brings costs down. 
 
The precise ranking of measures differs by country and sector.  It may also change over time 
(represented in Figure 9.1 by arrows going from right to left), for example, research and 
development of hydrogen technology may bring the costs down in future (illustrated by the 
downward shift in the abatement curve over time).     
 
Figure 9.1 Illustrative marginal abatement option cost curve 
          

           
 
 
For any single technology, marginal costs are likely to increase with the extent of abatement 
in the short term, as the types of land, labour and capital most suitable for the specific 
technology become scarcer. The rate of increase is likely to differ across regions, according 
to the constraints faced locally. 
 
For these reasons, flexibility in the type, timing and location of emissions reduction is crucial 
in keeping costs down. The implications for total costs of restricting this flexibility are 
discussed in more detail in Chapter 10. A test of whether there is enough flexibility is to 
consider whether the marginal costs of abatement are broadly the same in all sectors and 
countries; if not, the same amount of reductions could be made at lower cost by doing more 
where the marginal cost is low, and less where it is high. 

                                                      
7 See www.sternreview.org.uk 
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9.4 Cutting non-fossil-fuel related emissions 
 
Two-fifths of global emissions are from non-fossil fuel sources; there are opportunities 
here for low-cost emissions reductions, particularly in avoiding deforestation. 
 
Non-fossil fuel emissions account for 40% of current global greenhouse-gas emissions, and 
are an important area of potential emissions savings. Emissions are mainly from non-energy 
sources, such as land use, agriculture and waste. Chapter 7 contains a full analysis of 
emission sources. 
 
Almost 20% (8 GtCO2/year) of total greenhouse-gas emissions are currently from 
deforestation. A study commissioned by the Review looking at 8 countries responsible for 
70% of emissions found that, based upon the opportunity costs of the use of the land which 
would no longer be available for agriculture if deforestation were avoided, emission savings 
from avoided deforestation could yield reductions in CO2 emissions for under $5/tCO2, 
possibly for as little as $1/tCO2 (see Box 9.1). In addition, large-scale reductions would 
require spending on administration and enforcement, as well as institutional and social 
changes. The transition would need to be carefully managed if it is to be effective.  
 
Planting new forests (afforestation and reforestation) could save at least an additional 1 
GtCO2/yr, at a cost estimated at around $5/tCO2 - $15/tCO2

8. The full technical potential of 
forestry related measures would go beyond this. An IPCC report in 2000 estimated a 
technical potential of 4 - 6 GtCO2

. Revised estimates are 
expected from the Fourth Assessment Report of IPCC. 

/year from the planting of new forests alone between 1995 
and 2050, 70% of which would come from tropical countries9

 
Changes to agricultural land management, such as changes to tilling practices10, could save 
a further 1 GtCO2/year at a cost of around $27/tCO2e in 202011. More recent analysis 
suggested savings could be as much as 1.8 GtCO2 at $20/tCO2 in 203012.  The production of 
bioenergy crops would add further savings. In this chapter, this is discussed in the context of 
its application to emissions savings in other sectors (see Box 9.5).  Biogas from animal 
wastes could also yield further savings. 

                                                      
8 Benitez et al. (2005), using a land-cover database, together with econometric modelling and Sathaye et al. (2005). 
9 IPCC (2000) Chapter 3.  
10 Conservation tillage describes tillage methods that leave sufficient crop residue in place to reduce exposure of soil 
carbon to microbial activity and hence, conserve soil carbon stocks (IPCC (2001)).  
11 IPCC (2001). Revised estimates are expected from the Fourth Assessment Report of IPCC. 
12 Smith et al (2006, forthcoming). 
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Box 9.1 The costs of reducing emissions by avoiding further deforestation  
 
A substantial body of evidence suggests that action to prevent further deforestation would be 
relatively cheap compared with other types of mitigation.  
 
Three types of costs arise from curbing deforestation. These are the opportunity cost 
foregone from preserving forest, the cost of administering and enforcing effective action, and 
the cost of managing the transition.  
 
The opportunity cost to those who use the land directly can be estimated from the potential 
revenue per hectare of alternative land uses. These potential returns vary between uses. Oil 
palm and soya produce much higher returns than pastoral use, with net present values of up 
to $2000 per hectare compared with as little as $2 per hectare13. Timber is often harvested, 
particularly in South East Asia, where there is easy access to nearby markets and timber 
yields higher prices.  Timber sales can offset the cost of clearing and converting land.  
 
A study carried out for this Review14 estimated opportunity costs on this basis for eight 
countries15 that collectively are responsible for 70% of land-use emissions (responsible for 
4.9 GtCO2 today and 3.5 GtCO2 in 2050 under BAU conditions). If all deforestation in these 
countries were to cease, the opportunity cost would amount to around $5-10 billion annually 
(approximately $1-2/tCO2 on average). On the one hand, the opportunity cost in terms of 
national GDP could be higher than this, as the country would also forego added value from 
related activities, including processing agricultural products and timber. The size of the 
opportunity cost would then depend on how easily factors of production could be re-allocated 
to other activities. On the other hand, these estimates may overstate the true opportunity cost, 
as sustainable forest management could also yield timber and corresponding revenues. 
Furthermore, reducing emissions arising from accidental fires or unintended damage from 
logging may be lower than the opportunity costs suggest. 
 
Other studies have estimated the cost of action using different methods, such as land-value 
studies assuming that the price of a piece of land approximates to the market expectation of 
the net present value of income from it, and econometric studies that estimate an assumed 
supply curve. In econometric studies16, marginal costs have been projected as high as 
$30t/CO2 to eliminate all deforestation. High marginal values for the last pieces of forestland 
preserved are not inconsistent with a bottom-up approach based on average returns across 
large areas. These studies also suggest that costs are low for early action on a significant 
scale. 
 
Action to address deforestation would also incur administrative, monitoring and enforcement 
costs for the government. But there would be significant economies of scale if action were to 
take place at a country level rather than on a project basis. Examination of such schemes 
suggests that the possible costs are likely to be small: perhaps $12m to $93m a year for 
these eight countries.  
 
The policy challenges involved with avoiding further deforestation are discussed in Chapter 
25. 
 
The other main further sources of non-energy-related emissions, with estimates of economic 
potential for emissions reductions, are:  
 
• Livestock, fertiliser and rice produce methane and nitrous oxide emissions.  The 

IPCC (2001) suggested that around 1 GtCO2e/year could be saved at a cost of up to 
$27/tCO2e17 in 2020. However more recent analysis suggests that just 0.2 

                                                      
13 These figures are calculated from income over 30 years, using a discount rate of 10%, except for Indonesia, which 
uses 20%. 
14 See Grieg-Gran report prepared for the Stern Review (2006) 
15 Cameroon, Democratic Republic of Congo, Ghana, Bolivia, Brazil, Papua New Guinea, Indonesia, Malaysia. 
16 See for example Sohngen et al (2006) 
17 IPCC (2001).  Note this excludes savings from use of biomass and indirect emission reductions from fossil fuels via 
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GtCO2e/year might be saved at $20/tCO2e in 203018. It is important to investigate 
ways of cutting this growing source of emissions. 

 
• Wastage in the production of fossil fuels (so-called fugitive emissions) and other 

energy-related non-CO2 emissions currently amount to around 2 GtCO2e/year19. If 
fugitive emissions of non-CO2 and CO2 gases could be constrained to current levels, 
then savings could amount to 2.3 GtCO2e/year and 0.2 GtCO2/year respectively in 
2050 on baseline levels20.   

 
• Waste is currently responsible for 1.4 GtCO2e/year21, of which over half is from 

landfill sites and most of the remainder from wastewater treatment.  Reusing and 
recycling lead to less resources being required to produce new goods and a reduction 
in associated emissions. Technologies such as energy-recovering incinerators also 
help to reduce emissions. The IPCC estimate that 0.7 GtCO2e/year could be saved in 
2020, of which three quarters could be achieved at negative cost and one quarter at a 
cost of $5/tCO2e22. 

 
• Industrial processes used to make products such as adipic and nitric acid produce 

non-CO2 emissions; the IPCC estimate that 0.4 GtCO2e/year could be reduced from 
these sources in 2020 at a cost of less than $3/tCO2e23.  The production of products 
such as aluminium and cement also involve a chemical process that release CO2. 
Assuming that emissions from this source could be reduced by a similar proportion, 
savings could amount to 0.5 GtCO2e in 205024. 

 
Table 9.1 summarises the possible cost-effective non-fossil fuel CO2 emission savings for 
2050 described above. These figures are very uncertain but the estimates for waste and 
industrial processes arguably represent a lower-end estimate because they come from IPCC 
studies looking at possible emission savings in 2020, and savings by 2050 could be higher.  
Some of these savings cost $5/tCO2e or less, and it is possible that more could be saved at a 
slightly higher cost, with the technical potential for land-use changes being particularly 
significant.  Achieving these emission savings would mean non-fossil fuel emissions in 2050 
would be almost 11 GtCO2e lower in 2050 than in the baseline case. 

                                                                                                                                                        
energy-efficiency measures. 
18 Smith et al (2006 forthcoming). 
19 EPA (forthcoming). 
20 Stern Review estimates. This is consistent with a mitigation scenario in which fossil-fuel use is limited to current 
levels or below  by 2050, as in the work by Dennis Anderson described later in this chapter, and the IEA (2006) 
analysis discussed in Section 9.9. 
21 EPA (forthcoming). 
22 IPCC (2001) 
23 IPCC (2001) 
24 Stern Review estimate. 
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Table 9.1 Non-fossil-fuel emissions and savings by sector 
 
Sector BAU emissions 

in 2050 
(GtCO2e)25

Savings in 2050 
(GtCO2e) 

Abatement 
scenario emissions 
in 2050 (GtCO2e) 

Deforestation (CO2) 3.5 
Afforestation & reforestation (CO2) 1.0 
Land-management practices (CO2) 

5.0 
1.0 

-0.5 

Agriculture (non-CO2) 1.0 
Energy-related non-CO2 emissions 
including fugitive emissions 2.3 

Waste (non-CO2) 0.7 
Industrial processes (non-CO2) 

18.8 

0.4 

14.3 

Industrial processes (CO2) 2.1 0.5 1.6 
Fugitive emissions (CO2) 0.4 0.2 0.2 
Total 26.3 10.7 15.6 

 
9.5 Reducing the demand for carbon-intensive goods and services 
 
One way of reducing emissions is to reduce the demand for greenhouse-gas-intensive goods 
and services like energy. Policies to reduce the amount of energy-intensive activity should 
include creating price signals that reflect the damage that the production of particular goods 
and services does to the atmosphere. These signals will encourage firms and households to 
switch their spending towards other, less emissions-intensive, goods and services. 
 
Regulations, the provision of better information and changing consumer preferences can also 
help. If people’s preferences evolve as a result of greater sensitivity to energy use, for 
instance to favour smaller, more fuel-efficient vehicles, they may perceive the burden from 
‘trading down’ from a larger vehicle as small or even negative (see Chapter 17). Efforts to 
reduce the demand for emissions-intensive activities include reducing over-heating of 
buildings, reducing the use of energy-hungry appliances, and the development and use of 
more environmentally friendly forms of transport.   
 
In some cases, there may be ‘win-win’ opportunities (for example, congestion charging may 
lead to a reduction in GHG emissions and also reduce journey time for motorists and bus 
users).  But some demand-reduction measures may conflict with other policy objectives.  For 
example, raising the cost of private transport could lead to social exclusion, especially in rural 
areas.  Chapter 12 discusses in more detail how climate change policy may fit with other 
policy objectives.  Part IV of the Review includes discussion of how policy can be designed to 
ensure that the climate change damage associated with emission-intensive goods and 
services is better reflected in their prices. 
 
9.6 Improving energy efficiency   
 
Improving efficiency and avoiding waste offer opportunities to save both emissions 
and resources, though there may be obstacles to the adoption of these opportunities. 
 
Energy efficiency refers to the proportion of energy within a fuel that is converted into a given 
final output. Improving efficiency means, for example, using less electricity to heat buildings to 
a given temperature, or using less petrol to drive a kilometre. The opportunities for reducing 
carbon emissions through the uptake of low-carbon energy sources, ‘fuel switching’, are not 
considered in this section. 
 
The technical potential for efficiency improvements to reduce emissions and costs is 
substantial.  Over the past century, efficiency in energy supply improved ten-fold or more in 
                                                      
25 For explanation of how BAU emissions were calculated, see Chapter 7. 
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the industrial countries. Hannah’s historical study26 of the UK electricity industry, for example, 
reports that the consumption of coal was 10-25 lbs/kWh in 1891, 5 lbs/kWh in the first decade 
of the 20th century and 1.5 lbs/kWh by 1947; today it is about 0.7 lbs/kWh27, a roughly 10-fold 
increase over the century in the efficiency of power generation alone. 
 
There have also been impressive gains in the efficiency with which energy is utilised for 
heating, lighting, refrigeration and motive power for industry and transport, with the invention 
of the fluorescent light bulb, the substitution of gas for coal for heat, the invention of double 
glazing, the use of ‘natural’ systems for lighting, heating and cooling, the development of heat 
pumps, the use of loft and cavity-wall insulation, and many other innovations.  
 
Furthermore, the possibilities for further gains are far from being exhausted, and are now 
much sought after by industry and commerce, particularly those engaged in energy-intensive 
processes. Many of these opportunities are yet to be incorporated fully into the capital stock. 
For example, the full hybrid car (which may also pave a path for electric and fuel-cell vehicles) 
offers the prospect of a step change in the fuel efficiency of vehicles, while new diode-based 
technologies have the potential to deliver marked reductions in the intensity of lighting.  
 
However, the rate of uptake of efficiency measures is often slow, largely because of the 
existence of market barriers and failures. These include hidden and transaction costs such as 
the cost of the time needed to plan new investments; a lack of information about the available 
options; capital constraints; misaligned incentives; together with behavioural and 
organisational factors affecting economic rationality in decision-making. These are discussed 
in more detail in Chapter 17.  
 
There is much debate about how big a reduction in emissions efficiency measures could in 
practice yield. The IEA studies summarised in Section 9.9 find that efficiency in the use of 
fossil fuels is likely to be the single largest source of fossil fuel-related emission savings in 
2050, capable of reducing carbon emissions by up to 16 GtCO2e per year by 2050. While 
estimates vary between studies, there is general agreement that the possibilities for further 
gains in efficiency are appreciable at each stage of energy conversion, across all sectors, end 
uses and economies.  
 
Figure 9.2 provides a graphical representation of the estimated costs and abatement potential 
by 2020 for a selected sample of energy efficiency technologies across different sectors. 
 

                                                      
26 See Hannah (1979)  
27 Assuming 40% thermal efficiency and a c.v. of coal of 8,000kWh/tonne.  Pounds (lbs) are a unit of weight: 1 lbs = 
0.454 kg. 
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Figure 9.2 Aggregate carbon abatement cost curve for the UK – annual carbon 
savings by 202028  
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9.7 Low-carbon technologies 
 
Options for low-emission energy technologies are developing rapidly, though many 
remain more expensive than conventional technologies. 
 
This section examines the options for emissions reductions in the energy sector, their costs 
and how they are likely to move over time. The next section illustrates the costs of a set of 
policies in electricity and transport that could reduce emissions to levels consistent with a 
stabilisation path at 550ppm CO2e. A range of options is currently available for decarbonising 
energy use in electricity generation, transport and industry, all of which are amenable to 
significant further development. These include:- 
 
• On and offshore wind. 
• Wave and tidal energy projects.  
• Solar energy (thermal and photovoltaic). 
• Carbon capture and storage for electricity generation (provided the risk of leakage is 

minimised) – Box 9.2 sets out the state of this relatively new technology, and what is 
known about costs. 

• The production of hydrogen for heat and transport fuels. 
• Nuclear power, if the waste disposal and proliferation issues are dealt with. A new 

generation of reactors is being built in India, Russia and East Asia. Reactors have 
either been commissioned or are close to being commissioned in France, Finland and 
the USA. 

• Hydroelectric power, though environmental issues need to be considered and new 
sites will become increasingly scarce. The power output/storage ratio will also need to 
increase, to reduce the typical area inundated and increase the capacity of schemes 
to meet peak loads. 

• Expansion of bioenergy for use in the power, transport, buildings and industry sectors 
from afforestation, crops, and organic wastes. 

                                                      
28 This is intended to provide an indicative representation of average technology costs only (costs of individual 
technologies will, or course, vary). It draws together work on recent sectoral estimates undertaken by Enviros as part 
of the Energy Efficiency and Innovation Review (see  www.defra.gov.uk/environment/energy/eeir/pdf/enviros-
report.pdf) and drawing on data from the BRE and Enusim databases on the service sectors respectively, as well as 
Defra internal estimates for the domestic sector. The cost information presented here is based on a 3.5% social 
discount rate. 
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• Decentralised power generation, including micro-generation, combined heat and 
power (dCHP) using natural gas or biomass in the first instance, and hydrogen 
derived from low-carbon sources in the long term. 

• Fuel cells with hydrogen as a fuel for transport (with hydrogen produced by a low-
carbon method). 

• Hybrid- and electric-vehicle technology (with electricity generated by a low-carbon 
method). 

 
Box 9.2 Carbon capture and storage (CCS)  
 
No single technology or process will deliver the emission reductions needed to keep climate 
change within the targeted limits. But much attention is focused on the potential of Carbon 
Capture and Storage (CCS). This is the process of removing and storing carbon emissions 
from the exhaust gases of power stations and other large-scale emitters. If it proved effective, 
CCS could help reduce emissions from the flood of new coal-fired power stations planned 
over the next decades, especially in India and China29. 
 
CCS technologies have the significant advantage that their large-scale deployment could 
reconcile the continued use of fossil fuels over the medium to long term with the need for 
deep cuts in emissions. Nearly 70% of energy production will still come from fossil fuels by 
2050 in the IEA’s ACT MAP scenario30. In their base case, energy production doubles by 
2050 with fossil fuels accounting for 85% of energy. The growth of coal use in OECD 
countries, India and China is a particular issue – the IEA forecast that without action a third of 
energy emissions will come from coal in 2030. Even with strong action to encourage the 
uptake of renewables and other low-carbon technologies, fossil fuels may still make up to half 
of all energy supply by 2050. Successfully stabilising emissions without CCS technology 
would require dramatic growth in other low-carbon technologies.  
 
Once captured, the exhaust gases can be either processed and compressed into liquefied 
CO2 or chemically changed into solid, inorganic carbonates. Captured CO2 can be 
transported either through pipelines or by ship. The liquid or solid CO2 can be stored in 
various ways. As a pressurised liquid, CO2 can also be injected into oil fields to raise well 
pressure and increase flow rates from depleted wells. Norway’s Statoil, for example, captures 
emissions from on-shore power stations and re-injects the captured CO2 for such ‘enhanced 
oil recovery’ from its off-shore Sleipner oil field. 
 
In most cases, the captured gas will be injected and stored in suitable, non-porous 
underground rock foundations such as depleted oil and gas wells, deep saline formations and 
old coalmines. Other theoretically possible but as yet largely untested ways of storing the CO2 
are to dissolve it deep within the ocean, store as an inorganic carbonate or use the CO2 to 
produce hydrogen or various carbon-rich chemicals. Careful site evaluation is needed to 
ensure safe, long-term storage. Estimates of the potential geological storage capacity range 
from 1,700 to 11,100 GtCO2 equivalent31, or from to 70 to 450 years of the 2003 level of 
fossil-fuel-related emissions (24.5 GtCO2

32/year). 
 
It is technically possible to capture emissions from virtually any source, but the economics of 
CCS favours capturing emissions from large sources producing concentrated CO2 emissions 
(such as power stations, cement and petrochemical plants), to capture scale economies, and 
where it is possible to store the CO2 close to the emission and capture point, to reduce 
transportation costs.  
 
There are several obstacles to the deployment of CCS, including technological and cost 

                                                      
29 Read (2006) discusses how if CCS technologies were to capture emissions from the use of biofuels this could 
create negative emissions, that is, sequestering carbon dioxide from the atmosphere. 
30 IEA (2006) - ACT MAP is a scenario that includes CCS and where emissions are constrained to near-current levels 
in 2050 following a technology ‘push’ for low-carbon technologies. 
31 IPCC (2005) 
32 Page 93 IEA (2005)  
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barriers, particularly the need to improve energy efficiency in power stations adopting CCS. 
Others include regulatory and legal33 barriers, such as the legal issues around the ownership 
of the CO2 over long periods of time, the lack of safety standards and emission-recording 
guidelines. There are also environmental concerns that the CO2 might leak or that building the 
necessary infrastructure might damage the local environment. Public opinion needs to be won 
over. 
 
Employing CCS technology adds to the overall costs of power generation. But there is a wide 
range of estimates, partly reflecting the relatively untried nature of the technology and variety 
of possible methods and emission sources. The IPCC quotes a full range from zero to $270 
per tonne of CO2. A range of central estimates from the IPCC and other sources34 show the 
costs of coal-based CCS employment ranging from $19 to $49 per tonne of CO2, with a range 
from $22 to $40 per tonne if lower-carbon gas is used. Some studies provide current 
estimates and some medium-term costs. A range of technologies is also considered, with and 
without CCS, and some with more basic generation technologies as the baseline35. The 
assumptions set have an important impact on cost estimates. The range of cost estimates will 
narrow when CCS technologies have been demonstrated but, until this occurs, the estimates 
remain speculative. 
 
The IPCC special report on CCS suggested that it could provide between 15% and 55% of 
the cumulative mitigation effort until 2100. The IEA’s Energy Technology Perspectives uses a 
scenario that keeps emissions to near current levels by 2050, with 14 - 16.2% of electricity 
generated from coal-fired power stations using CCS. This would deliver from 24.7 - 27.6% of 
emission reductions36. Sachs and Lackner37 calculate that, if all projected fossil-fuel plants 
were CCS, it could save 17 GtCO2 annually at a cost of 0.1% to 0.3% of GDP38, and reduce 
global emissions by 2050 from their 554ppm BAU to 508ppm CO2. 
 
IEA modelling shows that, without CCS, marginal abatement costs would rise from $25 to $43 
per tonne in Europe, and from $25 to $40 per tonne in China, while global emissions are10% 
to 14% higher. This highlights the crucial role CCS is expected to play39. For more on 
international action and policies to encourage the demonstration and adoption of CCS 
technologies, see Section 24.3 and Box 24.8. 
 
Most low-carbon technologies are currently more expensive than using fossil fuels. 
 
Estimates of the costs per unit of energy of substituting low-carbon-emitting energy sources 
for fossil fuels over the next 10-20 years are presented in Box 9.3; the technologies shown 
cover electricity supply, the gas markets (mainly for heat) and transport. The costs are 
expressed as a central estimate, with a range. 

                                                                                                                                                        
33 At present sub-sea storage of CO2 without enhanced oil recovery would be illegal. 
34 Sources include MIT, SPRU, UK CCS, IPCC, UK Energy Review, Sachs and Lackner.  
35 Some compare CCGT, IGCC and supercritical/basic pulverised coal with and without CCS while others compare 
IGCC with CCS to pulverised coal without or an alternative fossil-fuel mix. 
36 At a cost of $0.9 trillion around $23 per tonne. 
37 Sachs and Lackner, 2005
38 $280 to $840 billion at $19 - $49/tCO2. 
39 Page 61 IEA, 2006 
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Box 9.3 Costs of low-carbon technologies relative to fossil-fuel technologies 
replaced  
 
This figure shows estimates by Anderson40 of costs of technologies in 2015, 2025 and 2050 
used to constrain fossil fuel emissions in 2050 at today’s levels41. For most technologies, the 
unit cost as a proportion of the fossil-fuel alternative is expected to fall over time, largely 
because of learning effects (discussed below). But, as a technology comes up against 
increasing constraints and extends beyond its minimum efficient scale of production, the fall in 
unit costs may begin to reverse. The ranges quoted reflect judgements about the likely 
probability distribution for unit costs and allow for the variability of fossil-fuel prices (see text 
below and Section 9.8 for a further discussion of the treatment of uncertainties). The 0% line 
indicates that costs are the same as the corresponding fossil-fuel option. 
 
Unit costs of energy technologies expressed as a percentage of the fossil-fuel 
alternative (in 2015, 2025, 2050) 
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Even in the near to medium term, the uncertainties are very large. The costs of technologies 
vary with their stage of development, and on specific regional situations and resource 
endowments, including the costs and availability of specific types of fossil fuels, the 
availability of land for bioenergy or sites for wind and nuclear power. Other factors include 
climatic suitability in the case of solar ‘insolation’ (incident solar energy) and concentrated 
emission sources (in the case of CCS). In recent years, oil prices have swung over a range of 
more than $50 per barrel and industrial gas from $4 to $9/GJ; such swings alone can shift the 
relative costs of the alternatives to fossil fuels by factors or two or three or more. In principle, 

                                                      
40 Paper by Dennis Anderson, ”Costs and Finance of Carbon Abatement in the Energy Sector”, published on the 
Stern Review web site. 
41 For central electricity generation, the cost ratios reflect the generation costs (including the capital costs of 
generation capacity), but exclude transmission and distribution. The costs of the latter are, however, included in the 
estimates for decentralised generation. The average costs of energy from the fossil-fuel technologies are 2.5p/kWh 
for central generation, 8p/kWh for decentralised generation, £4/GJ for industrial gas, $6/GJ for domestic gas, and 
30p/litre (exclusive of excise taxes) for vehicle fuels; all are subject to the range of uncertainties noted in the text. 
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estimates of global costs should be based on the extraction costs of fossil fuels, not their 
market prices, which include a significant but uncertain proportion of rents (see Section 9.2).  
 
The cost of technologies tends to fall over time, because of learning and economies of 
scale. 
 
Historical experience shows that technological development does not stand still in the energy 
or other sectors. There have been major advances in the efficiency of fossil-fuel use; similar 
progress can also be expected for low-carbon technologies as the state of knowledge 
progresses.  
 
Box 9.4 shows cost trends for selected low-carbon technologies. Economists have fitted 
‘learning curves’ to such data to estimate how much costs might decline with investment and 
operating experience, as measured by cumulative investment. ‘Learning’ is of course an 
important contributor to cost reductions, but should be seen as one aspect of several factors 
at work. These include: 
 
• The development of new generations of materials and design concepts through R&D 

and the insights gained from investment and operating experience—for example, 
from current efforts to develop thin-film and organic solar cells, or in new materials 
and catalysts for fuel cells and hydrogen production and use; 

• Opportunities for batch production arising from the modularity of some emerging 
technologies, such as solar PV. This leads to scale economies in production; to 
associated technical developments in manufacture; to the reduction of lead times for 
investments, often to a few months, as compared with three to six years or longer for 
conventional plant; and to the more rapid feedback of experience; 

• R&D to seek further improvements and solve problems encountered with investments 
in place; 

• Opportunities for scale economies in the provision of supporting services in 
installation and use of new technologies, the costs of which are appreciable when 
markets are small. For example, if specialised barges are required to install and 
service off-shore wind turbines, the equipment is much more efficiently utilised in a 
farm of 100 turbines than in one with just ten, and of course if there are many 
offshore wind farms in the project pipeline. 
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Box 9.4 Evidence on learning rates in energy technologies 
 
A number of key energy technologies in use today have experienced cost reductions 
consistent with the theories of learning and scale economies. The diagram below shows 
historical learning rates for a number of technologies. The number in brackets gives an 
indication of the speed of learning: 97%, for instance, means that unit costs are 97% of their 
previous level after each doubling of installed capacity (3% cheaper). 
 
Cost evolution and learning rates for selected technologies 
 

          
Source: IEA (2000) pp21 

 
After early applications in manufacturing and production (1930s) and business management, 
strategy and organisation studies, the past decade has seen the application of learning 
curves as an analytical tool for energy technologies (see IEA, 2000). The majority of 
published learning-rate estimates relevant to climate change relate to electricity-generation 
technologies. In Figure 9.5 above, estimates of learning rates from different technologies42 
span a wide range, from around 3% to over 35% cost reductions associated with a doubling 
of output capacity. 
 
Using evidence on learning to project likely technology-cost changes suffers from selection 
bias, as technologies that fail to experience cost reductions drop out of the market and are 
then not included in studies. In order to correct for this, the learning and experience curves 
used to guide the cost exercise in this chapter take account of the high risks associated with 
new technologies. Moreover, the projected cost reductions are based on a far broader range 
of factors than just ‘learning’, as discussed in the main text. 
 
The effects of the likely fall in costs with R&D and investment are reflected in the estimates for 
medium-term costs shown in Box 9.3. There is a general shift down in the expected costs of 
the alternatives to fossil fuels, in some cases to the point where they overlap under 
combinations of higher fossil-fuel prices and higher rates of technical progress. 
 
In addition, the rankings of the technologies change, with some that are currently more 
expensive becoming cheaper with investment and innovation. Examples are solar energy in 
sunny regions and decentralised sources of combined heat and power (see Chapter 25). 
Nevertheless, most unit energy costs seem likely to remain higher than fossil fuels, and 
policies over the next 25 years should be based on this assumption. These are, of course, in 
the main costs borne in the first place by the private sector, although the public power sector 
is large in many countries. It will be the role of policy to shift the distribution of relative costs 
faced by investors in the low-carbon options downward relative to those of higher carbon 
options (see Part IV). 
                                                      
42 Note different time periods for different technologies. 
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Costs, constraints and energy systems in the longer term 
 
Moving to the longer term highlights the dangers of thinking in terms of individual technologies 
instead of energy systems. Most technologies can be expected to progress further and see 
unit costs reduced. But all will run into limitations that can be addressed only by 
developments elsewhere in the energy system. For example: 
 
• Energy Storage. With the exception of biofuels, and hydrogen and batteries using low 

carbon energy sources, all the low carbon technologies are concerned with the 
instantaneous generation of electricity or heat. A major R&D effort on energy storage 
and storage systems will be crucial for the achievement of a low-carbon energy 
system. This is important for progress in transport, and for expanding the use of low-
carbon technologies, for reasons discussed below. 

• Decarbonising transport. The transport sector is still likely to remain oil-based for 
several decades, and efficiency gains will be important for keeping emissions down. 
Increasing use of biofuels will also be important. In the long term, decarbonising 
transport will also depend on progress in decarbonising electricity generation and on 
developments in hydrogen production. The main technological options currently being 
considered for decarbonising transport (other than the contributions of biofuels and 
efficiency) are hydrogen and battery-electric vehicles. Much will depend on transport 
systems too, including road pricing, intelligent infrastructure, public transport and 
urban design.     

• Nuclear power and base-load electricity generation. A nuclear power plant is 
cheapest to operate continuously as base-load generation is expensive to shut down. 
There are possibilities of ‘load following’ from nuclear power, but this will reduce 
capacity utilisation and raise costs. Most of the load following (where output of the 
power plant is varied to meet the changes in the load) will be provided by fossil-fuel 
plant in the absence of investments in energy-storage systems. In addition, of course, 
there are issues of waste disposal and proliferation to be addressed 

• Intermittent renewables. Renewables such as solar power and wind power only 
generate electricity when the natural resource is available. This leads to 
unpredictable and intermittent supply, creating a need for back-up generation. The 
cost estimates presented here allow for investment in and the fuel used in doing this, 
but, for high levels of market penetration, more efficient storage systems will be 
needed. 

• Bioenergy from crops. Biomass can yield carbon savings in the transport, power 
generation, industry and building sectors. However exploitation of conventional 
biomass on a large scale could lead to problems of competition with agriculture for 
land and water resources, depending on crop practices and policies. This is 
discussed in Box 9.6. 

• The availability and long-term integrity of sites for carbon capture and storage. This 
may set limits to the long-term contribution of CCS to a low-carbon economy, 
depending on whether alternative ways of storing carbon are discovered in time. It 
nevertheless remains an important option given the continued use of cheap fossil 
fuels, particularly coal, over the coming decades 

• Electricity and gas infrastructure. Infrastructure services and their management would 
also change fundamentally with the emergence of small-scale decentralised 
generation and CHP, and with hydrogen as an energy-carrying and storage medium 
for the transport and heat markets. There will also be new opportunities for demand 
management through new metering and information and control technologies. 
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Box 9.5 Biomass: emission saving potential and costs  
 
Biomass, the use of crops to produce energy for use in the power generation, transport, 
industry and buildings sectors, could yield significant emission savings in the transport, power 
and industry sectors. When biomass is grown, it absorbs carbon from the atmosphere during 
the photosynthesis process; when the crop is burnt, the carbon is released again. Biomass is 
not a zero carbon technology because of the emissions from agriculture and the energy used 
in conversion. For example, when used in transport, emissions savings from biofuel vary from 
10-90% compared to petrol depending on the source of biofuel and production technique 
used.  
 
Biomass crops include starch and sugar crops such as maize and sugar cane, and oil crops 
such as sunflower, rapeseed and palm oil. These biocrops are often referred to as first 
generation biomass because the technologies for converting them into energy are well 
developed.  The highest yielding biocrops tend to be water-intensive and require good quality 
land, but some other biocrops can be grown on lower quality land with little water. 
 
Research is now focusing on finding ways of converting lignocellulosic materials (such as 
trees, grasses and waste materials) into energy (so-called second generation technology).  
 
The technical potential of biomass could be very substantial. On optimistic assumptions, the 
total primary bioenergy potential could reach 4,800-12,000 Mtoe by 205043 (compared with 
anticipated energy demand under BAU conditions of 22,000 Mtoe in 2050). Half of the 
primary biomass would come from dedicated cropland and half would be lignocellulosic 
biomass (residues and waste converted into energy). 125-150 million ha would be required 
for biomass crops (10% of all arable land worldwide, roughly the size of France and Spain 
together). However this analysis does not take into account the potentially significant impacts 
on local environment, water and land resources, discussed in Section 12.6. The extent to 
which biomass can be produced sustainably and cost effectively will depend on developments 
in lignocellulosic technology and to what extent marginal and low-quality land is used for 
growing crops. 
 
The economically viable potential for biomass is somewhat smaller, and has been estimated 
at up to 2,600 Mtoe, almost a tripling of current biomass use. According to the IEA, this would 
result in an emission reduction of 2 to 3 GtCO2e/year on baseline levels by 2050 at $25/tCO2 
(though the actual estimate can vary widely around this depending on oil prices). If it is 
assumed that one-third of biomass were used for transport fuels by 2050, for example, it 
could meet 10% of road transport fuel demand, compared with 1% now. This could grow to 
20% under more optimistic assumptions. Biomass costs vary both by crop and by country; 
current production costs are lowest in parts of Southern and Central Africa and Latin America. 
 
This analysis excludes the possible emission savings from biogas (methane and CO2 
collected from decomposing manure).  This technology is discussed in Box 17.7. 
 
These limitations mean that all technologies will run into increasing marginal cost as their 
uptake expands, which will offset to some extent the likely reductions in cost as developments 
in the technology occur. Some of the constraints might be removed – research is ongoing, for 
example, on storing carbon in solid form (see Box 9.2). On the other hand, economies of 
scale and induced innovation will serve to bring down costs. Overall, a phased use of 
technologies across the board is likely to limit the cost burden of mitigating and sequestering 
GHGs.  
 
In the current and next generation of investments over the next 20 years, the costs of climate 
change mitigation will probably be low, as some of the more familiar and easier options are 
exploited first. But as the scale of mitigation activities expands, at some point the problems 
posed by storage and the need to develop new systems and infrastructures must be 

                                                      
43 All the emission saving and cost estimates in this box come from IEA analysis.  IEA (2006) and IEA (in press). 
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