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Since 2007, the perceptions of the international community all over the world about 
the dangers of climate change and about the need for vigorous response strategies 
have changed dramatically. This change was triggered by the release of the Fourth 
Assessment Report (AR4) Climate Change 2007 by the Intergovernmental Panel 
on Climate Change (IPCC) and by the ongoing scientific progress in the field of 
global climate change. The scientific consensus reported in the AR4 received an 
unprecedented echo in the media and subsequently raised the public awareness con-
cerning global climate change and its adverse impacts to an extent never seen be-
fore. As a result, the report encouraged numerous initiatives to combat global climate 
change – most notably the European Union’s decision to reduce greenhouse gas 
(GHG) emissions by 20 % by 2020 (compared to the amount of GHGs emitted in 
1990). In addition, more than 100 countries followed the European example and 
adopted a global warming limit of 2 ° C or below (relative to preindustrial levels) 
as a long-term climate protection goal. 

In order to assess the opportunity to stabilize carbon dioxide (CO
2
) concentra-

tions at a level that is compatible with the EU climate protection goal, the follow-
ing issues need to be addressed. Which temperature changes are to be expected in 
the business-as-usual case, in other words, if no specific measures directed at mit-
igating climate change are implemented? Is there thus a real necessity to change 
course? If there is a real necessity, could cheap energy efficiency improvements 
solve the problem? If we need other, additional climate protection options, then 
which technologies are available and how great are the potential and available re-
sources for the respective options? And finally, how should these options be com-
bined in order to achieve least-cost climate protection? 

Projected energy demand and associated business-as-usual 
greenhouse gas emissions

An extensive review of recent long-term scenarios (Fisher et al., 2007) revealed 
that enhanced economic growth is expected to lead to a significant increase in gross 
domestic product (GDP) during the twenty-first century (see Fig. 1a) – throughout 
the world but especially in the developing countries and emerging markets. The 
expected rise in prosperity will reveal itself in a significant increase in the demand 
for energy services. Motivated by the first oil crisis, humankind was able to reduce 
the primary energy input required to produce one GDP unit (the so-called primary 
energy intensity) und is expected to do so further in the future (see Fig. 1b). Unfor-
tunately, the historical improvements in energy intensities were not sufficient to 
fully offset the GDP growth, resulting in increased energy consumption.

The respective increase in energy efficiency in the scenarios is more than com-
pensated by the anticipated huge economic growth. In the business-as-usual case, 
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the demand for global primary energy is therefore projected to increase substan-
tially during the twenty-first century (see Fig. 2 a).

Similarly to the development of the primary energy intensity, the carbon inten-
sity (the amount of carbon dioxide emissions per unit of primary energy) is – with 
few exceptions – projected to decrease as well (see Fig. 2 b). This development 
reflects the global tendency to initially replace coal by oil and subsequently oil by 
gas, nuclear energy, and renewable energies.

Despite the substantial decarbonization projected to take place during the entire 
twenty-first century, even in the reference scenarios that do not include any ex-
plicit policies directed at mitigating climate change, the overwhelming majority of 
the emission projections exhibit considerably higher emissions in 2100 compared 
with those in 2000 (see Fig. 3 a). Due to the long life-time of carbon dioxide, this 
implies increasing carbon dioxide concentrations and in turn, increasing changes 
in global mean temperature throughout the twenty-first century. Figure 3 b shows 
the respective changes (together with the uncertainty range due to differences in 
the applied general circulation models, right-hand bars) for representative emis-
sion scenarios (so-called SRES scenarios, see Nakicenovic et al., 2000) taken from 
the set of emissions scenarios shown in Figure 3 a.

The threat of global climate change: 
avoiding the unmanageable

Compared with the preceding Third Assessment Report, the IPCC AR4 reflects a 
considerable improvement in our understanding of global warming. The report itself 
and the ongoing scientific progress achieved since then show an increasing recog-
nition that the severity of the global climate change problem has been significantly 
underestimated in the past (Smith et al., 2009; Meinshausen et al., 2009).
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Fig. 1. a) Projected global economic growth and b) changes in primary energy 
intensity. (Source: adapted from Fisher et al., 2007, pp. 180 and 184)
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According to its mandate, the IPCC is charged with summarizing the published 
scientific findings on global warming, its potential impacts, and opportunities to 
mitigate them. As a scientific council, the IPCC itself is not allowed to give spe-
cific policy recommendations concerning a suitable ceiling on global mean tem-
perature rise to avoid dangerous interference with the climate system. Nevertheless, 
the information provided in AR4 (see Yohe et al., 2007) supports the prominent 
climate protection goal that seeks to constrain global mean temperature change to 
less than 2 ° C. This temperature threshold has been recommended by various advi-
sory groups (e. g., the German Advisory Council on Global Change) in the past and 
became the official climate protection goal of the European Community in 2005. 
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Fig. 3. a) Projected growth of carbon dioxide emissions and b) associated global 
mean temperature changes (relative to the temperature in 2000). (Source: adapted 
from Fisher et al., 2007, p. 187; IPCC, 2007, p. 14)
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Fig. 2. a) Projected increase in primary energy supply and b) expected carbon 
intensity changes. (Source: adapted from Fisher et al., 2007, pp. 183 – 4)
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Since then, more than 100 countries have adopted this global warming limit (Meins-
hausen et al., 2009). 

Assuming a best-guess climate sensitivity, staying below 2 °C implies that the 
CO

2
-equivalent concentration would need to be stabilized at below 445 ppm (see 

Fig. 4 a), compared to current concentrations of about 430 ppm CO
2
-equivalent. 

That effectively means that we are already right at the limit of acceptable GHG 
concentrations in our atmosphere. Consequently, global emissions must decline sig-
nificantly over the coming decades, with a global peak in emissions in the next five 
years. By 2050, emissions need to be reduced well below 50 % (compared with 
the emissions in 2000). Halving emissions by 2050 would still bear the risk of 
exceeding 2 ° C with a probability of up to 50 %. Stronger emission reduction and 
more stringent stabilization goals are obviously necessary to decrease this proba-
bility.1 

The boundaries of the corresponding emissions corridor shown in Figure 4 b are 
based on the range of scenarios discussed in the literature that stabilize at 2 °C 
(with high probability), and are not necessarily admissible emissions paths them-
selves. Those paths that exhibit high values in the first half of the century have to 
decline rapidly thereafter and to become low-lying trajectories in the second half 
of the twenty-first century. A delay in implementing effective emission mitigation 
measures at an early stage might even require negative emissions in the long term, 
and would be extremely difficult to achieve. One possibility to achieve negative 
emissions is by using biomass energy in combination with carbon capture and stor-
age technologies (BECCS) – an option that has recently attracted increasing scien-
tific interest.

Energy efficiency improvement: necessary, but not sufficient

Achieving the deep emission reductions discussed above requires a comprehensive 
global mitigation effort. Existing climate protection strategies in industrialized 
countries need to be further tightened. Simultaneously, ambitious mitigation meas-
ures need to be implemented in developing countries, where most of the increase 
in greenhouse gas emissions is expected in the coming decades (Fisher et al., 2007, 
p. 199). Fortunately, numerous options are available that can facilitate the achieve-
ment of this goal:

Improvement in energy efficiency • 
Switching between fossil fuel types (e. g., replacement of coal by gas)• 
Zero- or low-carbon energy conversion technologies (e. g., renewable energies)• 

1 A recent discussion of this issue was provided by Meinshausen et al. (2009). 
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Capture and storage of carbon from fossil fuels • 
Reduction of non-• CO

2
 greenhouse gases (multi-gas strategy)

Mitigation through improved land-use (e. g., reduced deforestation and affores-• 
tation)

Strategies to reduce multi-gas emissions can help achieve climate protection tar-
gets at substantially lower cost compared with emission mitigation efforts that 
address the release of carbon dioxide only. This is especially the case during the 
first half of the century, but in the long run it is essential to achieve deep reductions 
of carbon dioxide in any case, since carbon dioxide has a very long life-time (more 
than 20 % of emissions remain in the atmosphere over thousands of years, Archer 
et al., 2009). In addition, land-use mitigation options could provide 15 – 40 % of the 
total cumulative abatement over the twenty-first century. Most such options are 
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projected to be cost-effective strategies across the entire century (Fisher et al., 
2007, p. 172).

A tremendous decrease in energy intensity in the coming decades is essential if 
we are not to transgress the aforementioned 2 ° C guardrail. Technological improve-
ments and structural changes are expected to result in considerably lower green-
house gas emissions than would otherwise be experienced. Assuming energy and 
carbon intensities frozen at current levels, for instance, would imply hypothetical 
average cumulative business-as-usual emissions that are roughly twice as high (see 
Fig. 5 a) as the baseline emissions projected for the suite of emissions trajectories 
depicted in Figure 3 a. The same message is visualized in Figure 5 b. Once again, 
assuming no improvement in the energy intensity (for instance, in the case of the 
SRES A2 scenario considered here), would result in considerably higher hypo-
thetical emissions, even under business-as-usual conditions.

Many low-cost options to improve energy efficiency and to change the relative 
shares of fossil fuels in the provision of end energy are already contained in the 
baseline development. Therefore, there is restricted potential to achieve deep emis-
sion reductions by additional cost-effective energy efficiency improvement and 
fossil fuel switching measures. 

An example showing a stabilization of the carbon dioxide concentration at 
550 ppm is given in Figure 5 b where the (additional) contribution of demand 
reductions is small compared with the shares achieved by switching to low-carbon 
fuels (including shifts to nuclear energy and renewables) and carbon sequestration 
technologies (scrubbing). In order to achieve deep emission reductions (e. g., more 
than 50 % by 2050 compared to 2000), energy efficiency improvement and fossil 
fuel switching measures do not suffice. In addition, the application of low-carbon 
technologies becomes imperative.

Innovative low-carbon technologies

Fortunately, numerous technologies exist which are capable of providing final en-
ergy while producing no or significantly less carbon dioxide compared with con-
ventional fossil fuel burning (renewables, nuclear energy, and carbon capture and 
storage).

As Table 1 shows, there is abundant technological potential for renewable ener-
gies worldwide that would, in principle, suffice to meet even the highest projec-
tions of the total global primary energy demand in 2100 (see Fig. 2). The available 
wind potential (600 EJ / yr) alone would hypothetically be able to cover the entire 
primary energy demand of the world in 2005 (490 EJ). Even higher potentials are 
estimated for solar and geothermal energy (see Kohn, this volume). 

Some important sources (especially wind and solar energy) exhibit an intermittent 
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availability dependent on daytime, season and weather conditions. In addition, re-
newable energy sources (with the exception of large-scale hydro-energy) are widely 
dispersed compared to fossil fuel deposits. Innovative concepts are available which 
can mitigate these drawbacks considerably by a combination of distributed usage 
(including appropriate communication strategies), storage, demand response, in-
creased power system stability through the use of flexible alternating current trans-
mission systems (FACTS) and interregional exchange (see Luther, this volume). 
Although renewables are in principle able to substitute fossil fuels completely, 
further research is needed to design integrated systems that exhibit low costs for 
the systems services envisaged here.

Nuclear energy is able to produce electricity with no (if only emissions at the 
power plant site are considered) or medium to low carbon emissions (if upstream 
emissions related to fuel supply and the construction of the power plants are taken 
into account). Under the present design of light-water reactors with a ‘once-
through’ fuel cycle, however, the finite uranium resources (see Table 1) constrain 
the ability of nuclear energy to be the main lasting alternative to fossil fuel usage. 
Fast-spectrum reactors operated in a ‘closed’ fuel cycle by extracting the unused 
uranium and plutonium produced would solve this problem, albeit by accepting 
that reprocessing of the spent fuel increases the proliferation risks and security 
concerns. Beyond the long-term fuel resource constraints without recycling, there 
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are major barriers to an extended usage of nuclear energy. They comprise huge 
investment costs associated with investment uncertainties, unresolved waste man-
agement issues, security aspects in general, and – for some countries – the result-
ing adverse public opinion (Sims et al., 2007, p. 254). As in the case of renewables, 
for advanced nuclear systems to make a higher contribution to the total share of 
energy would also require substantial cost reductions. Worldwide, only a few con-
sortia are able to build nuclear power plants. With the current generation of power 
plants rapidly approaching the end of its lifetime, a significant share of the capac-
ity of the nuclear industry is already needed even to secure a constant contribution 
made by nuclear energy to overall electricity production. On a global scale, sharing 
nuclear know-how is significantly constrained by commercial interests and security 
concerns. This could cause a significant bottleneck in attempts to solve the climate 
problem involving a pronounced contribution from nuclear energy. 

Table 1. Summary of global energy resources (including potential reserves) and their 
share of primary energy supply in 2005 (490 EJ). For renewable energies the technical 
potential is shown which takes into account conversion efficiencies as well as constraints 
on the available area. In contrast to the economic potential no explicit reference to cost 
is made. (Source: Sims et al., 2007, p. 264)

Energy class Specific energy source Estimated available 
energy resource (EJ)

2005 share of 
total supply (%)

Fossil energy Coal (conventional)
Coal (unconventional)
Gas (conventional)
Gas (unconventional)
Coalbed methane
Tight sands
Hydrates
Oil (conventional)
Oil (unconventional)

> 100 000
32 000
13 500
18 000

> 8 000
8 000

> 60 000
10 000
35 000

25.0

21.0

0.3
0.7

33.0
0.6

Nuclear Uranium
Uranium recycle
Fusion

7 400
220 000
* 5x10 9 

5.3

Renewable Hydro (>10 MW)
Hydro (< 10 MW)
Wind
Biomass (modern)
Biomass (traditional)
Geothermal
Solar Photovoltaics
Ocean (all sources)

60/yr
2/yr

600/yr
250/yr

5000/yr
1600/yr
** 7/yr

5.1
0.2
0.2
1.8
7.6
0.4

< 0.1
0.0

* estimated ** exploitable
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Fossil fuel usage in combination with carbon capture and storage (CCS) tech-
nologies is a further option whereby a share of the future global energy supply 
could be produced with significantly lower carbon dioxide emissions. From a re-
source perspective, lower power plant efficiencies would result in an accelerated 
depletion of the fossil fuel resources. Due to the abundant availability of coal and 
potentially also hydrates (see Table 1), this, however, would not impose a major 
restriction on extensive application of coal-fired CCS technologies.

Although CCS can play a role in mitigating global climate change – at least as a 
transitional technology – its actual contribution may nevertheless be limited by the 
restricted availability of suitable geological disposal opportunities as well as by 
concerns about unintended leakage, risks associated with an accidental release of 
carbon dioxide, and environmental consequences. While deep ocean sequestration 
is another option, ocean eddy diffusion could potentially lead to a much larger re-
gion being affected with undesirable consequences than would be the case for se-
questration in geological formations. Moreover, residence times of sequestered 
carbon dioxide are expected to be in the order of hundreds of years in the ocean, 
while potentially orders of magnitudes larger in formations. Finally, some of the 
authors (Edenhofer et al., 2005; Held et al., 2006) have suggested bond schemes to 
utilize the investigative power of the capital market to search for the most trust-
worthy combinations of CCS operators and geological formations. Such schemes 
are much harder to envisage for ocean sequestration. For all of these reasons, cur-
rent schemes to operationalize CCS focus on geological formations rather than the 
deep ocean. CCS technologies imply higher costs compared to conventional fossil 
conversion, so that substantial cost reductions would be necessary to make this op-
tion an attractive one.

Low-concentration stabilization scenarios
The role of oil / gas prices

Currently the world experiences significant changes in the prices of raw materials 
and energy in particular. Though primary energy prices have returned to moderate 
levels, the future availability of fossil energy carriers is unclear. Scarcity of resources 
is reflected in high extraction costs, which in turn imply high energy prices. In-
creasing oil and gas prices influence technological change in the following ways. 
First, they foster additional investments in exploring and exploiting new and more 
costly oil fields including those holding non-conventional oil. Second, increasing 
oil prices make options like coal-to-liquid profitable if coal is relatively abundant 
and cheap. In a climate protection scenario, the extensive use of coal can only be-
come an option if it is combined with CCS. In a scenario assuming relatively cheap 
coal and expensive oil and gas, the ‘clean’ coal option becomes more important 
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compared to a scenario exhibiting low costs for all fossil fuels (see Fig. 6). Third, 
high oil prices may also improve overall energy efficiency, reducing the emissions 
up to the end of the century even in scenarios without any explicit mitigation poli-
cies or measures. It should be noted that long-term price trajectories of fossil fuels 
are quite uncertain. It is less uncertain that prices of oil and gas will increase faster 
than the price of coal because of the large coal reserves. However, large negative 
externalities associated with coal production and coal usage are likely to increase 
the cost of coal in the long run.

Figure 6 reveals the relative importance of different emission mitigation options 
in achieving a stabilization of the carbon dioxide concentration at 450 ppm as ob-
tained with the model REMIND, developed at the Potsdam Institute for Climate 
Impact Research (see Bauer et al., 2008; Leimbach et al., 2009).2 

The upper boundary of the corridor shows the business-as-usual emission tra-
jectory which is dependent on the costs of fossil fuels. It is noteworthy that the 
increase of oil and gas prices does not alter the portfolio of mitigation measures 
substantially. Energy efficiency improvements (here including shifting between 
use of different fossil fuels, co-generation, and changing demand for final energy) 
play an important role in meeting this goal. A further considerable reduction of the 
emissions is realized through the application of CCS technologies, applied to both 
fossil fuels and biomass. Other renewables, especially solar photovoltaics and 
wind energy, as well as nuclear energy (light-water reactors), contribute significant 
shares. Although included in the general analysis, fast breeder reactors did not find 
application here because of their high capital costs compared to other mitigation 
options.

2 REMIND comprises a top-down optimal growth model of the world economy combined with a bottom-up tech-
nology-rich description of the global energy supply system. In addition, the model contains a carbon cycle and 
climate system sub-module. Taken together, these modules are able to determine least-cost climate protection paths 
that are compatible with prescribed ceilings on global mean temperature change (e. g., the 2 ° C EU climate protec-
tion guardrail). In contrast to traditional integrated assessment models, the model especially takes into account the 
possibility of induced technological change. In order to achieve this goal, learning curves are used in an endog-
enous way. This specific feature allows the determination of long-term cost-efficient strategies that minimize the 
integral climate protection cost over the entire time span considered (e. g., 150 years).
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The role of discounting

The Stern Review (2006) has launched an exciting debate about the appropriate 
pure rate of time preference.3 The report argued that the pure rate of time prefer-
ence is an ethical value judgment about the weight and importance of future gen-
erations in current investment decisions. It points out that there is no ethical reason 
why future generations should be regarded as less important in current investment 
decisions than the current generation. However, the pure rates of time preference 
observed on capital markets are much higher than the rate derived from ethical 
considerations. The Stern Review states that a pure rate of time preference of 0.1% 
is in accordance with intergenerational justice. Some authors choose a pure rate of 
time preference of 3 % in accordance with empirically observed behaviour on cap-
ital markets (see for example Toth, 1995). However the issue is much more com-
plex, as Frederick et al. (2002) showed in an overview on the concept and measurement 
of discounting. 

A lower pure time preference rate (1% per year) favours – already in the business-
as-usual (BAU) scenario – the application of emerging technologies for using re-
newable energies (especially wind and biomass energy sources in early decades of 

3 In economics, the pure rate of time preference is used to quantify how present consumer utility is valued com-
pared to future consumer utility. Someone with a high time preference is focused substantially on his well-being 
in the present and the immediate future, while someone with low time preference places more emphasis on his 
well-being in the distant future. In this subsection only the issue of the pure rate of time preference is discussed 
and not the related issue of the inter-temporal elasticity of substitution, which is assumed to be equal to one.
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REMIND for achieving the climate change stabilization target (450 ppm carbon 
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the twenty-first century, see Fig. 7) while reducing, in part, the necessity to use CCS 
technologies.

Figure 8 shows the influence of excluding some of the different low-carbon tech-
nologies discussed above. As can be clearly seen, the exclusion of CCS technolo-
gies would result in a significant increase in the emission mitigation costs computed 
with the model REMIND. Compared to that, abstaining from applying additional 
renewables in order to combat global climate change would have a small influence, 
whereas the exclusion of nuclear energy would result in additional costs that are 
almost negligible compared to the overall mitigation burden.

Creating a novel global energy system: the challenge ahead

As already pointed out above, achieving deep emission reductions requires a com-
prehensive global effort which includes both a complete change in the energy supply 
of industrialized countries and the establishment of low-carbon systems in devel-
oping countries and emerging markets – in short, nothing less than the creation of 
a completely novel global energy supply system. This would represent a true para-
digm change compared with the current fossil-based energy systems and would 
take several decades to implement. In order to achieve this goal, the emissions 
mitigation measures must start immediately and rapidly engage the entire world. 
There is no time to waste. In a common effort, industrialized countries have to use 
their scientific capacity and creativity to develop and apply low-carbon technolo-
gies and to prove that a high standard of living can be sustained while producing 
considerably lower emissions in order to facilitate the early adoption of these tech-
nologies in the fast-growing emerging markets. The ultimate goal is a global car-
bon-free society.

Designing a cost-effective strategy to meet the climate protection targets discussed 
above (e. g., to limit global mean temperature increase to less than 2 ° C relative to 
the preindustrial value) is a complex and dynamic problem. Although some con-
ventional technologies (most notably, combined heat and power) might become 
economically viable once the costs of emission certificates increase, a major con-
tribution towards achieving deep emissions reductions must be provided by the 
application of innovative low-carbon technologies. Unfortunately, some of these 
technologies are still prohibitively expensive. Anticipating learning capability and 
associated cost-reduction potential, however, is a key to resolving this problem.

While from an aggregated economic point of view, instantaneous massive invest-
ments into low-emission technologies seem to be optimal (Edenhofer et al., 2006), 
more myopic agents (such as energy suppliers) may collectively act in such a way 
that the present-day energy system is conserved and consequently the global econ-
omy remains trapped in a suboptimal state. 
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Therefore, low-carbon technologies can only enter the market place if the cost of 
fossil fuel usage is increased significantly (e. g., through a worldwide carbon cer-
tificate market or carbon tax, see Edenhofer et al., this volume). Without a reason-
able price for carbon there are simply not enough incentives for firms and investors 
to foster a search process for the most cost-effective low-carbon technologies. 
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Fig. 7. Results of REMIND computations based on the same model assumptions 
as in Fig. 6 with the difference that a pure rate of time preference of 1% per year 
is applied.
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consumption in the stabilization case compared to the business-as-usual scenario). 
In the ‘all options’ case, all greenhouse gas mitigation opportunities discussed in 
Figures 6 and 7 (energy efficiency improvement combined with fuel shifting, re-
newables, nuclear energy and the application of CCS) are taken into consideration 
irrespective of their business-as-usual usage. In the other cases, some options are 
restricted to their respective usage in the business-as-usual scenario (REMIND 
model results, pure rate of time preference of 3 % per year).
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Fortunately, there are some recent promising initiatives in this direction: Chancel-
lor Merkel has proposed a global carbon trading system, which would allow the 
reduction of emissions according to the 2 ° C limit, at the same time implementing 
an allocation scheme that endows each citizen with the same emission rights. This 
proposal presupposes a global carbon market – otherwise the costs imposed on 
industrialized countries would not be acceptable. Negotiations have already started 
to harmonize and link the European Emission Trading Scheme with emission trad-
ing schemes emerging in California and elsewhere in the United States. The ap-
propriate timing is essential because of the need for a continued signal to the carbon 
markets. Emissions trading, and related flexible mechanisms, are likely to remain 
a core element of any post-2012 regime.

Admittedly, emissions trading is only one necessary condition for achieving low 
stabilization targets. In fact, the Stern Review found that only 40 % of the low-car-
bon future can be financed through the carbon market (Stern, 2006). What is needed 
is a comprehensive suite of policies to shift the International Energy Agency’s es-
timated figure of USD 20 trillion of energy investments by 2030 into low-carbon 
technologies and to assure these investments in the first place. On the national 
level, policy frameworks such as quota schemes or feed-in tariffs – or even a rea-
sonably designed technology policy supporting demonstration projects for CCS 
but also for solar thermal power plants and other innovative technologies – are 
recommended. These would in particular allow the cost reductions inherent in tech-
nologies with high learning potential to be realized. On the international level, new 
innovative technology co-operation mechanisms will be required to both deploy 
existing technologies in emerging economies and develop and share new low-car-
bon technologies. 

From a long-term perspective, a comprehensive global emission mitigation ef-
fort requires enhanced innovation to create novel low-carbon technologies, incen-
tives to support their initial diffusion and the internalization of external costs (e.g. 
through emissions trading). Such a response to the dangers of global climate change 
would induce a transition towards a truly sustainable global energy system as a glo-
rious ‘side effect’.
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