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Introduction

Since the beginning of the industrial era, less than two centuries ago, our society has relied heavily upon fossil fuels.  It was, first,  coal that provided ample energy for industry and transport, that allowed the generalization of electricity and  even town gas obtained by reacting coal with water vapour. 

In the first half of the twentieth century oil took over coal as the most used fossil fuel.  It was much easier to use and became intimately intertwined with the exponential development of the “automobile society”.  It also started do displace coal as fuel in electric power plants.  However following the 1973 oil price crisis the use of oil was restricted to transportation and petro-chemistry.  Natural gas became more and more popular for electricity and heat production. 

In 2004 the World Total Primary Energy Supply (TPES) amounted to 11 Billion  tons oil equivalent (toe)[1], of whom 34% was provided by oil, 25% by coal and 21% by gas. Thus fossil fuels  provided   80 % of our  energy supply.

It appears that the amount of   oil and gas reserves discovered every year has fallen below their yearly consumption. It is predicted that the amount of extracted oil will start decreasing within the next 10 to 15 years  (peak oil)  and that of gas will behave similarly within 20 to 25 years.  This means that the price of oil and gas will increase  steadily until consumption decreases to the level of production. There might come a point where it will become cheaper to make oil and gas out of coal via chemical reactions like that of “Fischer Tropsch”. Reserves of coal are plentiful and should allow to pass this century without real energy shortage. 

It  is clearer and clearer  that the most difficult challenge in the energy sector is related to the mitigation of global warming via a drastic decrease of Green House Gas(GHG) emissions.

The Global Warming Challenge

The main Green House Gases naturally present in the atmosphere are water vapour,  carbon dioxide, methane and nitrous oxide.  Water vapour has a very short cycling time so that its temperature dependent equilibrium concentration in the atmosphere is reached almost immediately and has a mere amplifying influence of the effect of other determinants.

Green House Gases allow the average temperature of the earth to reach a gentle 15 d°C while it would be a chilling –18 d°C if they were not present in our atmosphere. In this respect they are useful and cannot be considered as pollutants. 

 The historical records of temperature and GHG concentrations have been reconstructed from ice cores excavated from the Antarctic and the Greenland caps. A clear and positive correlation has been observed between temperatures and GHG concentrations with a quasi-periodical behaviour. The average temperature oscillated from minima close to 8 d° C lower than present to maximums 2 d° C higher. CO2 concentrations oscillated from lows around 180 parts per million (ppm) to highs close to 280 ppm, methane between 300 parts per billion (ppb) and 700 ppb.  

The driving parameter behind those oscillations is the  solar irradiation which varies periodically according to the parameters of  the earth orbit around the sun (Milankovitch oscillations). However, the magnitude of the change in solar irradiation is not sufficient to account for the amplitude of the temperature changes.  Amplification  factors are required. It is suspected that, starting from a glacial minimum, an increase of solar irradiation of the northern hemisphere leads to decrease of the surface of  the sea ice in summer, which decreases the average earth albedo, which increases further the temperature. Increase of temperature of the ocean leads to CO2 release  by degassing, which increases the temperature and the extent of boreal forests, here again accompanied by a decrease of the albedo etc.  

We can summarize the causality chain which leads to the phasing out of a glacial era
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where (W is the increase of the solar irradiation in the northern hemisphere,  (T, (T’, (T’’, (T’’’, (T’’’’ the temperature increases, (A, (A’ decreases of the albedo,  (GHG and (GHG’ the increase of the GHG concentrations. Because of the finite limits of the temperature and concentrations excursions one concludes that the series are converging. 

The massive injection of GHG in the atmosphere due to  billions tons of  fossil fuels burning displays a new driving parameter of a new increasing series for temperatures and concentrations. Is it insured that such series are also converging? Nobody is sure, because of the infinitely more rapid present pace of change as compared to that observed previously. This is one of the reason, and, perhaps, the most frightening why massive injection of GHG in the atmosphere should be halted as soon as possible.

Recent evolution of Green House Gas emissions

Globally[2],   emissions of the GHGs increased by about 70% (from 8 to 13 GtC-eq
) from 1970 to 2004, with carbon dioxide (CO2) being the largest source, having grown by about 80% . The largest growth in CO2 emissions has come from power generation and road transport. Methane (CH4) emissions rose by about 40% since 1970, with an 85% increase from the combustion and use of fossil fuels. Agriculture, however, remains the largest source of CH4 emissions. Nitrous oxide (N2O) emissions grew by about 50%, due mainly to increased use of fertilizer and the growth of agriculture. 

In the following I restrict myself to the case  of CO2  which is the main responsible for global warming and is of crucial concern for the energy sector.

The effort to make

Out of the 7,4 GtC-eq injected into the atmosphere by  the use of fossil fuels, about 3 seem to be absorbed by the biosphere and the Ocean. This is the level of emissions we should aimed at. Note that this amount supposedly absorbed by mother Nature might change according to the temperature, especially of the ocean, and to the concentrations of GHG in the atmosphere. In this respect future might reserve bad as well as good surprises. Present lines of thought point, unhappily, towards the bad (acidification of the ocean). Table 1 shows the evolution of the world population  and GHG emissions between 2000 and 2004. It also shows what could be an acceptable future in 2050. It shows that, worldwide, one should decrease our individual emissions by a factor 3.5

	
	2000
	2004
	2050

	Population Billions
	6
	6.4
	9

	Emissions CO2 GtCeq
	6.4
	7.3
	3

	Emissions/capita
	1.06
	1.15
	0.33


Table 1
 Observed and objective emissions from 2000 to 2050[1]
Different countries should have different objectives, according to their present rate of emissions. A few examples are displayed on  Table 2. The extreme effort would be that of US citizens who should decrease their emissions by more than 16!

	
	2004 CO2 emissions/capita

	USA
	5.4

	Germany
	2.8

	France
	1.7

	China
	0.99

	India
	0.28

	World Total
	1.15


Table 2 

2004 CO2 emissions/capita in selected countries
The Factors to control

Since the primary aim is the decrease of  the amount of emission of CO2 per capita it is useful to isolate the main factors that influence it. This is done with the simple tautological equation:
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It is rarely advocated that the first factor, the Gross Domestic Product per capita should decrease at the world level. The “energy intensity” has a clear tendency to decrease with increasing GDP, so that is seems reasonable to expect that, with persistent efforts, the energy consumed per capita might stay constant or increase only slightly. Therefore one expects that the total primary energy supply (TPES) might, in the best case,  follow the population increase. It seems clear that the last factor will play a prominent role if one wishes to decrease strongly the amount of CO2 emitted worldwide.

The importance of electricity

Before trying to see if such an effort has any chance of succeeding it is necessary to have a clear knowledge of where to put it the most efficiently. Table 3 shows that the electricity production sector is the main CO2 emitter. Since competitive technologies exist to produce electricity without CO2 emissions it seems natural to put the stress on it, in the first place.

	Emitting sector 
	Per cent of total %

	Electricity
	33

	Refineries
	5

	Industry
	25

	Transportation
	24

	Other (non electric home heating etc.)
	13


Table 3 

Shares of CO2 emissions by sectors

That electricity is, indeed an important key can be shown when one compares the CO2 emissions of several countries with similar degrees of development as  function of their use of hydro or nuclear energies for producing their electricity.  
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Figure 1
 Correlation between the Carbon intensity and the share of hydro and nuclear electricity in various countries. 

This comparison is seen on Figure 1 and speaks for itself. The data corresponding to the figure are given in Table 4. The difference between Denmark with no use of hydro nor nuclear electricity and a carbon intensity of 2.57  and Sweden with 100% hydro+nuclear electricity and a carbon intensity of 1.09 is striking. Since year 2000 Denmark has considerably increased its share of wind electricity production, which reached 17% by 2006, while its carbon intensity decreased to 2.54 by year 2004. It is interesting to see that the curve of Figure 1 shows a favorable increase of slope for shares of hydro and nuclear electricity exceeding 50%. That this could be related to an increase use of electricity, especially for heating, is a possible explanation. 
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23,0

2,28

US

26,8

2,46

Spain

28,0

2,28

Germany

30,0

2,45

Russia

33,8

2,45

Korea

37,0

2,24

Japan

38,9

2,2

Ukrain

45,0

2,16

Canada

71,2

2,1

Brasil

87,3

1,66

France

90,3

1,45

Norway

99,5

1,31

Sweden

100,0

1,09


Table 4 

 Data corresponding to Figure 1. The data on carbon intensities are from “Key Energy World Statistics 2002”and relate to year 2000. 

The double face of electricity

Aside from its specific applications, electricity can be used  for heat production and for transportation, either collective or individual. It might also be used for hydrogen production via electrolysis. As far as CO2 emission is concerned, these use of electricity can be the best or the worse, depending on the nature of electricity production. 

A very good example is provided by heating. If electricity is produced by fossil plants with an efficiency of, say, 33%, 1 kWh heating via an electric furnace with efficiency 70% will require 4.3 kWh and, thus produce 0.39 kgCeq. If electricity is produced with renewables or nuclear energies, there will be no emission
. Using direct gas heating with an efficiency of 60% requires 1.66 kWh of gas and produces 0.09 kgCeq.  It is clear that electric heating when electricity is produced with coal is catastrophic, 4 times worse than direct gas use. 

Let us, now, assume that the electricity fossil production amounts to 10%. In most cases (especially in Europe) this production is concentrated during the winter months, say during 3 months. That means that during these winter months fossil electricity will represent almost 40% of the total. 70% of electric heating is supposed to take place during these three months. It follows that 1kWh electric heating would require 1.2 primary kWh of electricity produced by coal plants, i.e. produce 0,11 kg-Ceq. It follows that even a small fraction of fossil electricity leads to CO2 emissions due to electric heating similar to that of gas.

Another example is given by electric cars. Consider a small diesel car consuming 4 liters of gasoline par 100 kms. It emits about  3 kg-Cequ for this distance. Taking  efficiencies of 0.3 and 0.7 for the thermal and electric engine respectively, a consumption of  20 kWh of an electric car would allow the same service as that of the diesel car.  If electricity is produced without fossils the electric car does not produce CO2. If the electricity is produced with coal the amount of CO2 produced will be 5,5 kg-Ceq, that is almost twice more than the diesel car.

Thus, in order to minimize the CO2 emission, switching to electric cars is only efficient if electricity is produced without resorting to fossil fuels. 

Learning from the past

Before 1973, many countries and electricity operators thought that oil was the best choice for producing electricity since it was very cheap. After the oil price crisis of 1973, most of them decided to resort to other resources, mostly coal and (or) nuclear. As striking examples  are Denmark who switched to an almost pure coal-based system and France which initiated a crash program of nuclear reactors. United States had already stopped building nuclear reactors due to the strong counteroffensive of the coal industry and to the opposition of environmentalists which gained impetus following the TMI accident in 1979. Germany who had a strong coal mining industry kept a large proportion of its electricity produced with coal but, also, started a strong program of reactor building. The Chernobyl catastrophe halted reactor construction almost in all industrialized countries with the exception of France, and Pacific States like Japan and Korea. These various choices produced a divergence between the electricity production structures of average OECD countries and countries like France, Sweden or Switzerland. This divergence is illustrated on Table 5 where the structures of electricity production of France and of the Whole OECD ensemble are compared.

	 Primary Energy source
	share in electricity production in % for  OECD countries
	share in electricity production in % for  France

	Coal
	43
	5,5

	Oil
	6
	1,1

	Gas
	21
	3,5

	Nuclear and Renewables
	31
	89,9

	Total
	100
	100


Table 5
 Comparison of the electricity mix of France and of the totality of OECD countries

Let us rewrite history and see what things would have looked like if all OECD countries had made the same choice as France did. Note that these countries have the technical knowledge and industrial strength to do so and that the question of nuclear proliferation was not relevant in their case. Table 6 shows the result of this operation. While the total primary energy supply and the energy used for electricity production remain unchanged to 5280 Mtoe and 2334 Mtoe respectively, the CO2 emissions would have fallen by 33% from 13311 MtCO2 to 8922 Mtoe. Nuclear energy would have soared from 716 to 2097 Mtoe, i.e. almost a factor 3.  The 33% reduction in CO2 emission is much larger than the 8% which have been set as a goal for industrialized countries by the Kyoto protocol. 

	
	Source of

Primary Energy
	Primary Energy Supply Mtoe
	Total CO2 emitted 

MtCO2
	Primary Energy  

for electricity

production  Mtoe
	CO2 emitted for electricity production 

MtCO2

	Original 

OECD
	Nuclear and Renewables
	   716
	0
	                    716
	0

	Original OECD
	            Total
	 5280
	13311
	                  2334
	5284

	Modified OECD
	Nuclear and Renewables
	 2097
	0
	             2097
	0

	Modified OECD
	        Total
	  5280
	8922
	                 2334
	728


Table 6 

Comparison of actual OECD use of nuclear energy and CO2 emissions with those that would have been observed if OCDE countries would have adopted the same electricity mix as France.

Energy scenarios for imagining the future

In order for politicians and industrials to adjust their politics, futurologists imagine scenarios which try to foresee how the mixture of  “given” evolutions and voluntary politics will shape our future. Scenarios  are not “predictions” but a way to understand how our decisions of today may influence our future.

The IIASA scenarios

I have chosen to give as examples the scenarios built by the Vienna International Institute of Applied Systems Analysis (IIASA) since they have been routinely used by the World Energy  Council (WEC) and by the Intergovernmental Panel on Climate Change (IPCC). Three illustrative storylines, A2r, B1 and B2 are described in [3] and constitute the GGI Scenario Database, 2007. They are built at the regional level. They first make hypothesis on  population evolutions. Storyline A2r  assumes a continuous increase of the world population throughout this century up to more than 12 billions. Storyline B2 shows some kind of stabilization of the population to a little more than 10 billions in 2100. Finally storyline B1 goes through a maximum of 9 billions around 2050 and decreases to 7 billions in 2100.  The second set of assumptions deals with the rates of increase of the GDPs. These are declined regionally.  The fastest GDP growing storyline is B1 (low population) which raises to almost 350 trillion dollars in 2100 from 27 trillions in 2000 while the slowest growing is A2r raising only to 190 trillions dollars in 2100.  Each storyline is then subdivided  in different scenarios characterized by an assigned final concentration of CO2. The storyline A2r is subdivided into a baseline scenario and 5 additional scenarios with  asymptotic CO2 concentrations  between 670 and 1390  ppm. The baseline scenario exceeds 1450 ppm by 2100. These scenarios are clearly unacceptable, and would lead to catastrophic consequences, not only climatic. The storyline B2 has 3 scenarios, the baseline which reaches more than 975 ppm by 2100, and scenarios with asymptotic CO2 concentrations of 670 and 480 ppm. The storyline B1 has a baseline scenario reaching 830 ppm of CO2 and 5 additional scenarios with asymptotic CO2 concentrations between  480 and 670 ppm.
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Figure 2 

Evolution of the GHG CO2 eq. concentrations for the three B2 scenarios

I believe that the storyline B2 is probably the most realistic as far as population projections are concerned. And I discuss it henceforth.
Figure 2 shows the evolution of the CO2 equivalent GHG concentrations in the B2 scenarios. Note that, for the 480 ppm scenario,  the concentration rises up to 600 ppm and, then decreases. This decrease is made possible by a very early decrease in the CO2 emissions which goes through its maximum of 12.7 GtCeq in 2020 (from 11 GtCeq in 2000) and, then decreases sharply to 9.4 GtCeq. in 2050 and 0.7 GtCeq. in 2100.  The surprising decrease of the CO2 equivalent concentrations is related to a strong, probably optimistic, change of land-allocation which builds a CO2 drain well. Land use is a source of 1000 Mt CO2eq. (deforestation) in 2000 and becomes an absorbing drain well of 3500 Mt CO2eq. by 2100 (reforestation). 

We concentrate on the “optimum” 470 ppm B2 scenario. The total primary energy supply (TPES) increases from 9.5 Gtep in 2000  to 25 Gtep in 2100 with  19 Gtep in 2050. The regional evolutions of the TPES are shown on Table 7. By 2100 OECD countries will have a rather marginal contribution to the energy consumption.  By 2050 the primary supply of non OECD Asia will exceed that of the whole OECD
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Table 7 

Regional evolutions of TPES 

Aside from the above mentioned changes of land use the key of the success of scenario B2-470ppm to mitigate the increase of CO2 concentration is the increase of the electricity share and of that of fossil free electricity production methods.
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Figure 3 

Evolution of final energy demand structure The shares of bio fuels and district bio heat are  added.

Figure 3 shows the spectacular increase of the shares of electricity and bio-fuels in final demand. Electricity essentially replaces coal and traditional biomass while modern biomass replaces oil.
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Figure 4 

Evolution of the Electricity mix in scenario B2-470ppm

Figure 4 shows how the fossil electricity decreases from 62% to 10% with the share of nuclear electricity reaching around 60% in 2100. The decrease of hydroelectricity reflects an almost constant absolute production while the total electricity production increases by more than a factor 10 between 2000 and 2100. Wind and solar electricity reach a maximum share of 30% around  2050 but a maximum absolute production of more than 3 Gtoe by 2100. I believe that a 30% share is not realistic for intermittent energy sources as long as huge electricity storage is not available. 

In absolute value, nuclear energy is multiplied by more than 6 in 2050 and more than 35 by 2100. Such a surge would clearly require breeder reactors.

The IPCC scenarios

The just presented scenarios of the IIASA  belong to the family  of scenarios which were built for the IPCC reports. The family counts a total of 40 different scenarios. It is to be feared that deciders will have a hard time finding their way in such a jungle. The complexity  facing deciders is illustrated on Figure 5
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Figure 5 

Emission profiles corresponding to the family of scenarios considered by IPCC

Share of nuclear energy in “official” scenarios

Most recent IPCC scenarios foresee a share of nuclear electricity of 18% in 2030, assuming a cost of CO2 less than 50 $/ton. The share of renewable electricity would be 35%. In 2030, the IIASA-470 ppm scenario (see Figure 4) foresaw a nuclear electricity share of 21% and a renewable electricity share of  28%, including hydroelectricity. 

Prediction of nuclear energy shares are highly political and reflect the state of public opinion. A few years ago it was ill behaved to even talk about it. As time passes and as the price of oil and gas increase it has become more admissible to mention nuclear energy. An example is given by the predictions of the World Energy Outlook of the International Energy Agency (IEA). WEO2004 predicted a decrease of nuclear production from 2975 TWh in 2020 to 2929 in 2030. This reflected “out of nuclear” energy policies  dominance. The alternative WEO 2006 predicts a nuclear electricity production of  4106 TWh in 2030 with a share of 14% , in clear increase with the respect of the 8%  in 2020 predicted by the WEO1998. 

It seems clear that scenario makers tend to apply auto censorship when it comes to take fully in consideration nuclear power. I believe that it is important to determine how much nuclear energy could help dealing with the CO2 emission question in absence of ideological opposition to it. Responsibilities of those who act this opposition will, then, be clearly evaluated.

Nuclear intensive scenarios.

Reference IIASA-WEC 1998 scenarios

A first approach of a nuclear intensive scenario with 3000 GWe nuclear power 30 years from time 0 and 9000 GWe 50 years from time 0 was given in 1999[4]. A revised version is found in [5]. I will summarize the results presented there. 

The method was to use, as a reference, scenarios built by IIASA-WEC
 in 1998[6] and increase the share of nuclear power to the highest reasonably achievable level. The nomenclature of the 1998 IIASA scenarios are different from that used more recently in the frame of the IPCC studies. The philosophy of the 1998 scenarios was not essentially different from that of the 2007 ones. I believe that the conclusions of  the studies of [4] and [5] are still essentially valid.

In the IIASA reference study, storylines A correspond to a fast growth of the GDP/capita in all geographical regions of the world. It assumes a significant reduction of inequality between them. The growth is especially fast in former Soviet Union countries. Storyline C has a rather slow average GDP/capita growth but is, clearly, of the equalitarian type.. For storylines A and B the energy intensities decrease as a consequence of the increase in the GDP/capita, as observed in the past. Storyline C assume a voluntary decrease of energy intensities, especially in the most developed countries. The main assumptions of the IIASA-WEC storylines are given on Table 8.
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Table 8 

Assumptions of the IIASA-WEC storylines

The energy intensity is assumed to decrease markedly from  0.43 toe/k$ in 1990 to 0,245 for storyline A, 0,27 for storyline B and 0,19 for storyline C. The main differences between the scenarios are the energy mix producing the primary energy. In scenarios A1, A2 and A3 the relative shares of coal, oil and gas are different. In scenarios C1 and C2 the relative shares of renewable and nuclear energies are different. Note, also, the relative importance of gas in the energy mix of scenario C1. These features are displayed on Table 9.
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Table 9 

Primary energy mix for the IIASA-WEC scenarios 

Whether the six scenarios are realistic must be evaluated with respect of the fuel resources. This is done on Table 10.  
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Table 10 

Cumulative consumptions of fossil fuels for the IIASA-WEC scenarios compared to the 1990 reserves
While it is true that reserves are subject to changes Table 10 shows that oil and gas will become rare, and, thus expansive. By 1999 this was still not clear and many economists foresaw a strong rise of the use of gas, especially for electricity production. It is, now, widely recognized that the Peak Oil will occur within the next 10 or 20 years and the Peak Gas 10 years later. It seems that coal will become, once more, the main fossil fuel: liquid and gas fuels can be synthesized from coal. This is why we have especially studied scenario A2 as an example of  strong economic expansion. 

Nuclear intensive variants

The IIASA scenarios foresee a rather modest contribution of nuclear energy to the global energy mix. As said above, it seems that the main reason for this shyness is more related to "political correctness" than to economical or technological constraints. It is interesting to examine how much a deployment of nuclear energy limited only by these constraints might limit global warming and resource exhaustion. We, now, give the outline of such a treatment for the three scenarios A2, B and C2. 

We assume that, by 2030, the use of fossil fuels for electricity production will be drastically reduced. Table 11 displays the reduction factors used for several geographic aggregates. The same reduction was applied in the three scenarios. Fossil fuels were assumed to be saved by resorting to nuclear power, although renewable energies could, equally well, be used provided they become reasonably competitive. The choice we have made of nuclear power provides a kind of existence theorem for a solution to curb Carbon Dioxide emissions, and, at the same time, tests the capabilities of nuclear power in terms of fuel availability, wastes produced and capital needs.

	
	2030
	2050
	2050
	2050
	2050

	
	reduction
	reduction
	reduction
	reduction
	

	
	electricity
	electricity
	coal
	gas
	H2(E)) share

	OECD
	0
	0
	0
	0
	0.8

	former USSR
	0.5
	
	
	0.3
	0.4

	Eastern Europe
	0.5
	
	
	
	0.6

	Latin America
	0.5
	
	
	
	0.6

	Arab countries
	0.3
	
	
	
	0.3

	South Sahara
	1
	
	
	
	0.3

	China
	0.3
	
	0.3
	0.3
	0.3

	India
	0.3
	
	
	
	0.2

	Other Asia
	0.3
	
	
	
	0.3


Table 11 

Reduction factors used in the nuclear intensive scenarios in 2030 (column 2) and 2050 (columns 3 to 5). In the last column the share of Hydrogen and (or) electricity in the transportation sector is given.
Table 11 shows different types of reduction factors used for 2050. These reduction factors are used differently in three different scenarios with increasing use of nuclear power: 

1. The "electric" scenario, labelled "E", assumes that fossil fuels are no longer used for electricity production 

2. The "nuclear" scenario, labelled "N", assumes that coal and gas are no longer used in industry, homes or offices (in particular for heating), except, principally, in former USSR and China. 

3. The "Hydrogen" scenario, labelled "H", assumes that hydrogen and(or) electricity have largely replaced oil in the transportation sector. The share of hydrogen fuel is displayed in the last column of Table 11. 

The performances for CO2 emissions of the different variant of the A2 and C2 scenarios are displayed on. Figure 6. The Figure   shows that politics based upon energy efficiency and use of nuclear electricity are operational to mitigate CO2 emissions. However, even storylines which are rather energy proficient  like the A one could be tamed with the use of nuclear power and CO2 emissions limited to less that one half of present emissions.
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Figure 6 

Influence of deployment of nuclear power on world CO2 emissions for different  IIASA-WEC like scenarios.

The maximum extent of nuclear power would be around 14 Gtep, i.e. more than 20 times more than present. Will resources of Uranium allow such an intensive program?

Deployment of a world breeder reactor fleet

Light water reactors need approximately 200 tons of natural uranium each year to feed a 1 GWe reactor. A 7000 fleet would require 1.4 million tons annually.

 Estimates of uranium reserves depend upon the price one accepts to pay for it. For less than 130$/kg reserves are estimated around 4.7 millions tons, while for less than 260 $/kg they  would reach 15 millions tons. Other non conventional reserves (phosphates, coal) might reach 25 additional millions tons. Finally one  can note that the ocean contains 3 to 4 billions tons of uranium. Extraction of uranium from sea water has been technically demonstrated at a cost in the range of 500 to 1000$/kg. 

Aside from the exploitation of oceanic uranium at a considerable economic and environmental cost, uranium reserves could not feed a fleet of 7000 standard reactors for more than a few decades. This is clearly not sustainable. There needs breeder reactors able to use natural uranium  with an efficiency 100 times better than standard light water nuclear reactors. 

The breeding reaction consists in neutron capture by Uranium 238  to produce Plutonium 239 which is a fissile isotope as is Uranium 235. For the Uranium-Plutonium cycle, the breeding reaction reads,:

U238+n →  U239 (β-)  →  Np239 (β-) → Pu239
For the breeding reaction to be effective it is necessary that the number of neutrons emitted in the fission of the Pu239 nucleus should be large enough to ensure both a new fission and a capture by a U238 nucleus.  In practice this condition is only realized for fast neutron spectra such as provided in fast neutron reactors.

Another breeding reaction is based on the Thorium-Uranium  cycle which reads:

Th232+n → Th233 (β-) → Pa232 (β-) → U233
Unlike the Uranium-Plutonium case, the Thorium-Uranium cycle can work with thermal neutron spectra as well as with fast neutron spectra, although with difficulty.

A rather large experience with fast neutron reactors have been collected in a number of countries like France, Japan and Russia. This is why we study more specifically how and if it is possible to deploy a fleet of 7000 fast breeders reactors.

How fast such a park could be deployed will depend on the amount of Plutonium available from standard reactor fuel reprocessing, the initial inventory of the breeders, as well as on the doubling time of the breeder park. A relevant study has been made in [4] where the deployment of 3000 PWR reactors in 2030 and an additional 6000 breeders by 2050 was considered. The question addressed was whether such a deployment is compatible with Uranium reserves and doubling times of the breeders. 

The initial loads are assumed to be mixtures of the fertile element (U) with Plutonium taken from the spent fuels of PWR and BWR reactors. It is important to make sure that the amount of Plutonium available would be sufficient to supply all the breeding reactors by 2050.
Experience with fast breeders shows [7] that a  1.2 GWe reactor requires an initial inventory of 5 tons of Plutonium. Such a reactor produces around 0.25 tons of Plutonium annually, corresponding to a doubling time of 20 years. However this value of the doubling time does not take into account the reprocessing stage. The longer the cooling time of the used fuel before reprocessing, the longer the effective doubling time. As an example, if the residence time of the Plutonium in the reactor is 4 years, and the cooling time also 4 years, the Plutonium inventory is doubled, and so is the doubling time. 
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Figure 7  

Size of installed nuclear power (in GWe) for the U-Pu cycle as a function of time. In a first stage a PWR park is developed which produces Plutonium used to start FR U-Pu breeder park. 

The transition from a PWR(BWR) based system to a fast reactor one was studied. It was assumed that a strong PWR program starts in 2010, first breeders starting progressively in 2020
. By 2030 no new PWRs are connected to the grid, leaving the field to fast reactors. Figure 7  shows the evolution of the reactor park corresponding to a Plutonium production of 250 kg/GWe by the PWRs and 200 kg/GWe by the fast breeders.

A cooling time of 1 year was assumed. The target of 9000 GWe by 2050 could then be reached. For longer cooling times it was found that the target cannot be reached. Cooling times as short as 1 year are probably not possible with standard aqueous reprocessing and would require pyro-chemical reprocessing. After 2050 the PWRs would be phased out progressively and the doubling time of the FR could be adjusted to the desirable evolution of the reactor park. In Figure 7 a 1.5% annual increase of the nuclear park was assumed. 

In our scenario the last PWR reactors will be phased out in 2070. At that time the total amount of natural Uranium used would reach 12 million tons, close to the presently estimated reserves. This means that the number and life time of the PWR park cannot be considered as an easily adjustable variable to achieve the strong increase of nuclear power between 2030 and 2050. This increase will be difficult to achieve and requires the early development of breeders, as well as the availability of as much as possible reprocessed Plutonium. The generalization of MOx incineration has to be weighed against this requirement. Similarly incinerating Plutonium in HTR reactors may be counterproductive if spent fuel reprocessing is not possible. 

Of course, accepting a lower value for the target in 2050 would make things easier. For example a target of 7000 GWe could be reached with a doubling time of 32.5 years. Another possibility would be to increase the share of more efficient Plutonium producing reactors such as the CANDUs.

An alternative deployment scheme has, recently, been proposed by  E.Merle et al.[8] Aside from capitalizing the Plutonium produced in PWRs,  it consists of using a limited number of  Fast Reactors with Thorium blankets in order to produce the large quantities of  U233 to be fed into fast neutrons molten salt converter reactors
. 450 1 GeV PWR like reactors and 300 FR suffice to feed a fleet of Molten Salt reactors reaching 3000 by 2050 and 5000 by 2100 with a consumption of  7 millions tons of natural Uranium. 

Feasibility and cost

A multiplication of the number of reactors by a factor between 10 and 20 would require very important investments. Do they exceed the financial resources of the world energy sector?  Such program has to be compared to the only  alternative which is building a comparable fleet of coal power plants with CO2 capture and sequestration devices.

For nuclear reactors, the investment cost amounts, approximately, to 2 billions euros per GeV.  A program of 9000 reactors for 2050 would cost approximately 13500 billions Euros. During the 50 years when the deployment of this fleet would take place, the sales return of the electricity industry will be approximately 30000 billions Euros. Therefore the financial requirements for deploying  a large fleet of nuclear reactors are within the capabilities of the power industry. The alternative to nuclear reactors are coal power plants.  Their investment cost is only two thirds of that of nuclear ones, i.e. 1.3 G€/GWe. However, implementing the CO2  capture-sequestration scheme, an absolute necessity in view of the considerable CO2 emissions of coal plants, will increase the investment cost by at least 50%, which would suppress the relative advantage of coal versus nuclear plants. Furthermore the fuel and running costs of coal plants is much larger than that of nuclear reactors.

A serious problem for deployment of a large fleet of nuclear reactors will be the availability of skilled manpower and of specialized manufacturing equipment such as soldering of core containers.

The question of nuclear wastes

It is not possible, here, to treat the question of nuclear wastes with pertinence and completeness. Let us just stress that the use of breeder reactors reduces considerably the volume of highly radioactive wastes. For PWR or similar reactors   the production of high level wastes amounts to  27.279 tons per GeV[5]. Of these, 26.047 correspond to Uranium, 266 kg to Plutonium and 20 kg to minor actinides. In a breeder fleet Uranium and Plutonium are resources and Minor Actinides may be reprocessed and incinerated. Thus  the residual wastes are Fission products for a total of  946 kg. Among these only 63 are long-lived. 

Thus, for the same amount of energy produced wastes of breeders have a volume at least 30 times smaller than those of standard reactors. Furthermore, if Minor Actinides are reprocessed and incinerated the heat production after 300 years is almost a factor 100 less than that of UOx used fuels. 

The proliferation issue.

A multiplication of the number of reactors by an order  of magnitude rises fears of uncontrollable proliferation of nuclear weapons.  Evaluating whether such fears are justified requires examination of technical as well as political arguments. 

Technical aspects of nuclear proliferation

Any state that wants to acquire nuclear arms needs to have the technical skill necessary to make nuclear bombs and to master military grade nuclear matter production. In practice, only  U235 and  Pu239 can be used as nuclear explosive. U235 allows simple (and low efficiency) designs of nuclear bombs. The critical mass of a simple (gun type) U235 bomb is in the range of  25 kg. Because of the spontaneous fissions of Pu240 which tend to cause premature power excursion, Pu239 bombs need a rather complex implosion device. But the higher neutron multiplicity of  Pu239 fission neutrons yields a smaller critical mass of around 11 kg. 

Military grade U235 is obtained by isotopic enrichment. The first used techniques of mass separation and gaseous diffusion are very electricity greedy. This makes detection and monitoring by IAEA inspectors rather easy, although the discovery of the  importance of the Iraki program after the first Gulf war, came as a surprise. The ultra centrifugation technique is much more discreet and difficult to detect, even for covert transport of  equipment parts. The simplicity of conception of U235 bombs and the availability of ultracentrifuges makes this option the easiest for candidates to proliferation.

Pu239 are technically more difficult to make. Military grade Pu239 may be obtained in reactors with small fuel burn up. When reactors need to be halted  for fuel extraction, monitoring by the IAEA inspector is easy since satellite observation can detect halted reactors and initiate inspection. CANDU reactors  are equipped with continuous fuel discharge equipments  operating while the reactor is working. It is easy to discharge weakly  irradiated fuel, suited for military use. Chemical extraction  of pure plutonium may be simply carried out at the laboratory scale. Furthermore, CANDU and Graphite reactors may work with natural uranium. Most countries started their nuclear armament with such reactors. 

PWR or BWR reactors have never been used to obtain military plutonium because they have to be stopped for discharge. The fuel burn up is much higher than in the CANDU case (at least 35 Mega Watt days/ton versus only 5 Mega Watt days/ton), and, thus, the fraction of  Pu240 is so high that  no one has ever made a bomb with plutonium extracted from used light water reactor fuel.

Breeder reactors used fuels are planned to have very high burn ups (in the range of 200 Mega Watt days/ton). This will make the use of plutonium extracted from them difficult.

Thus, provided the technical skill is present,  any state has the possibility to produce U235 and Pu239 military grade material, independently of its nuclear electric power program. 

Proliferation is a political question

The non-proliferation treaty had the aim to limit the possession of the nuclear armament to those who had it already: USA, USRR, UK, France and China. Countries who did not have it pledged not to try to get it and got, in exchange, the right to have assistance in developing civil nuclear applications via the IAEA and by bilateral or multilateral agreements. Countries who had not signed the treaty were deprived of  any help on nuclear matters from the IAEA as well as subscriber states. Selling strategic material to non-subscribers was forbidden to subscriber states. The main non-subscriber states were Israel, India, Pakistan, South-Africa (who signed later on). The stability of the treaty was insured  by the cold war system,  dominant states in the two camps keeping discipline among their allied. 

Recently, subscriber states tried to develop a nuclear armament: Iraq, Lybia, North Korea and, possibly, Iran. 

The non-proliferation treaty also implied that nuclear states should proceed to disarmament. Not much has been made in this direction.

In general I believe that the motivation of states who want to acquire a nuclear armament is that they want to get “sanctuarized“ by its possession. That there is some justification for that ambition can be seen if one asks what would have happened to Iraq if it had possessed the nuclear bomb. It is to be expected that states who feel that they are threatened will, eventually, try to acquire, as discreetly and covertly as possible, nuclear capability. I believe that the present “unbalanced” situation where a few states have a monopoly over nuclear armament is basically unstable. The efforts made by “haves” to prevent “have nots” to become “haves” will, more and more, be interpreted as power policies. 

Already  now, the multiplication of nuclear states present a risk of miscalculations  and  unwanted nuclear conflicts. The real danger, here, is a use of a nuclear arm without warning. 

I believe that a new treaty should be negotiated, treating all states on an equal footing. Since it is very doubtful that those in possession of nuclear armament will renounce it, one should accept that all states are untitled to it. In order to minimize the dangers of uncontrolled developments, all states should accept to submit their nuclear armament to international inspection. No armament apt to immediate use should be allowed. That is, airplanes in flight, submarines at sea carrying nuclear bombs should be banned. All missiles should be deprived of nuclear charge. This means that a minimum delay should be observed before use of nuclear armament could be made. Thus, clearly, nuclear arms could only be used as ultimate deterrent, and banned as surprise  devices.

Terrorist use of nuclear explosive devices is a really frightening prospect. Military grade U235 could be smuggled out or, even, provided to the terrorist groups by infiltrated militaries. U235 bombs are relatively easy to make, or could even be smuggled. I have no idea how to counter such threats except good secret services. It seems clear that an international and generalized inspection system of al military  nuclear facilities might diminish the danger.

Proposal for  R and D

An important development of nuclear power requires very important R and D  in three different but complementary fields: 

1. Breeder reactors

2. Fuel cycles including  Thorium

3. Material and process studies

These lines of research imply specific work on the different types of reactors and their associated fuel cycle, namely

For thermal neutron reactors 

· for PWR reactors
· Selective reprocessing: extraction of Cs, Sr and M.A. This with the aim to reduce the cost and number of geological disposal facilities

· Pyro chemical and electro metallurgical reprocessing techniques could be useful not only for standard reactor fuels but, also for that of advanced reactors as well as for molten salt fuels.

· Th-Pu MOx  fuel in order to produce U233. The use of U233 could be very useful for diminishing Plutonium and Minor Actinides production and limiting the technical  possibility of proliferation.

· for CANDU  reactors   

· Use of Th-Pu and, then Th-U3 fuel. This will reduce the aptitude of CANDU reactors for proliferation and make use of their excellent neutronic properties. 
· Reprocessing of Th-U3 fuel. The Thorex or alternative processes should be evaluated at an industrial level. Fuel fabrication with high level gamma activity should be developed 
· Optimization of fuel regeneration. CANDU Th-U3 reactors are close to regeneration, giving the prospect of a very significant improvement of fuel use.
For fast neutrons reactors

· Sodium cooled

· Void coefficient. Present Sodium cooled breeders have a positive void coefficient which might be unacceptable for  safety authorities. Geometries and, possibly, new fuels should be studied  to prevent this unwanted property

· Core Recompaction. In case of partial or total fusion of the core present  Sodium cooled breeders may lead to more reactive geometries. One should find geometries preventing such occurrence 

· Th blanket. Study and experimental tests of a Thorium blanket in order to produce large quantities of U233 are recommended
· Reprocessing of Th blanket in order to extract U233

· Lead cooled reactors   maybe  a valuable alternative to Sodium cooled reactors since Lead do not react with air or water and since the vacuum coefficient of lead reactors is negative. The main problems that remain to be solved are 

· Corrosion by hot lead under irradiation

· Pb-Bi alloys. Such alloys have a much lower melting temperature than lead. However a large production of the volatile polonium rises specific safety questions, as well as the availability of Bismuth

· Molten salt cooled reactors. These are other alternatives to Sodium coolant with the nice property of being transparent

· Chemical composition has to be optimized with regard to neutronic and corrosion properties as well as lowering the melting point. 

· Gas cooled reactors 

· Reprocessing of refractory fuels

· Loss of coolant safety studies

Molten Salt Reactors

· Neutron spectrum optimization

· Corrosion
· Fuel reprocessing
· A demonstration reactor in the 10s thermal MW range is urgent in order to rise competences at a level comparable to that of other GEN IV reactors.
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� Different gases have different warming powers and it is conventional to translate their warming power into that of CO2, and , more usually, into the mass of carbon included in the CO2. For example Methane has a warming power 20 times larger than that of CO2, thus 1 mole of methane (16 g) has a warming power equal to that of 20 moles of CO2 (880 g) and of  240 g Carbon equivalent (Ceq)


� It is sometimes argued that one should count here the “life cycle” CO2 emissions which take into account, not only the CO2 emitted in the production process, but also that which is related to the mining and plant construction phases. We do not think that this method is correct since one should rather think in terms of marginal emissions, i.e. in terms of the additional emission due to the actual consumption. Construction and mining emissions are, then, allocated to the mining and building industries, not to the private consumer. Furthermore mining and construction emission are much larger for fossil electricity production than for the nuclear one.


� WEC: World Energy Council


� Since this study was carried out in 1999 one should shift the time-table by 8 years in  2007


� A converter reactor produces one fissile nucleus for each fissioning one. It is a breeder with infinite doubling time.
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		Coal		%		Coal		9.7		8.2		6.6		4.4		2.7		1.8		1.1		0.4		0.2		0.1		0.1

		Oil Product		%		Oil Product		41.7		43.8		43.0		38.5		31.1		22.4		14.3		8.6		4.8		3.8		2.8

		Gas		%		Gas		15.7		14.7		13.2		12.6		13.0		14.3		14.0		13.1		12.1		11.1		9.2

		Biofuels and heat		%		Biofuels and heat		3.5		6.7		11.6		17.9		24.1		29.5		34.6		38.6		40.2		39.4		39.9
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Feuil1

				Population 2050		GDP/capita k$

								Scenarios

				millions		1990		A		B		C

		North America		362.42		21.62		54.47		45.84		38.79

		Western Europe		494.6		16.15		45.88		37.06		32.95

		Pacific OECD		148.12		22.78		58.68		45.80		42.80

		Former Soviet Union		394.67		2.71		14.09		7.48		7.14

		Eastern Europe		141.06		2.39		16.27		7.83		7.97

		Latin America		838.58		2.50		8.33		7.07		7.39

		M. East N. Africa		924.25		2.12		5.64		4.03		4.09

		Africa		1735.73		0.54		1.57		1.03		1.19

		Centrally planned Asia		1984.17		0.38		6.99		3.36		5.40

		Other Pacific Asia		750.55		1.53		12.21		7.86		10.20

		South Asia		2281.28		0.33		2.00		1.33		1.75

		World		10055.43		3.97		10.10		7.24		7.46





Feuil2

				1990		B		A1		A2		A3		C1		C2

		Coal		2176		4136		3786		7827		2241		1504		1472

		Oil		3064		4040		7901		4781		4329		2668		2616

		Nat. Gas		1685		4499		4699		5459		7913		3919		3344

		Nuclear		450		2738		2904		1092		2824		521		1771

		Hydro		489		917		993		1104		1062		1031		962

		Biomass (comm)		246		1122		1124		2207		2906		1481		1357

		Biomass (nonc)		849		860		717		747		743		822		824

		Solar		0		432		1858		420		1636		1552		1377

		Others		17		1087		852		1201		1007		747		526

		Total		8976		19831		24835		24840		24661		14246		14250

		CO2(MtC)		5932		9572		11619		14668		9294		5343		5114
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IIASA-A2-total

		World total

				1		2		5		8		9		10		11

						IIASA(A2)		IIASA(A2)		IIASA(C2)		nocoalnogas1		nocoalnogas2		nocoalnogas3		nocoalnogas1		nocoalnogas2		nocoalnogas3

												élec.		élec.+Chaleur		élec.+Chaleur		élec.		élec.+Chaleur		élec.+Chaleur

												sans fossiles.		sans fossiles.		sans foss.H2		sans fossiles.		sans fossiles.		sans foss.H2

		1		Year		2000 A2		2050 A2		2050 C2		2050 A2N1		2050 A2N2		2050 A2N3		2050 C2N1		2050 C2N2		2050 C2N3

		2		Population(Millions)		6168		10056		10056		10056		10056		10056		10056		10056		10056

		3		GDP(G$)		27436		101519		75050		101519		101519		101519		75050		75050		75050

		4		GDP/Capita k$		4.4		10.1		7		10.1		10.1		10.1		7		7		7

		5		Primary Energy(Mtoe)		10710		24840		14250		24840		24840		24840

		6		Primary Electricity(Mtoe)		4107		10231		6524		9423		11547		11547

		7		Nuclear(Mtoe)		493		1092		2163		6376		13300		15424		2300		6100		7100

		8		Fossil elec.		3008		6409		952		0		0		0

		9		Nuclear+renewables		1099		3822		5573		9423		11547		11547

		10		% Electricity		38.35		41.19		45.79		38		46		46

		11		Nuclear %El.		12		10.68		33.15

		12		Renewable% El.		14.75		26.68		52.26

		13		Fossil elec.%		73.25		62.64		14.58		0		0		0

		14		Nuclear(Gwe)		275		607		1202		3542		7389		8569

		15		Nuclear(% total)		4.6		4.4		15.18

		16		CO2(Mt C)		6976		16838		5114		10172		4325		2869		4900		2200		1400

		17		Saved CO2 %						70		40		74		83

		18		CO2(Mt C)OECD		3146		4266

		19		Unat tons/year		31690		62414		115360		340038		709327		822596

		20		Cumulative tons U nat				2.45E+06		4.31E+06		6.E+06		1.02E+07		1.13E+07

		21		CO2/primen tC/toe		0.651		0.678		0.359		0.410		0.174		0.115

		22		CO2/GDP tC/k$		0.254		0.166		0.068		0.100		0.043		0.028

		23		(CO2/cap) tC/cap		1.1		1.7		0.5		1.0		0.4		0.3

		24		(CO2/cap)/(GDP/cap) tC/k$		0.257		0.166		0.073		0.100		0.043		0.028
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IIASA-A2-total (2)

		

		2		5		8

		scenario		CO2		Nuclear

		2000		7.0		0.5

		A2-2030		11.9		0.7

		A2-2030-E		8.7		3.8

		A2-2050		14.8		1.1

		A2-2050-E		10.2		6.3

		A2-2050-N		4.2		13.3

		A2-2050-H		2.7		15.4

		C2-2030		6.3		1.1

		C2-2030-E		5.3		2.3

		C2-2050		5.7		1.8

		C2-2050-E		4.9		2.3

		C2-2050-N		2.2		6.1

		C2-2050-H		1.4		7.1
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Graph1

		2000		1.572099747		16.2811709433		16.6245030719

		2010		3.6768043577		16.1143894689		18.1721894386

		2020		6.3128905836		14.1086749285		18.7480139816

		2030		7.4056859555		12.7275544194		21.2332481215

		2040		7.6469902007		11.1934204386		23.5942603826

		2050		8.1625081161		10.5556070865		27.4186068083

		2060		7.5289932936		9.4557041758		31.0793286154

		2070		5.9304093742		8.5393124422		35.8388741465

		2080		6.002141015		7.5568098876		41.2461680697

		2090		7.4444067052		6.5553135801		47.8871551018

		2100		8.9847493138		5.4376248559		53.7298403469
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data

																								Wind

		2000		2010		2020		2030		2040		2050		2060		2070		2080		2090		2100

		1.02		3.44		11.07		21.67		43.15		61.83		78.87		93.04		106.11		116.65		133.05		480ppm

		1.84		5.21		11.73		16.79		25.17		28.68		29.22		27.74		25.82		23.31		21.61		%

		1.02		2.07		6.84		14.55		37.95		60.26		75.30		87.08		98.29		110.97		120.15		670ppm

		1.84		3.13		7.11		11.30		22.34		28.64		29.81		29.84		29.33		28.71		25.76		%

		1.02		1.75		6.10		13.09		35.54		56.89		75.73		90.80		101.12		109.18		114.03		Base

		1.84		2.64		6.30		10.13		20.96		26.98		29.65		30.63		30.30		29.69		28.93		%

																								Biomass

		2000		2010		2020		2030		2040		2050		2060		2070		2080		2090		2100

		0.87		2.43		5.96		9.56		13.11		17.6		20.32		19.89		24.67		37.26		55.32		480ppm

		1.572099747		3.6768043577		6.3128905836		7.4056859555		7.6469902007		8.1625081161		7.5289932936		5.9304093742		6.002141015		7.4444067052		8.9847493138		%

		0.87		1.84		4.43		6.85		7.08		6.24		7.67		11.71		16.39		21.25		26.79		670ppm

		1.572099747		2.7727546715		4.5778650408		5.3034995355		4.1755130927		2.9588885201		3.0032499315		3.9504756764		4.9110085695		5.7785391853		6.7969047317		%

		1.572099747		2.7819776232		4.6073842954		5.3208016157		4.1683838681		2.9659204335		3.0359404687		4.0126100812		4.8915152058		5.4984862991		5.7446124156		Base

		2.8408018558		4.1922507885		4.7611700893		4.1195429047		2.4583533075		1.4063826798		1.1887468063		1.3536907365		1.4656664487		1.4952102842		1.4574685819		%

																								Hydro

		2000		2010		2020		2030		2040		2050		2060		2070		2080		2090		2100

		9.01		10.65		13.32		16.43		19.19		22.76		25.52		28.64		31.06		32.81		33.48		480ppm

		16.2811709433		16.1143894689		14.1086749285		12.7275544194		11.1934204386		10.5556070865		9.4557041758		8.5393124422		7.5568098876		6.5553135801		5.4376248559		%

		9.01		10.61		12.74		14.62		17.2		20.3		22.49		24.88		27.4		30.38		32.43		670ppm

		16.2811709433		16.0417296643		13.2501300052		11.3562218425		10.1265822785		9.648747564		8.9019949335		8.5255114279		8.177395768		7.8608947654		6.9540045031		%

		9.01		10.64		12.57		14.6		16.58		18.88		21.43		23.01		25.06		27.21		29.5		Base

		16.2811709433		16.0337552743		12.9895628811		11.3038092289		9.7782495872		8.9525344967		8.3910881397		7.7626341003		7.5088392162		7.3992494697		7.4844602309		%

																								PV

		2000		2010		2020		2030		2040		2050		2060		2070		2080		2090		2100

		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0

																								nuclear

		2000		2010		2020		2030		2040		2050		2060		2070		2080		2090		2100

		9.2		12.01		17.7		27.41		40.45		59.12		83.88		120.2		169.53		239.68		330.82		480ppm

		16.6245030719		18.1721894386		18.7480139816		21.2332481215		23.5942603826		27.4186068083		31.0793286154		35.8388741465		41.2461680697		47.8871551018		53.7298403469		%

		9.2		11.41		16.81		24.8		37.76		54.15		72.94		92.86		117.71		151.67		214.58		670ppm

		16.6245030719		17.2512851527		17.483099324		19.2636321268		22.23138063		25.7379153002		28.8711209626		31.8198951444		35.1299728415		39.244960799		46.0126514421		%

		9.2		11.4		15.87		22.23		31.64		48.47		65.64		83.67		97.67		116.38		134.08		Base

		16.6245030719		17.1790235081		16.3997106541		17.2112109012		18.6600613352		22.9835459244		25.7018677317		28.2268402942		29.2652963385		31.6473595475		34.0175060256		%

																								total

		2000		2010		2020		2030		2040		2050		2060		2070		2080		2090		2100

		55.34		66.09		94.41		129.09		171.44		215.62		269.89		335.39		411.02		500.51		615.71		480ppm

		55.34		66.14		96.15		128.74		169.85		210.39		252.64		291.83		335.07		386.47		466.35		670ppm

		55.34		66.36		96.77		129.16		169.56		210.89		255.39		296.42		333.74		367.74		394.15		base





Graph3

		2000		2000		2000		2000		2000

		2010		2010		2010		2010		2010

		2020		2020		2020		2020		2020

		2030		2030		2030		2030		2030

		2040		2040		2040		2040		2040

		2050		2050		2050		2050		2050

		2060		2060		2060		2060		2060

		2070		2070		2070		2070		2070

		2080		2080		2080		2080		2080

		2090		2090		2090		2090		2090

		2100		2100		2100		2100		2100



Wind

Biomass

Hydro

nuclear

fossil

1.8431514275

1.572099747

16.2811709433

16.6245030719

63.6790748103

5.2050234529

3.6768043577

16.1143894689

18.1721894386

56.8315932819

11.7254528122

6.3128905836

14.1086749285

18.7480139816

49.1049676941

16.7867379348

7.4056859555

12.7275544194

21.2332481215

41.8467735688

25.1691553896

7.6469902007

11.1934204386

23.5942603826

32.3961735884

28.6754475466

8.1625081161

10.5556070865

27.4186068083

25.1878304424

29.2230167846

7.5289932936

9.4557041758

31.0793286154

22.7129571307

27.7408390232

5.9304093742

8.5393124422

35.8388741465

21.9505650139

25.8162619824

6.002141015

7.5568098876

41.2461680697

19.3786190453

23.3062276478

7.4444067052

6.5553135801

47.8871551018

14.8068969651

21.609199136

8.9847493138

5.4376248559

53.7298403469

10.2385863475



data (2)

						2000		2010		2020		2030		2040		2050		2060		2070		2080		2090		2100

		%		Wind		1.8431514275		5.2050234529		11.7254528122		16.7867379348		25.1691553896		28.6754475466		29.2230167846		27.7408390232		25.8162619824		23.3062276478		21.609199136		%		Wind

		%		Biomass		1.572099747		3.6768043577		6.3128905836		7.4056859555		7.6469902007		8.1625081161		7.5289932936		5.9304093742		6.002141015		7.4444067052		8.9847493138		%		Biomass

		%		Hydro		16.2811709433		16.1143894689		14.1086749285		12.7275544194		11.1934204386		10.5556070865		9.4557041758		8.5393124422		7.5568098876		6.5553135801		5.4376248559		%		Hydro

		%		nuclear		16.6245030719		18.1721894386		18.7480139816		21.2332481215		23.5942603826		27.4186068083		31.0793286154		35.8388741465		41.2461680697		47.8871551018		53.7298403469		%		nuclear

		%		fossil		63.6790748103		56.8315932819		49.1049676941		41.8467735688		32.3961735884		25.1878304424		22.7129571307		21.9505650139		19.3786190453		14.8068969651		10.2385863475		%		fossil

		%		total no fossil		36.3209251897		43.1684067181		50.8950323059		58.1532264312		67.6038264116		74.8121695576		77.2870428693		78.0494349861		80.6213809547		85.1931030349		89.7614136525		%		total no fossil

						55.34		66.09		94.41		129.09		171.44		215.62		269.89		335.39		411.02		500.51		615.71		480ppm		total
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Feuil1

				Population 2050		GDP/capita k$

								Scenarios

				millions		1990		A		B		C

		North America		362.42		21.62		54.47		45.84		38.79

		Western Europe		494.6		16.15		45.88		37.06		32.95

		Pacific OECD		148.12		22.78		58.68		45.80		42.80

		Former Soviet Union		394.67		2.71		14.09		7.48		7.14

		Eastern Europe		141.06		2.39		16.27		7.83		7.97

		Latin America		838.58		2.50		8.33		7.07		7.39

		M. East N. Africa		924.25		2.12		5.64		4.03		4.09

		Africa		1735.73		0.54		1.57		1.03		1.19

		Centrally planned Asia		1984.17		0.38		6.99		3.36		5.40

		Other Pacific Asia		750.55		1.53		12.21		7.86		10.20

		South Asia		2281.28		0.33		2.00		1.33		1.75

		World		10055.43		3.97		10.10		7.24		7.46





Feuil2

				1990		B		A1		A2		A3		C1		C2

		Coal		2176		4136		3786		7827		2241		1504		1472

		Oil		3064		4040		7901		4781		4329		2668		2616

		Nat. Gas		1685		4499		4699		5459		7913		3919		3344

		Nuclear		450		2738		2904		1092		2824		521		1771

		Hydro		489		917		993		1104		1062		1031		962

		Biomass (comm)		246		1122		1124		2207		2906		1481		1357

		Biomass (nonc)		849		860		717		747		743		822		824

		Solar		0		432		1858		420		1636		1552		1377

		Others		17		1087		852		1201		1007		747		526

		Total		8976		19831		24835		24840		24661		14246		14250

		CO2(MtC)		5932		9572		11619		14668		9294		5343		5114





Feuil3

				Cumulative consumptions by scenarios

				A1		A2		A3		B		C1		C2		Reserves 1990

		Coal Gtep		200		275		158		194		125		123		540

		Oil Gtep		300		260		245		220		180		180		146

		Gas Gtep		210		211		253		196		181		171		133
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Feuil1

						GDP/capita k$

				Population 2050				Scenarios

				millions		1990		A		B		C

		North America		362.42		21.62		54.47		45.84		38.79

		Western Europe		494.6		16.15		45.88		37.06		32.95

		Pacific OECD		148.12		22.78		58.68		45.80		42.80

		Former Soviet Union		394.67		2.71		14.09		7.48		7.14

		Eastern Europe		141.06		2.39		16.27		7.83		7.97

		Latin America		838.58		2.50		8.33		7.07		7.39

		M. East N. Africa		924.25		2.12		5.64		4.03		4.09

		Africa		1735.73		0.54		1.57		1.03		1.19

		Centrally planned Asia		1984.17		0.38		6.99		3.36		5.40

		Other Pacific Asia		750.55		1.53		12.21		7.86		10.20

		South Asia		2281.28		0.33		2.00		1.33		1.75

		World		10055.43		3.97		10.10		7.24		7.46





Feuil2

		





Feuil3

		






_1253015596.xls
Feuil1

				2000		2010		2020		2030		2040		2050		2060		2070		2080		2090		2100

		Asia		0.91		1.47		2.59		3.64		4.79		5.89		6.62		7.31		8.09		8.94		9.65

		Former USSR		0.63		0.94		1.56		2.12		2.90		3.76		4.67		5.50		6.32		6.91		7.43

		OECD		2.87		3.18		3.79		4.19		4.39		4.38		4.32		4.21		4.07		4.02		3.99

		LAM+Africa		0.61		0.75		1.03		1.35		1.76		2.08		2.17		2.32		2.41		2.50		2.53
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data

		Region		Scenario		Variable		Unit		1990		2000		2010		2020		2030		2040		2050		2060		2070		2080		2090		2100		Notes

		ASIA		B2 - Baseline		Demand: Total		EJ				38.23		61.81		108.80		152.78		201.26		247.34		278.28		307.22		339.77		375.64		405.44

		ALM		B2 - Baseline		Demand: Total		EJ				26.65		39.70		65.53		88.90		122.01		157.79		196.17		231.22		265.54		290.33		312.25

		OECD		B2 - Baseline		Demand: Total		EJ				120.60		133.53		159.37		176.07		184.55		183.98		181.56		176.93		171.08		169.07		167.53

		REFS		B2 - Baseline		Demand: Total		EJ				25.74		31.70		43.34		56.85		73.93		87.57		91.00		97.33		101.26		105.25		106.41

		© IIASA GGI Scenario Database (Version 1.0.8)
 http://www.iiasa.ac.at/Research/GGI/DB/ 
 generated: 2007-09-08 22:24:36

 The suggested citation for the data is:
 International Institute for Applied System Analysis (IIASA)
 GGI Scenario Database, 2007
 Available at: http://www.iiasa.ac.at/Research/GGI/DB/

See also the special issue on the GGI scenarios, forthcoming inTechnological Forecasting and Social Change (Vol. 74/8-9, October/November 2007).
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data

		Region		Scenario		Variable		Unit		1990		2000		2010		2020		2030		2040		2050		2060		2070		2080		2090		2100		Notes

		World		B2 - 480 ppmv		CO2 equivalent concentration (all gases)		ppmv				369.20		410.22		445.99		486.00		524.38		560.46		585.04		586.37		567.63		532.77		490.28		1) CO2-eq. concentrations consider the full basket of greenhouse gases as well as other radiatively active gases (such as aerosol and aerosol precursors). The CO2-eq. concentrations for the year 2000 are approximately the same as the CO2 concentrations as the cooling effect of aerosols is offsetting the additional forcing of non-CO2 greenhouse gases.
2) Climate data is available on the global level only.

		World		B2 - 670 ppmv		CO2 equivalent concentration (all gases)		ppmv				369.20		408.94		443.36		488.84		542.86		598.10		649.11		685.02		710.85		710.29		682.31		1) CO2-eq. concentrations consider the full basket of greenhouse gases as well as other radiatively active gases (such as aerosol and aerosol precursors). The CO2-eq. concentrations for the year 2000 are approximately the same as the CO2 concentrations as the cooling effect of aerosols is offsetting the additional forcing of non-CO2 greenhouse gases.
2) Climate data is available on the global level only.

		World		B2 - Baseline		CO2 equivalent concentration (all gases)		ppmv				369.20		408.93		446.08		496.57		562.44		634.43		711.97		779.46		844.44		909.85		975.85		1) CO2-eq. concentrations consider the full basket of greenhouse gases as well as other radiatively active gases (such as aerosol and aerosol precursors). The CO2-eq. concentrations for the year 2000 are approximately the same as the CO2 concentrations as the cooling effect of aerosols is offsetting the additional forcing of non-CO2 greenhouse gases.
2) Climate data is available on the global level only.

		© IIASA GGI Scenario Database (Version 1.0.8)
 http://www.iiasa.ac.at/Research/GGI/DB/ 
 generated: 2007-09-11 21:32:04

 The suggested citation for the data is:
 International Institute for Applied System Analysis (IIASA)
 GGI Scenario Database, 2007
 Available at: http://www.iiasa.ac.at/Research/GGI/DB/

See also the special issue on the GGI scenarios, forthcoming inTechnological Forecasting and Social Change (Vol. 74/8-9, October/November 2007).
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Feuil1

		Pays		Nucléaire TWh		Nucléaire %		Hydro TWh		Hydro %		N+H  TWh		N+H %		Elec. Total		CO2/TPES

		US		800		20		275		6.8		1075		26.8		3812.8		2.46

		France		414		77		72		13.3		486		90.3		441.25		1.45

		Japon		322		30		97		8.9		419		38.9		1057.3		2.2

		Allemagne		170		30						170		30		549.2		2.45

		Russie		131		15		165		18.8		296		33.8		762.1		2.45

		Corée		109		37						109		37		279		2.24

		UK		84		23						84		23		358.3		2.28

		Ukraine		77		45						77		45		136.39		2.16

		Canada		73		12		358		59.2		431		71.2		521.7		2.1

		Espagne		62		28						62		28		209.55		2.28

		Brésil						305		87.3		305		87.3		330		1.66

		Chine						222		16		222		16		1253.5		2.62

		Norvège						142		99.5		142		99.5		113.1		1.31

		Suède				45.9		79		54.1		79		100		138.91		1.09

		Danemark												0		34.61		2.57
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