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Abstract 
 

A transformation of the energy system in the 21st century is required if the CO2 
concentration in the atmosphere should be stabilized at a level that would prevent 
dangerous anthropogenic interference with the climate system. The industrialized countries 
have emitted most of the anthropogenic CO2 released to the atmosphere since the beginning 
of the industrial era and still account for roughly two thirds of global fossil fuel related CO2 
emissions. Industrial country CO2 emissions on a per capita basis are roughly five to ten 
times higher than those of developing countries. 

However, a global atmospheric CO2 concentration target of 450 ppm, if adopted would 
require that global average per capita CO2 emissions by the end of this century have to be 
comparable to those of developing countries today. The industrialized countries would have 
to reduce their emissions substantially and the emissions in developing countries could not 
follow a business-as-usual scenario. The transformation of the energy system and abatement 
of CO2 emissions would need to occur in industrialized and developing countries. 

Energy-economy models have been developed to analyze of international trading in CO2 
emission permits. The thesis consists of three papers. The cost of meeting the Kyoto 
Protocol is estimated in the first paper. The Kyoto Protocol, which defines quantitative 
greenhouse gas emission commitments for industrialized countries over the period 2008-
2012, is the first international agreement setting quantitative goals for abatement of CO2 
emissions from energy systems. The Protocol allows the creation of systems for trade in 
emission permits whereby countries exceeding their target levels can remain in compliance 
by purchasing surplus permits from other developed countries. However, a huge carbon 
surplus, which has been christened hot air, has been created in Russia and Ukraine since 
1990 primarily because of the contraction of their economies. The current Unites States 
administration has repudiated the Protocol under which The U.S. was expected to be a large 
purchaser of CO2 emission permits. The CO2 emission permit price could thus be expected 
to drop substantially were the U.S. to stay out of the Protocol. 

The second paper summarizes a model illuminating the technological and economical 
possibilities for abatement of CO2 emissions from the energy system in India. An allocation 
of tradable emission allowances is suggested showing that there could be economic 
incentives for India to early join a protocol that requires reduction in global CO2 emission. 
The same allocation approach is used in the third paper, which models the economic 
incentives for other developing regions to accept the allocation of emission rights.  
 
Keywords: climate policy, Kyoto Protocol, trade, India, energy, carbon dioxide, hot air, 
allocation, energy economics, technological change 
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Technological growth is not only regarded as the ultimate problem 
solver but is also seen as determining our life styles, our social 
organizations, and our value system. Such technological determinism 
seems to be a consequence of the high status of science in our public 
life – as compared to philosophy, art, or religion – and of the fact that 
scientists have generally failed to deal with human values in 
significant ways. This has led most people to believe that technology 
determines the nature of our value system and our social relations, 
rather than recognizing that it is the other way round; that our values 
and social relations determine the nature of our technology. 

 
The Turning Point, F. Capra, 1982   
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1. INTRODUCTION 
 

Energy use is central to contemporary industrial societies. During the 
industrialisation of the Western world, individual opportunities have increased. For 
example, in the middle of the nineteenth century the steam engine took over from hydro 
as the most important power source (Freeman and Perez, 1988). The steam engine was 
initially developed by Newcomen to pump up water from mines but a more important 
implication was that it made it possible to locate industries in areas where water was not 
accessible. The range of options when it come to mobility also increased since the steam 
engine made the development of railways and steamships possible. Today the availability 
of affordable energy supply allows many, but not all, people in industrialised countries to 
enjoy comfortable mobility and productivity. 

 
Unfortunately industrialization has increased the impact on the environment. 

Societal interaction with nature is characterised by an exchange of energy and materials, 
and by manipulation (Holmberg and Karlsson, 1992). As noted in Agenda 21 much of the 
world energy is currently supplied and used in ways that could not be sustained if 
technologies were to remain constant and if overall quantities were to increase 
substantially (UN, 1992). The United Nations Framework Convention on Climate 
Change (UNFCCC, 1992) addresses the link between energy from fossil fuels and 
climate change. 

 
The pre-industrial atmospheric CO2 concentration was approximately 280 ppm. The 

combustion of fossil fuels and deforestation have raised this level to around 370 ppm 
during just one hundred years. According to IPCC a continuation on reliance of fossil 
fuels without any efforts to abate CO2 emissions is expected to increase the global 
average equilibrium temperature 1.4 to 5.8oC by the end of the century (IPCC, 2001). For 
comparison, during the last ice age the average equilibrium temperature was 5oC lower 
than today. 

The concern about the climate change triggered the international negotiations that 
led to the United Nations Framework Convention on Climate Change (UNFCCC, 1992). 
The convention calls for a ‘stabilization of greenhouse gas (GHG) concentrations in the 
atmosphere at a level that would prevent dangerous anthropogenic interference with the 
climate system.’ However, the meaning of ‘dangerous’ remains to be determined since (I) 
the degree of harm from any level of climate change is subject to uncertainties and (II) 
the extent to which any level of risk is ‘acceptable’ or ‘dangerous’ is a political, not a 
scientific judgement (Azar and Schneider, 2002).  

A range of stabilization targets are being discussed. Azar and Rodhe (1997) suggest 
a stabilization target below 400 ppm CO2. The Swedish government suggests a 550 ppm 
stabilization target (CO2 equivalent), which roughly corresponds to 450 ppm CO2. The 
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present global average per capita CO2 emissions are approximately 1.1 tC yr-1. Global per 
capita CO2 emissions by 2100 would for instance have to be reduced to 0.2-0.4 tC yr-1 if 
a 450 ppm stabilization target is adopted.  

 
Stabilization targets around 450 ppm would have dramatic implications for the 

energy system, as they would require that emissions of CO2 would have to be reduced in 
the same time as the energy demand increases. According to IIASA/WEC scenarios 
(Nakićenović et al., 1998), the global GDP is estimated to increase by 2.8 to 3.7 times 
between year 2000 and 2050 and by 7.7 to 11.2 times between 2000 and 2100. This 
implies that the resulting primary energy demand would increase by 1.5 to 2.5 times that 
of the present by 2050 and by 2 to 4.5 times the present by the end of this century. 

Thus, reducing CO2 emissions to the levels necessary to stabilize atmospheric 
concentrations at a level that would prevent dangerous anthropogenic interference with 
the climate system will require that energy is used much more efficiently and that new 
energy supply, conversion and end use technologies diffuse into the energy system 
(Figure 1). 

 

1900 2000 2100

Global energy 
demand and 

supply Demand
constant eff iciency

Demand
improved eff iciency

Supply
CO2 neutral

Supply
CO2 emitting

 
Figure 1. The simultaneous growth of energy services and a phase out of 
CO2 emitting technologies will demand a growth of CO2 neutral energy 
supply technologies as well as technologies that increase the efficiency of 
energy use. The figure is reconstructed from B.A. Andersson (2001). 
 
Many governments, and society in general remain hesitant to take even 

precautionary action. The industrialised economies seem to have become locked into 
fossil fuel-based technological systems through a path-dependent process, driven by 
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technological and institutional returns to scale, a carbon lock-in (Unruh, 2000; Dosi, 
1997; Wright, 1997). The lock-in arises essentially as a result of the dynamics of large 
technological systems like energy generation, distribution and end-use. These large 
systems have to be seen as complex systems embedded in a conditioning social context of 
public and private institutions and cannot be seen as a set of discrete technological 
artefacts. 

 
India, and other countries attempting to increase industrialization, must recognize 

that stabilization of atmospheric CO2 concentrations at around 450 ppm requires energy 
systems with low CO2 emissions.  

However, India appears to becoming increasingly coal dependent. The first major 
step towards a planned development of Indian coal industry occurred when the National 
Coal Development Corporation (NCDC) was formed in 1956. The most recent draft from 
Tata Energy Research Institute on an integrated energy strategy for India, which takes 
into account the imperative of sustainable development, environmental protection and 
energy security, assumes that India’s coal use will triple from today until 2046 (TERI, 
2002).  
 

This introduction to the appended papers is structured as follows: in section 2 the 
aims of the papers are summarised. Brief summaries of the appended papers are 
presented in section 3. Finally, in section 4, the main conclusions are given. 
 

 
2. METHODOLOGY AND AIMS OF APPENDED PAPERS 
 

In Paper 1, costs of meeting the Kyoto Protocol are estimated. The 1997 Kyoto 
Protocol to the UN Framework Convention of Climate Change contains legally binding 
emission reduction targets for six greenhouse gases (GHG) to be met by 2008 to 2012 by 
developed countries, the so-called Annex 1 parties. An energy economy model has been 
used. The model is based on a global energy model, GET 1.0 (Azar et al., 2000). C. Azar 
and K. Lindgren have modified this model to only include Western Europe. T.A. Persson 
has regionalized the model to include five Annex 1 regions and the rest of the world. The 
model is used to estimate the cost of meeting the Kyoto Protocol1 with trading of 
emission permits could be affected by the withdrawal of the U.S. from the Protocol and 
by the dominance of the Former Soviet Union as seller of emission permits. The analysis 
also includes how early negotiations and agreement on more stringent targets in 
subsequent commitment periods could affect abatement policies and permit prices during 

                                                 
1 Earlier studied have also presented estimates of meeting the Kyoto targets, both with and without use of 
the flexible mechanisms (see e.g. Weyant, 1999). 
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the first commitment period (2008-2012). Earlier modelling studies have disregarded the 
effects of early agreements of subsequent commitments in their cost estimates. 
 

Paper 2, examines the energy system in India under a stringent long-term CO2 
abatement target scenario. To be able to meet atmospheric CO2 stabilization targets in the 
range of 400-500 ppm, India is an important country since about one sixth of the world 
population lives in the country and due to the likely rapid economic development (which 
is presently highly correlated to more coal demand). The aim of the paper is twofold: 

 
(I) To demonstrate and analyse different ways for the energy system 

in India to meet stringent CO2 targets during this century. 
(II) To suggest and analyse an allocation of emission quotas that 

would offer economic incentives for early emission reductions of 
CO2 in India. 

 
The model used is a modification of the GET 1.0 model. T.A. Persson has included 

two regions, India and the rest of the world. 
 
Paper 3 explores the economic incentives for four developing regions (Centrally 

Planned Asia including China, South Asia including India, Latin America and Africa) to 
accept the allocation of emission allowances presented in Paper 2. Comparisons are made 
with business-as-usual CO2 emission scenarios from the literature. The aims of this 
working paper are to suggest an allocation of emission quotas, to estimate when business-
as-usual emissions for the developing regions reach the suggested emission allowances, 
and to estimate regional economic implications following the allocation of emission 
quotas. For the economic analysis, a regionalized version of the GET 1.0 model (Grahn, 
2002) has been used.  

 
 

3. MAIN RESULTS OF PAPERS 
 

3.1 The cost of meeting the Kyoto Protocol – Paper 1 
 
The industrialized countries with binding reduction targets, the Annex 1 parties, can 

reduce their emissions domestically or use the flexible mechanisms: 
 

(I) Emissions trading, which enables Annex 1 countries to buy and 
sell emission reductions among themselves. 
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(II) Joint Implementation (JI), under which one Annex 1 country may 
receive an emission credit for performing an emissions-cutting 
project in another Annex 1 country. 

(III) The Clean Development Mechanism (CDM), similar to JI but for 
projects undertaken in developing countries, which have no 
binding targets. 

 
These mechanisms allow individual countries to reduce their emissions 

domestically or to buy emission permits or carry out joint projects with other countries. If 
the international permit price is lower than the domestic marginal abatement cost, 
countries may instead of reducing emissions domestically, buy permits from the 
international market. This means that a lower overall cost for the first commitment period 
is achieved. 
 

The Kyoto targets are referenced to emissions in 1990 (some countries have other 
base years). However, emissions in Eastern Europe, Russia and Ukraine decreased 
dramatically after the base year, largely because of economic upheaval following the 
demise of central planning (Victor et al., 2001; Mastepanov et al., 2001). This has 
created a huge carbon surplus, conventionally known as hot air, in Russia, Ukraine and 
several countries in the Eastern Europe.  

 
The current U.S. administration has repudiated the Kyoto Protocol under which the 

U.S. was expected to be a large purchaser of CO2 emission permits. A consequence is 
that the permit price is estimated to be substantially lower. In fact, the model results 
suggest that the aggregated emission target in the Kyoto Protocol could be met even if no 
abatement policies are carried out in the Annex 1 countries and without U.S. as a buyer. 
Thus, the permit price could actually drop to zero. The lower permit price would 
discourage investments in alternative technologies. 

 
It is possible, however, that the permit price will not collapse totally even if the size 

of hot air is more than the amount of CO2 that has to be abated in other Annex 1 
countries. The Russian Federation and Ukraine are responsible for almost all hot air. The 
Annex 1 Former Soviet Union could act as oligopolists, withholding emission permits 
thus forcing up the permit price and hence maximizing their revenues to billions of US$ 
yr-1. 

 
A number of countries could, however, find it unacceptable to transfer billions of 

dollars with no overall reduction in emissions. This suggests several strategies that would 
lead to actual emission reductions, including: 
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• Do not buy emission permits from Russia and Ukraine. 
• Carry out joint implementation projects in Russia and Ukraine where 

actual reduction would take place. 
• Develop the so called Green Investment Scheme2 in particular one 

needs to make sure that the revenues are actually re-invested into 
real abatement projects in Russia and Ukraine. 

• Negotiate and agree on more stringent targets for subsequent 
commitment periods. This would create incentives for early 
abatement and banking of emission permits in all regions. 

• Work to convince the U.S. to rejoin the Kyoto Protocol. 
 

3.2 Energy and CO2 mitigation strategies for India – Paper 2 
 

‘The idea that developing countries like India and China must 
share the blame for heating up the earth and destabilising its 
climate … is an excellent example of environmental colonialism.’ 
(Agarwal and Narain, 1991). 

 
The unilateral focus on industrialised countries in the Kyoto Protocol was one of the 

prime reasons that George W. Bush invoked in 2001 when he stated that the U.S. would 
not ratify the Protocol. However, it was formally recognised in Article 3.1 of the Rio de 
Janeiro conference in 1992 that the developed and developing countries have ‘common 
but different responsibilities’. It must be kept in mind that it is the industrialised countries 
that have emitted most of the CO2 in the past, they still account for roughly two thirds of 
the emissions, and their emissions on a per capita basis are roughly five to ten times 
higher than the levels prevailing in most developing countries. For instance, annual per 
capita CO2 emissions in the U.S. and EU in 1998 were 5.6 tC and 2.6 tC, respectively, 
which can be compared to 0.3 tC in India and 0.7 tC in China (Marland et al., 2001). 

 
An energy economic model was used to examine strategies for India in meeting 

stringent CO2 targets during this century in Paper 2. The total energy demand for India in 
the model is set exogenously and estimated to grow from 11 EJ yr-1 in 1990 to 52 EJ yr-1 
by the end of this century, whereas GDP is assumed to grow by a factor of 55. India’s 
energy system in the modelled reference scenario would be totally dominated of coal 
supply without restrictions on CO2 emissions. By the end of this century, India’s per 
capita emission in the reference scenario, without any carbon mitigation policies, is 
estimated to be almost the same as the average per capita emission of the world today 
                                                 
2 One option that could make trading with hot air politically acceptable is the so-called ‘Green Investment 
Scheme’ - GIS (Mastepanov et al., 2001; Moe et al., 2001; Averchenkov and Berdin, 2001). Then the 
revenues the Former Soviet Union makes by trading hot air are re-invested into emission reduction projects 
and the resulting emission reductions should be more than the amount of units sold. 
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(1.1 ton C capita-1 yr-1). The population is, however, assumed to have grown to 1.6 
billion, so the emissions in absolute terms are about a quarter of the present total global 
carbon dioxide emissions from combustion of fossil fuels. Thus, stringent atmospheric 
CO2 stabilization targets could not be met without carbon abatement policies in India. 

 
Four scenarios for India are presented that are compatible with a global CO2 

atmospheric stabilization target of 450 ppm. During the first half of the century, fossil 
fuels remain important in all abatement scenarios. Oil is used in the transportation sector, 
natural gas is used in electricity production, and coal is used for electricity, heat and 
process heat. The coal is domestic, but oil and natural gas would need to be imported. 
However, many renewable energy supply alternatives could expand in India in the 
coming decades, particularly wind power and modern use of biomass.  

 
During the second half of the century, the modeling analysis indicates that India 

could choose between a high dependence on solar hydrogen or to sequester the CO2 from 
fossil fuel combustion (alternatively a combination of them). 
 

An allocation approach based on contraction and convergence (Meyer, 2000) is 
suggested in the Paper. The allowances are assumed to follow a linear trend from their 
present per capita level for industrial regions and the per capita emission by 2012 for 
developing regions towards an equal per capita allocation by 2050. The per capita 
emission allowances are then assumed to follow the per capita emission profile towards 
the stabilization target.  

 
The economic incentives for India to accept the suggested allocation approach are 

estimated. Economic benefits from trading permits could be high during the first half of 
this century, while the benefits are smaller during the second half. Thus, the suggested 
allocation approach could provide an incentive for an early involvement of India in a 
protocol.  

 

3.3 Allocation of emission quotas as an economic incentive for early 
emission reductions in developing countries – Paper 3 

 
Several studies, including Paper 2 about India, conclude that stringent atmospheric 

CO2 stabilization targets could not be met without carbon abatement policies in 
developing countries (Kinzig and Kammen, 1998; Nakićenović et al., 1998; IPCC, 2000; 
Bolin and Kheshgi, 2001; Wigley, 1997). The Paper 3 analysis imposes the same 
contraction and convergence approach as in the India paper. Regional business-as-usual 
CO2 emission scenarios from the literature are compared with the suggested emission 
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allowances. The analysis indicates that business-as-usual emissions for Centrally Planned 
Asia including China (CPA), Latin America (LAM) and South Asia including India 
(SAS) reach their emission allowances for a stabilization of the atmospheric CO2 
concentration at 350, 450, or 550 ppm during the coming decades. Business-as-usual 
emissions for CPA reach the assumed emission allowances by 2010-2040. LAM and SAS 
reach the assumed allowances a few decades later than CPA while the business-as-usual 
emissions for Africa reach their allowances during the second half of the century. 
However, some countries, for example South Africa, have per capita emission levels 
already today that are comparable to those of industrialised countries or more developed 
regions.  

Thus, a stringent atmospheric stabilization target could not be met without 
abatement of the CO2 emissions in developing countries. 

 
The economic incentives for the developing regions to accept the suggested 

allocation approach are estimated. As for India, it is indicated that the economic benefits 
with trading permits could be high during the first half of this century, while the benefits 
are smaller during the second half. However, one exception exists, the CPA is buying 
emission permits during almost the whole century. The suggested allocation approach 
could, thus, be used as an incentive for an early involvement of most developing 
countries in a Protocol for emission reductions. An early involvement of developing 
countries would also imply that the overall cost of meeting the stringent targets would be 
lowered, as the permit price on CO2 decreases. 
 
 
4. MAIN CONCLUSIONS 
 

Energy system models and modelling methodologies are tools that can inform 
energy policy decisions. Energy economic models have been used and developed in the 
work displayed in this thesis to analyse different ways for the energy system in India to 
meet stringent CO2 targets during this century and to analyse international trade in CO2 
emission quotas. 

 
The results show that there exist technological options to abate CO2 emissions to 

per capita levels by the end of this century, which is lower than today in India. In the 
long-term, solar energy and/or CO2 sequestration could be the most important options for 
the abatement of emissions. 

 
On the other hand, the industrialised countries have emitted most and still emit most 

of the CO2. Therefore, they have the responsibility to act first. 
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The Kyoto Protocol contains legally binding greenhouse gas (GHG) emission 
reduction targets for developed countries to be met by 2008-2012. However, the integrity 
of the Protocol is threatened by hot air and the U.S. decision to opt out. In fact, the 
aggregate Kyoto Protocol emission target could be met in the absence of U.S. 
participation even if no abatement policies are carried out in the other countries. Thus, the 
permit price could actually drop to zero. 

 
Policy makers who are concerned about climate change must thus work for real 

emission reductions in the Kyoto Protocol. They also have to work for a future Protocol 
that includes the developing countries. A stringent atmospheric CO2 stabilization target 
could not be met without carbon abatement policies in developing countries. However, in 
the initial phase the industrial countries should bear the main costs of developing 
countries joining the protocol. An economic incentive for early participation of 
developing countries could be a generous allocation of emission allowances, perhaps 
along the lines sketched in Paper 2 and 3. 
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ABSTRACT 
 

The cost of meeting the Kyoto Protocol is estimated with an energy-economic 
optimization model. Special focus is on the Russian and Ukrainian so called hot air and 
the possible implication of the U.S. decision to withdraw from the Protocol. It is found 
that the carbon permit price drops substantially due to the withdrawal of the U.S. from 
the Protocol. In fact, the aggregated emission target in the Kyoto Protocol could be met in 
the absence of U.S. participation even if no abatement policies are carried out in the other 
countries. Thus, the permit price could actually drop to zero. However, Russia and 
Ukraine could be the dominant sellers of emission permits and by withholding their 
carbon surplus from the market they can increase the permit price. We estimate that 
Russia and Ukraine can maximize their revenues to a few billion US$ by acting as 
oligopolists. Clearly no climate benefits would result from trading emission permits that 
do not correspond to real reductions in CO2 emissions. EU countries, and to a maybe 
lesser extent Japan, Canada and Australia, are not likely to be supportive of paying 
billions of dollars that do not result in emission reductions. One way of dealing with the 
Russian and Ukrainian surplus is to negotiate more stringent targets for subsequent 
commitment periods early, and to allow banking. The carbon surplus could then be used 
as an argument in favor of more stringent subsequent targets for Russia and Ukraine, and 
they would then get incentives to bank their permits for future use. Our model suggests 
that, under these conditions, early action takes place and that banking does take place in 
Russia and Ukraine.  
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1. INTRODUCTION 
 

The 1997 Kyoto Protocol to the UN Framework convention of climate change 
(UNFCCC, 1992) contains legally binding greenhouse gas (GHG) emission reduction 
targets for developed countries, the so-called Annex 1 parties. The Protocol allows the 
creation of systems for emissions trading in which countries exceeding their target levels 
can remain in compliance by purchasing surplus permits from other Annex 1 countries 
(Article 17). This option was highly debated during the negotiations, partly since it can 
allow trading with no ‘real’ emission reductions. 

 
The Protocol requires the Russian Federation and Ukraine to stabilize their emissions 

at their 1990 levels. However, during the last decade a 400 MtC yr-1 carbon surplus 
(normally referred to as hot air) has been created in these countries because their GHG 
emissions have dropped by 39 percent between 1990 and 1998. The main reason for this 
reduction is the economic disarray, which followed the collapse of the Soviet Union and 
central planning (Victor et al., 2001). Experts from the Russian Government estimates 
that about 60-70 percent of the emission reductions in the energy sector during the last 
decade were attributed to economic decline, about 8-12 percent to initiation of 
institutional reforms in the energy sector and the rest due to wider use of natural gas and 
structural changes in the economy (Mastepanov et al., 2001), although it is not clear how 
they estimated these numbers. 

 
Estimates of the marginal cost of meeting the Kyoto Protocol domestically in Annex 

1 countries range between marginal abatement costs close to zero and as high as 1200 
US$ tC-1 (see for example the special issue of the Energy Journal, May 1999, which 
reports cost of compliance to the Kyoto Protocol for twelve different models affiliated to 
the Energy Modelling Forum, Weyant (1999)). Most studies that allow trading end up 
with a permit price in the range 20-150 US$ tC-1. However, the permit prices are 
expected to be sharply lower due to the withdrawal of the U.S. from the Kyoto Protocol 
(see e.g., Nordhaus, 2001), because the demand for emission allowances would be 
reduced without U.S. participation. The revenues to Russia and Ukraine associated with 
the sales of the emission allowances would similarly decrease. There is concern that the 
price will collapse to very low levels, since it is possible that the required CO2 reduction 
during the first commitment period, 2008-2012, would be less than or at least close to the 
carbon surplus in Russia, Ukraine, and Eastern Europe.  

 
There appear to be several ways of prevent a large permit price collapse, including: 

  
• Russia and the Ukraine can act as oligopolists, they are in some 

sense price makers and not price takers. Their goal would be to 
maximise their revenues from selling of emissions allowances or 
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reduce the future cost by banking all or some of their carbon 
surplus. 

• All EU countries may not find it politically acceptable were the 
Kyoto commitments to be met by trading with hot air.1  

• The incentives for not selling and buying emission permits may 
increase if the second commitment period is negotiated before the 
first commitment period begins. 

• The price would not drop if the U.S. were to rejoin the Protocol 
before 2008. 

 
The aim of this paper is fourfold: 

 
1. Estimate the carbon permit price with and without Annex 1 trading 

with U.S. ratifying the Protocol. 
2. Estimate the carbon permit price with competitive Annex 1 trading 

without the U.S. ratifying the Protocol. 
3. Estimate the carbon permit price without the U.S. ratifying the 

Protocol and with Annex 1 Former Soviet Union acting as 
oligopolists. 

4. Analyse how early negotiations and agreement on more stringent 
targets in the subsequent commitment periods could affect 
abatement policies and permit prices during the first commitment 
period. 

 
A global energy-economic optimisation model (linear programming) with six regions, 

EU, A1-FSU (Annex 1 Former Soviet Union, i.e., Estonia, Latvia, Lithuania, Russia and 
Ukraine), REU (Rest of Annex 1 Europe), PAOC (Pacific OECD and Canada), USA and 
ROW (the rest of the World), has been developed and used to carry out the analysis. Only 
emissions of carbon dioxide (CO2) from combustion of fossil fuels are taken under 
consideration, the most important human cause of global warming. 

 
The paper is structured as follows: in section 2 the present energy situation in A1-

FSU is summarised. In section 3 our method and model is presented. The resulting 
                                                 
1 One option that could make trading with hot air politically acceptable is the so-called ‘Green Investment 
Scheme’ - GIS (Mastepanov et al., 2001; Moe et al., 2001; Averchenkov and Berdin, 2001). Then the 
revenues the Former Soviet Union makes by trading hot air are re-invested into emission reduction projects 
and the resulting emission reductions should be more than the amount of units sold. The first official 
political commitment on GIS by the Russian government was announced at COP 6-bis in Bonn. The 
Russian Ministry of Energy has since then also supported GIS. It should, however, be recognised that 
projects implemented jointly in Russia and Ukraine would have more stringent requirements on emission 
reductions than GIS. The GIS can be seen as a mixture of emissions trading and joint implementation, with 
less stringent requirements and influence on the project than what would normally be the case in joint 
implementation projects. 
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scenarios with abatement cost estimations and potential A1-FSU revenues from trading 
are presented in section 4. In section 5, a sensitivity analysis is presented and finally 
some conclusions are given in section 6.  
 
 

2. A1- FSU ENERGY SITUATION  
 

The energy sector is responsible for a dominant part of the GHG emissions in Russia 
and Ukraine. According to the Russian second national communication (UNFCCC, 
2000), fossil fuel combustion causes 98.6 percent of the total Russian anthropogenic CO2 
emission, while CO2 contributes 77 percent to the total GHG emissions. The energy 
sector would have to play a major role if Russia were to meet stringent GHG abatement 
targets. 
 

Total secondary energy use was 4.4 EJ yr-1 in Ukraine and 20.8 EJ yr-1 in Russia 
(IEA, 2001), and 6.0 and 27.5 EJ yr-1, in 1995 and 1992 respectively (see Figure 1). 
Natural gas provides about half primary energy demand. The other Annex 1 countries in 
A1-FSU on the other hand are more dependent on other energy sources. Estonia and 
Latvia are more dependent on oil and Lithuania on nuclear power.  
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Figure 1. Estimated historic primary energy use in Annex 1 Former 
Soviet Union countries, i.e., Estonia, Latvia, Lithuania, Russia and 
Ukraine. 
Source: Data from IEA (2001). 

 
Historically, the energy intensity, defined as primary energy supply divided by GDP, 

in the Soviet Union was very high in comparison to other industrialised countries and it 
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rose even further in the 1990s2 (when economic output fell faster than energy use). One 
reason explaining why energy use fell faster than economic output in the 1990s is that it 
takes time for economic agents to adjust their behaviour to new price signals, not only 
because of capital stock turnover, but also because consumers often do not have an 
accurate knowledge of their energy use, or the technical capacity to reduce the use. 
Energy intensity in FSU (measured as primary energy per GDP) was 59 MJ US$-1 in 
1990, and it increased by one third until 1995 (81 MJ US$-1). For comparison, the energy 
intensity in 1995 was approximately 8 MJ US$-1 in the EU, and 12 MJ US$-1 in the U.S. 
(IEA, 2001). Energy intensity was, however, lower in Former Soviet Union in ppp GDP 
numbers, 30 MJ US$ppp

-1 in 1990 and 41 MJ US$ppp
-1 in 1995.  

 
Despite the drop in energy use in the 1990s there is a need for investment in new 

equipment. According to Hill (1999) a significant proportion of the power generation 
equipment is obsolescent. In 1996, for example, 21.5 GW of fossil fuel capacity was 
operating beyond its working lifetime in Russia, and this is expecting to increase to some 
55 GW (almost one fourth of the total installed capacity) by 2005.  

 
The A1-FSU region is well endowed with fossil fuel resources. Most of these are 

located in the Russian Federation. A large share of the total export earnings and 
government revenues are dependent on exports of these resources. Russia produces 
roughly 15 EJ of oil and 22 EJ of natural gas annually, with approximately 10 EJ of oil 
and 7 EJ of natural gas being exported, generating export revenues about 40-50 billion 
(109) US$ yr-1.  
 
 

3. METHODOLOGY 
 

A global linear programming (LP) energy-economy optimisation model has been 
developed for the analysis (Persson et al. 2002:a; Azar et al. 2002). The model has six 
regions, EU, PAOC (Pacific OECD and Canada), A1-FSU (Annex 1 Former Soviet 
Union), REU (Rest of Annex 1 Europe), USA and ROW (the Rest Of the World). The 
model is composed of three different parts: the supply side, the demand side, and the 
energy technology system. Energy supply potentials, maximum expansion rates, and the 
CO2-emission limitations are all exogenously set. The LP model minimizes the total 
energy system cost, based on costs for fuel, capital and a discount rate of 5 percent yr-1 in 
together with vehicle technology cost for the transportation sector. 
 

                                                 
2 It should be recognised that GDP numbers for Soviet Union (during the communist era) are very difficult 
to estimate. 
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3.1 REFERENCE ENERGY DEMAND 
 

The energy demand in the reference scenarios is derived from linear extrapolations of 
historic trends for EU, PAOC and the USA. We have used IEA World Energy Statistics 
and Balances for the historic trend analysis (IEA, 2001). Demand is divided into three 
main categories: the demand for electricity, demand for heat and process heat, and 
demand for transportation fuels. For each region, we carried out an analysis of how the 
demand of the three categories has developed since the 1960 (see Figure 2 for the EU and 
the U.S., and Persson et al., 2002:a, for a background paper). A strong linear relation 
between energy use and time was found for electricity and transportation fuels and we 
have extrapolated these trends into the future. The resulting equations are used as 
reference energy demand scenarios in the model. The heat and process heat demand is 
assumed to be the same as the present demand. 
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Figure 2. Historic energy use in the EU-15 and the U.S.. For the EU, the future 
electricity and transportation fuel demand is assumed to follow the linear historic 
extrapolation (the correlation coefficient r2 is 0.99 for both electricity and transport fuel) 
while the heat demand is assumed to be constant, 18.5 EJ yr-1, in the reference demand 
scenario. For the U.S., the future electricity and transportation fuel demand is assumed to 
follow the linear historic extrapolation (the correlation coefficient r2 is 0.99 for electricity 
and 0.93 for transport fuel) while the heat demand is assumed to be constant, 20.5 EJ yr-1, 
in the reference demand scenario. 
 

Energy demand for A1-FSU and REU are assumed to follow the assumed GDP 
growth. The size of the carbon surplus is based on assumptions about future changes of 
energy demand, economic recovery relative to 2008-2012, structural changes in the 
economy, and energy supply choices. According to Mastepanov et al. (2001), the energy 
saving potential through institutional and technological measures in Russia is more than 
14 EJ yr-1 by 2010 and 38 EJ yr-1 by 2020. And according to Horn (1999), the energy 
demand in Ukraine by 2010 is in the range 2.8-4.4 EJ yr-1. Jochem (2000) estimates the 
economic energy efficiency potentials in 2010 for Russia and Ukraine to 8.3-11.7 EJ yr-1.  

 
GDP in A1-FSU is assumed to grow by 3.5 percent yr-1, energy intensity is assumed 

to decline at 1 percent yr-1 (i.e., the demand grows by 2.5 percent yr-1) in the reference 
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scenario. However, due to the uncertainties related to the demand we have done a 
sensitivity analysis of how our results will be affected by adopting a different reference 
demand scenarios for A1-FSU. The energy demand in REU is assumed to grow by 1.5 
percent yr-1 in the reference scenario. 
 

3.2 ENERGY DEMAND IN THE ABATEMENT SCENARIOS 
ADJUSTMENT TO A CARBON TAX 
 

The permit price is defined as being equal to the carbon tax required to reach the 
Kyoto target. The tax is introduced by 2006, increases by 5 percent yr-1 until 2020, and 
thereafter remains constant. 

 
The model can make three energy sector adjustments in response to a carbon tax: 

 
(i) Decreasing energy intensity 
(ii) Switching fuel  
(iii) Sequestering CO2 

 
Our model is linear programming model, with exogenously specified energy demand 

levels. In order to introduce a price-demand feedback, we have assumed that the energy 
drops as a function of the carbon tax by 2010. The relation is based on the energy 
demand/carbon tax relation implicit in the Annual Energy Outlook 2002 study (EIA, 
2002). In this study, a short-term energy demand price elasticity parameter, -0.25 is used, 
i.e., for a 1% increase in the price of energy, there is a corresponding decrease in energy 
demand of 0.25%. This translates into a 13% drop in energy demand below reference 
scenario for a carbon tax equal to 200 US$ tC-1 in the U.S. by 2010. We have used these 
relations as a basis for our study. When the tax increases, we have assumed a decoupling 
factor that increases linearly from zero to 13% when the tax is 200 US$ tC-1. EU, REU 
and PAOC are assumed to have the same decoupling factor as the U.S., while the 
decoupling is assumed to be stronger in the A1-FSU. For a tax of 200 US$ tC-1, the 
reference energy demand in A1-FSU is assumed to be reduced by 25%. 

 
CO2 emissions can be reduced by switching primary fuel to non-carbon emitting 

energy sources such as wind, biomass and hydro, and/or shifting from fuels with high 
carbon-to-energy ratios (such as coal) to fossil fuels with lower carbon-to-energy ratios 
(such as natural gas).  
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3.3 ENERGY SUPPLY POTENTIALS 
 

The primary energy supply potentials are region specific and based on literature 
values (see Masters et al., 1990; Johansson et al., 1993; Moreira and Pool, 1993; 
Sørensen, 1995; Rogner 1997; EWEA, 1999). Maximum rates of growth in each primary 
energy source are set exogenously for all technologies. Nuclear power output is assumed 
to be phased out at 1 percent yr-1 of the 2000 capacity beginning in 2010. Wind power 
and solar PV are allowed to grow by a maximum 20 percent yr-1 (note that this is less 
than actual growth rates experienced for both technologies). 
 
 

4. RESULTS 

4.1 NO KYOTO – REFERENCE SCENARIO 
 

The estimated cost of reducing CO2 emissions to meet the Kyoto commitments is 
critically dependent upon the reference scenario. The higher the growth rates of 
emissions in the reference case the greater the cost of meeting the Kyoto targets.  
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Figure 3. Absolute gap between CO2 emissions and the Kyoto commitments 
in 1998 and 2010. 1998 data are taken from Marland et al. (2001), while 
2010 numbers are based on our modelled reference scenario. Annex 1 is the 
gap from the aggregated Kyoto commitment and A1 w/o the U.S. refers to 
the gap from the aggregated commitment without U.S. participation. It can 
thus be seen that the Kyoto Protocol (without U.S. participation) is met in 
our reference scenario in the aggregate, and that this is due to the hot air in 
Russia, Ukraine and to a much minor extent the Eastern Europe. 
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There is a significant gap between 1998 CO2 emissions, the modelled 2010 emissions, 
and the Kyoto commitments, Figure 3. The carbon surplus in Annex 1 Former Soviet 
Union that our model generates with the reference energy demand scenario we presented 
in Section 3 is about 220 MtC yr-1. The surplus includes Marrakech sinks and emissions 
from the energy system. These estimates of the tradable amounts of CO2 emission 
permits are in line with other estimates: generally, it is estimated that A1-FSU need to use 
about 70-90 percent of the allocated emission quota (Mastepanov et al., 2001; Victor et 
al., 2001; EIA, 2001; Grubb et al., 2001). 

 
Worth to note in Figure 3 is that the aggregated emissions in year 1998 with U.S. 

participation are almost equal to the Kyoto targets, i.e., the reduction of 5 percent from 
base year to 2010, is perhaps better describes as a stabilization target from 1998-2010 
(since the targets were actually negotiated in Dec. 1997, and not in 1990). It may here 
also be noted that the U.S. reduction target from 1998 to 2010 is almost 16 percent 
(included all Kyoto greenhouse gases), i.e., much more than the 7 percent number that is 
refers to the 1990-2010. Modelled reference emissions have increased in all our regions 
by 2010. The carbon surplus in the Economies in Transition (REU and A1-FSU) has 
decreased while the other Annex 1 countries are even further away from their 
commitments. In our reference scenario, EU has to reduce the emission by 135 MtC yr-1, 
PAOC by 130 MtC yr-1, and the U.S. by 410 MtC yr-1 by 2010. The fifth Annex 1 region 
in our model, REU, is like A1-FSU a potential seller of emission permits by 2010. In our 
scenario the CO2 emissions are 45 MtC yr-1 less than their allowances in 2010. Thus, the 
aggregated gap between the Kyoto commitment and the reference scenario emissions by 
2010 is approximately 410 MtC yr-1 with the U.S. in the Protocol and around zero MtC 
yr-1 without the USA, i.e., the Kyoto commitments are meet without any real emission 
reductions. 
 

4.2 KYOTO NO TRADING 
 

EU, Japan, Canada, Australia, and the other Annex 1 countries can meet their targets 
either by reducing their emissions domestically or by using the flexible mechanisms 
(CDM-Clean Development Mechanism, JI-Joint Implementation, and trade in emission 
permits). 

 
In the no trading case, each Annex 1 region must individually meet its emissions 

targets without any use of the flexible mechanisms, Table 2. In our scenarios, compliance 
is generally met by substituting natural gas and wind power for coal in the production of 
electricity and by substituting biomass for coal in the production of heat and process heat. 
The carbon tax is required to reach levels where these technologies become economically 
competitive. 
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Table 2. Emissions mitigation relative to reference emissions, and 
emissions taxes required meeting the emission reduction requirements in 
the Kyoto Protocol by 2010 (sinks included).  

 Emissions mitigation relative 
to reference to meet Kyoto 

commitment targets  

Marginal abatement cost 
to achieve compliance 

without trading(1)  
Region MtC yr-1 US$ tC-1 

USA 410 200 
EU 135 100 

PAOC 130 125 
REU -45 — 
FSU -220 — 

(1) We have rounded the required carbon tax to the nearest multiple of 
25 USD tC-1 in order to avoid the impression that the estimations are 
exact numbers without uncertainties. 

  

4.3 KYOTO COMPETITIVE TRADING – WITH THE U.S. 
 

A potentially less costly way of meeting the Kyoto Protocol targets is through the use 
of the flexible mechanisms. The basic idea behind these mechanisms is that they allow 
each country to reduce their emission domestically or to buy emission permits, or to carry 
out joint projects with other countries. If the international permit price is lower than the 
domestic marginal abatement cost, countries may instead of reducing emissions 
domestically, buy permits from the international market. This means that a lower overall 
cost could be achieved.3 

 
In an Annex 1 trading regime, a country may only emit more carbon dioxide than 

their allocated emissions rights if another Annex 1 country is willing to sell the 
corresponding number of permits, thereby forcing the selling region to reduce its 
domestic emissions below the required commitment. This is modelled as if a common 
carbon tax were applied to all Annex 1 regions to meet the aggregated Annex 1 emissions 
target.  

 
We further assume the trading market to be competitive, i.e., suppliers of permits are 

numerous and no single permit seller can affect the price received by withholding permits 
from the market or demand a price over the optimum where the demand and supply for 
permits reach each other. 

                                                 
3 On the other hand, the lower abatement cost could also result in less effort being put into developing new 
and more advanced technologies that are required to meet subsequent more stringent abatement targets. 
Too much focus on near-term cost-efficiency might thus lead to higher costs of meeting future targets, or 
the possibility that stringent future targets are considered too costly to be accepted (see Andersson and 
Azar, 2002; Persson 2002).  
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Figure 4. Annex 1 CO2 emissions in 2010 by region and Kyoto 
commitments   – competitive Kyoto Protocol trading with the USA. 
Annex1 FSU and REU sell emission permits, i.e., their emissions are 
lower than the Kyoto commitment, while the USA, EU and PAOC 
buy emission permits. 

 
Marginal abatement costs are lower in EU, PAOC and USA with Annex 1 trading 

than in the no trading scenario. The permit price to bring the aggregated Annex 1 
emissions into compliance with the Kyoto commitments is estimated to be around 70 
US$ tC-1. However, this number is not directly comparable to the marginal abatement 
costs in Table 2, since the total amount of carbon abated is higher in the no trading case 
than in the trading case (in the no trading case all countries meet their targets and A1-
FSU and REU are 265 MtC yr-1 from their target). In the no trading scenario, CO2 
emitters like the EU undertake emissions mitigation options available only within the 
countries and, hence, arguments that you should not buy hot air from Russia and Ukraine 
cannot be challenged on the grounds that this is not a cost-effective strategy. This 
observation is particularly important in the case where the U.S. does not participate in the 
Protocol. 

 
However, with the modelled Annex 1 full trading scenario, regions are included that 

have mitigation options with lower costs than the EU (especially the carbon surplus in 
Economies in Transition), thereby the marginal cost to meet the EU commitment is 
lowered. A transfer of emission permits from the countries in economic transition to the 
modern industrialised countries, especially from A1-FSU to the U.S. would be required, 
Figure 4. The U.S., for example, would have to purchase approximately 325 MtC yr-1of 
permits by 2010. 
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The A1-FSU revenues from this trading are close to the present revenues from the 
export of natural gas and oil. Annex 1 Former Soviet Union sells in this scenario about 
350 MtC yr-1, generating revenues about 25 billion US$ yr-1.  

 

4.4 KYOTO COMPETITIVE TRADING - WITHOUT THE U.S. 
 

As in the previous section, trading markets are assumed to be competitive, but the 
U.S. is assumed not to ratify the Protocol. 

 
The U.S. decision to opt out from the Kyoto Protocol, results in a situation where the 

largest potential buyer of emission permits has disappeared. A lower demand for permits 
results in a lower price. In Figure 5, we show our modelling results for the total emissions 
in 2010 for each region and compared to the Kyoto commitment for each region. In our 
reference scenario, total emissions in 2010 for the Annex 1 region (without the U.S.) is 
roughly as large as the Kyoto target and therefore the required carbon tax, or the permit 
price, drops to close to zero US$ tC-1. The transfer of emission permits goes from the 
Economies in Transition to the EU and PAOC, which would have to reduce their 
emissions by approximately 265 MtC yr-1 from the reference emissions during the first 
commitment period. 

 
The revenues from trading would decrease close to zero in the Russian Federation 

and Ukraine as a result of the decrease in permit price.  
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Figure 5. Annex 1 CO2 emissions in 2010 by region and Kyoto 
commitments  – competitive Kyoto Protocol trading without the USA. 
REU and A1-FSU sells emission permits to the EU and PAOC. 
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4.5 KYOTO WITHOUT THE U.S. – A1-FSU AS OLIGOPOLISTS 
 

Russia and Ukraine, can be expected to be the dominant sellers of emission permits in 
2010, as previously shown. Thus, Russia and Ukraine have strong incentives to act as 
oligopolists were the U.S. does not participate and permit prices fall (since Russia and 
Ukraine belong to the same region in the model we have modelled a monopolistic 
scenario). A1-FSU countries could then choose to sell less CO2 emission rights than in 
the competitive trading situation and thus increase the permit price from zero US$ tC-1. 

 
 The potential revenues for A1-FSU are very sensitive to the permit price given that 

all regions should comply with the Kyoto Protocol and that A1-FSU acts so as to 
maximize its revenues, Figure 6. The figure also shows the amount of CO2 emission 
rights traded. If no CO2 abatement policies are implemented in A1-FSU, these countries 
can sell the difference between their reference CO2 emissions and their commitment, i.e., 
the hot air, about 220 MtC yr-1, but then the price of the permits would basically drop to 
zero (this is the competitive scenario presented in the previous section, and could 
materialize if the governments in Russia and Ukraine would allocate emission rights 
freely to companies in these countries and if they would be allowed to sell these rights 
internationally without any restrictions). The scenario shows that A1-FSU is maximizing 
the revenues when the permit price is around 45 US$ tC-1 and they would sell 
approximately 140 MtC yr-1. The revenues end up at approximately 6.3 billion US$ yr-1 
from 2008 until 2012. This is about 15% of the revenues to the present Russian national 
budget.  
 

It should be noted that this scenario would bring about real reductions in the 
remaining Kyoto regions. Total emissions in the Annex-1 region (without the U.S.) 
would be 80 MtC yr-1 lower than the target. 

Finally, it may also be noted that if the permit price increases to 75 US$ tC-1, then 
EU, PAOC and the rest of Europe would, in our model, not have any economic incentives 
to buy permits from A1-FSU. 

 
It is assumed that the A1-FSU countries will act to maximize their revenues during 

the first commitment period, and future commitment periods are not considered.  
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Figure 6. Annex-1 Former Soviet Union revenues from trading in GUS$ 
yr-1 (doted line) and the amount CO2 traded in MtC yr-1 (no dots) as a 
function of the carbon dioxide permit price. A1-FSU sets the permit price 
at 45 US$ tC-1, total revenues will be maximized at 6.3 billion US$ yr-1 
(right axis), and a total of 140 MtC yr-1 (left axis) will be sold. Not that 
around 80 MtC yr-1 can be banked in this case for future commitment 
periods, but we have not considered the value of this. 

 

4.6 THE IMPACT ON TRADE AND PERMIT PRICES OF EARLY 
DESSISSIONS ON SUBSEQUENT COMMITMENT PERIOD TARGETS  
 

In this section, we analyse if negotiations and decisions about future emission 
allowances (Assigned Amount Units, AAUs) could prevent the permit price from 
collapsing to zero during the first commitment period. It is assumed that banking of the 
assigned amount units is allowed and that the allowances are allocated according to a 
contraction and convergence approach. All people are assumed to have equal amounts of 
emission permits by 2050, i.e., the emissions converge to an equal per capita emission 
profile. Per capita emissions of 0.7 tC capita-1 yr-1 are allowed in 2050. Before 2050, each 
Annex 1 region is allocated per capita emissions allowances that follow a linear trend 
from their Kyoto target towards the equal per capita allocation by 2050 (the U.S. 
allowances follows a linear trend 15% above their 1990 levels in 2012). In Figure 7, we 
show our prescribed allocation of emission rights for the different regions on a per capita 
basis, and it is seen that the U.S. has the toughest challenge in the long term (despite the 
generous distribution by the first commitment year). 

 
A1-FSU countries, for example, should reduce their emissions by approximately 2.3 

percent yr-1 during the 2020’s, 2.9 percent yr-1 in the 2030’s and so forth under this 
scenario. It can be argued that these reduction targets might be too stringent. But, if we 
shall stabilize the climate, the CO2 emissions might have to be reduced to per capita 
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levels prevailing in the less developed countries today by the end of this century (Azar 
and Rodhe, 1997). This means that the total emissions in the Former Soviet Union might 
have to be reduced by 50 percent until 2050 (for a more detailed discussion about 
allocation of emission permits see Persson and Azar, 2002; Persson, 2002). Population 
estimates are taken from UN World Population Prospects, median variant (UN, 2000). 

  
Tow scenarios are compared, Figure 7. The first scenario, christened surprise, 

assumes that emissions until 2012 follow the CO2 emission profile in the competitive 
trading scenario (see Section 4.4). The total cost to bring the aggregated emissions into 
compliance with the first commitment period targets is minimized assuming no 
oligopolists tendencies and, hence, the permit price falls to basically zero. After the first 
commitment period, the aggregated emissions are assumed to be in compliance with the 
subsequent period emission allowances. 

 
The second scenario, designated as early agreement, assumes that the regions are 

aware of the future emissions allowances before the first commitment period begins. The 
total cost to bring the aggregated emissions in compliance with the allowances in this 
case is minimized for the first and second commitment period.  

 
The same energy demand is imposed in both scenarios (since subsequent commitment 

periods is analysed, the previously used carbon tax/decoupling relation is not useable) 
and banking of emission permits is allowed. It is recognized that both the surprise and the 
early agreement scenario are extreme variants. In the real world, agreements have to be 
made earlier than 2010, but the extreme variants clarify the benefits of early decisions. 

 
Figure 7, shows the development of the different regions per capita emissions for the 

two scenarios. Due to the knowledge about the more stringent emissions targets during 
the second period, the per capita emissions by 2010 are lower in the early agreement 
scenario. The EU is still not in compliance with their emission commitments 
domestically. However, the purchases from trading by 2010 are reduced from 135 MtC 
yr-1 to about 10 MtC yr-1 in the EU, see Figure 8. PAOC is in compliance with the Kyoto 
commitments in the early agreement scenario. Thus, the aggregate abatement of 
emissions is more than required in the Kyoto Protocol. It may also be noted that the U.S. 
starts to abate emissions already during the Kyoto period.  
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Figure 7.  The effect of negotiation timing of the second commitment period on the CO2 
per capita emissions in the regions. In the surprise scenario (first scenario), the Kyoto 
commitments are met with the lowest permit price. Adjustments to the emission 
allowances in the second commitment period begin in 2012. In the early agreement 
scenario (second scenario), the Kyoto commitments and the second period commitments 
are meet with the lowest permit price. The allocation of emission allowances in the 
second commitment period is based on a contraction and convergence approach 
presented in Section 3.4. The U.S. is assumed to have emission targets in the second 
commitment period.  
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Figure 8. CO2 emissions by 2010 for each region and Kyoto 
commitments – competitive trading without the USA. The aggregated 
abatement of emissions is more than required in the Kyoto Protocol when 
the future emission allowance is known before the first commitment 
period. 

 
Knowledge about future emission commitments could thus be an incentive to reduce 

the emissions during the first commitment period in all regions since all regions benefit 
from acting early so that they are in a better position to meet more stringent later targets. 
Even Russia and Ukraine have incentives to act, and thereby avoid selling permits at too 
a low price. The same is evident for the U.S., even if they only join the protocol after 
2012. If agreements on future assigned amounts units are delayed (the surprise scenario), 
countries may be reluctant to reduce their emissions now since that could be turned into 
an argument in favour of more stringent subsequent emission reductions targets. If, on the 
other hand, decisions about future abatement targets are made soon, and banking is 
allowed, governments can act now without being concerned that lower emissions in the 
first commitment period (2008-2012) would be used as an argument to reduce that 
countries assigned amount unit. In the model, abatement takes place in the model by 
2008-2012 even in the absence of CO2 taxes, since this additional cost is more than 
compensated by the economic benefits of having lower emissions for the subsequent 
more stringent commitment periods. In the real world, however, carbon taxes would be 
needed so as to make sure that emissions are brought down to desirable levels4.  It is then 

                                                 
4 One might argue that this would not be enough if all actors knew very well what their assigned amount 
units for subsequent periods are. However, perfect foresight does not exist in the real world. It should also 
be recognized that even if early agreements on future targets were reached, there could still be uncertainty 
as to whether governments would actually implement them. Pressure from large companies, political 
parties or voters could of course change the picture. A current interesting case can be found in Sweden. The 
government has decided to close down the remaining nuclear reactor at Barsebäck next year. However, at 
the same time, 10 MUS$ are invested in the plant and this may come to be used as a very strong argument 
against phasing out the reactor. 
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easier to be in compliance with the commitments in the subsequent period. In the early 
agreement scenario, we estimate that the required marginal abatement cost is around 130 
US$ tC-1 in 2010. The marginal abatement cost increases, by 2020 it is estimated to be 
about 215 US$ tC-1 in the early agreement scenario which could be compared with 340 
US$ tC-1 in the surprise scenario. For Russia and Ukraine, knowledge about the 
subsequent commitment periods would offer incentives to bank emission allowances. 
 
 

5. SENSITIVITY ANALYSIS 
 

Because of the substantial amounts of uncertainty that surround scenario studies, we 
have performed a sensitivity analysis in order to identify the sensitivity of our results with 
respect to different parameters and assumptions, such as the size of hot air, maximum 
expansion rates of primary energy supply technologies, and the contribution of nuclear 
power. In this section, we offer a brief summary of the results from our sensitivity 
analysis. For each result section except for the last, we have changed the decoupling 
factor of energy demand from GDP in Annex 1 Former Soviet Union from 1 percent to 
0.5 percent yr-1, allowed an expansion of the nuclear power supply, and increased or 
decreased the exogenously set maximum expansion rates on primary energy supply by 20 
percent.  

 
Table 3. Emission mitigation and marginal abatement costs required to meet the Kyoto 
target (Marrakech sinks included).  

Marginal abatement cost to achieve compliance  
 
 

Region 

Emissions mitigation 
relative to reference to 

meet Kyoto commitment 
targets MtC yr-1 

Domestically 
US$ tC-1 

Trading 
US$ tC-1

Trading 
w/o the U.S. 

US$ tC-1 

A1-FSU 
oligopoly 
US$ tC-1 

EU 131 – 184 75 – 125    
USA 414 – 574 175 – 225    

PAOC 125 – 160 100 – 150    
FSU -220 –  -32 0    
REU -72 –  -45 0    

Annex-11 413 – 812  60 – 75   
Kyoto2 155 – 238   0 – 25 40 – 60 
(1) Annex-1: the aggregated emission gap from the Kyoto commitment for all Annex-1 

countries. 
(2) Kyoto: the aggregated emission gap from the Kyoto commitment for Annex-1 

countries without the U.S. participation. 
 

The marginal abatement costs are dependent on the emissions in the reference 
scenario. Generally, the amount of CO2 that must be abated increases with higher energy 
demand in A1-FSU, and with a reduction of the maximum allowable expansion rates 
(high expansion rates allows a faster substitution of natural gas for coal), Table 3. The 
marginal abatement cost of meeting the Kyoto commitments in our sensitivity analysis is 
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most dependent on the assumed maximum allowable expansion rates of the primary 
energy supply. 
 

The sensitivity analysis indicates that the marginal abatement cost to meet the Kyoto 
targets domestically is higher in the USA than in the EU and PAOC. An allowed 
expansion of the nuclear power output does not affect significantly the marginal 
abatement cost in the EU and U.S., while, the marginal abatement cost decreases by 25% 
in PAOC. 

 
Russia and Ukraine have strong incentives in all scenarios to act as oligopolists were 

the U.S. does not participate. The optimal permit price for A1-FSU ranges from 40-60 
US$ tC-1, while the PAOC, REU and EU buy 85-165 MtC yr-1 during the first 
commitment period. The corresponding revenues from the trading range from 4 to 11 
GUS$ yr-1.  
 
 

6. CONCLUSIONS 
 

This paper has analysed the economics of the Kyoto Protocol. These key issues have 
been examined: (i) the impact on the expected marginal cost of meeting the Kyoto 
protocol greenhouse gas emission targets of the U.S. decision to withdraw from the 
protocol, (ii) strategies that Annex 1 Former Soviet Union (mainly Russia and Ukraine) 
may employ to raise revenues from the sales of its emission rights, and (iii) how early 
decisions on allocation of emission rights for subsequent abatement periods may affect 
strategies to meet the Kyoto protocol targets. 

The permit price with the U.S. in the Kyoto Protocol is estimated to be 50-100 US$ 
tC-1 and the total revenues to the Former Soviet Union during 2008-2012 amount to about 
25 billion US$ yr-1. However, should the U.S. remain outside the Protocol the permit 
price is expected to be much lower (since the overall reduction requirement drops by 
perhaps as much as 400 MtC yr-1). The permit price without the U.S. in the Protocol 
could actually approach zero (the overall target is met by transferring excess emission 
rights in Russia and Ukraine to non-complying countries/regions). Under the assumption 
of a faster economic recovery than in the base case in Russia/Ukraine, the amount of hot 
air would decrease and actual emission abatement would become necessary, and the 
marginal abatement cost might rise to perhaps 25 US$ tC-1. The Russian and Ukrainian 
potential revenues from the trading could be eliminated or greatly reduced due to the 
withdrawal of the U.S. from the Protocol.  

 
Russia and Ukraine could, however, restrict the supply of emission permits and thus 

increase the permit price and their revenues. Annex 1 Former Soviet Union could, with 
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oligopoly tactics, increase the price to around 50 ± 10 US$ tC-1 and their revenues to 4-11 
billion US$ yr-1. 

 
Two distinct futures can be envisioned, neither, of which is neither attractive nor 

likely. First, the permit price drops to near zero levels and the Kyoto Protocol would be 
met to a very large extent through the purchase of hot air from Russia/Ukraine. This is 
hardly an attractive future for EU or FSU.  

The possibility that the Kyoto Protocol could be met almost entirely through the 
purchase of hot air is, or at least could be seen, as a nightmare for all governments, 
scientists and environmental organizations. Not only would this scenario mean that 
nothing real is being about climate change. It also means that the credibility of emission 
trading strategies as part of any international efforts to deal with the climate problem 
would drop to zero. 

 
The second alternative, which might at first sight seem a reasonable strategy for 

governments in the Annex 1 FSU, would be to hold back substantial amounts of CO2 
emission rights so as to increase the permit price and increase their revenues. This would 
perhaps be attractive for Russia and Ukraine but less so for governments in the remaining 
Annex 1 countries. For policy makers that are concerned about climate change, 
transferring billions of dollars without net emission reductions is not likely to be 
acceptable, and an alternative strategy has to be developed. There are several strategies 
that would make sure that real abatement efforts are carried out, and these need to be 
looked at more carefully. 
 

• Do not to buy emission permits (assigned amount units, AAUs) from 
Russia or the Ukraine. Clearly, the targets for the EU can be met 
without the use of flexible mechanisms (as our modelling efforts and 
many others show), and this would send a clear signal to the world 
that climate mitigation and economic development are compatible. 

• Carry out joint implementation projects in Russia where actual 
reductions would take place. 

• Develop the so-called Green Investment Scheme, which is a middle 
form between joint implementation and emissions trading. The 
scheme has been proposed by Russia and deserves more attention 
before it could be considered an acceptable strategy. In particular, one 
needs to make sure that the revenues are actually re-invested into real 
abatement projects. But once such controls are put in place, one might 
be much closer to joint implementation projects. 

• Negotiate more stringent targets for subsequent commitment periods. 
This would create incentives for early abatement and banking of the 
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hot air in all regions, including the U.S. (early abatement would be in 
interesting option if they were given targets beyond Kyoto). We 
illustrate the potential for this option, and show that under stringent 
targets, the U.S. starts to abate emissions already during the Kyoto 
commitment period even if they do not have any commitments for this 
period. 

• Work to convince (through the use of both carrots and sticks) the U.S. 
to rejoin the treaty. 

 
Governments in Russia and Ukraine are aware that there are strong demands in 

Europe and elsewhere that Kyoto leads to ‘real’ emission reductions. For this reasons, 
there is a fair chance that constructive solutions to the problem that CO2 prices might 
drop to very low levels will be found and accepted. 
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ABSTRACT  
 

The present carbon dioxide emissions in India are 0.3 ton C capita-1, but might 
increase, 5 times until the end of the century if the dependence on coal continues. In 
this paper we present four alternative carbon abatement scenarios for India 
throughout the century, which relies heavily on either coal, natural gas, solar or 
nuclear power. Carbon sequestration plays an important role in the two fossil fuel 
based scenarios. All abatement scenarios have the same emission profile and are 
derived by a global energy economic optimization model with an atmospheric CO2 
stabilization target of 450 ppm. We also show that the additional annual energy 
systems cost is only a few percent of the annual GDP. However, with a global system 
of trading in carbon emissions permits and an equal per capita allocation by 2050, 
Indian revenues from selling excess permits is likely to be higher than the costs of 
changing the energy system most of the time of this century. For instance, we 
estimate the revenues from these sales at 6% of the GDP while the extra energy 
system cost is 3% of the GDP by 2050. 
 
 
1. INTRODUCTION 
 

In July 1997, the US senate adopted a resolution stating the US would not 
accept any binding CO2 emission reduction targets under the UN Framework 
convention on climate change, unless developing countries also adopted policies to 
limit their own emissions. The resolution was adopted by 95 votes in favor, and zero 
against. Still, in Kyoto in December that very year, the Kyoto protocol was adopted 
calling for emission reductions in the industrialized countries (including the former 
eastern bloc), but not in the South. The US administration accepted this, but Clinton 
could not put forward the Kyoto protocol to the congress because of the firm 
opposition in the senate.  
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The unilateral focus on industrialized countries in the Kyoto protocol was also 
one of the prime reasons that George W. Bush invoked when stating that the US 
would withdraw from Kyoto. But it should be kept in mind that it is the industrialized 
countries that have emitted most of the CO2 in the past, they still account for roughly 
two thirds of global fossil fuel related CO2 emissions, and emissions on a per capita 
basis are roughly five to ten times higher than the levels that prevail in developing 
countries. For instance, the annual per capita energy use and carbon emission in India 
were around 15 GJ and 0.29 ton C, respectively, in 1998, which can be compared 
with the final energy use and carbon emission in the United States 223 GJ capita-1 yr-1 
and 5.6 ton C capita-1 yr-1 [1] respectively. 

However, it should also be made clear that also many developing countries must 
soon begin to reduce their CO2 emissions if we are to stabilize the climate. If for 
instance, a global atmospheric CO2 concentration target of 450 ppm is adopted, global 
carbon emissions must reduced to levels comparable to those that prevail in India 
today.  

The predicted economic and population growth for India in the future is 
expected to increase the demand for energy. Recent business as usual scenarios for 
India suggest that carbon emissions might increase almost fivefold over the next 40 
years [2]. 

The aim of this article is  
• to demonstrate and analyse different ways for the energy system in 

India to meet stringent CO2 targets during this century and  
• to suggest and analyse an allocation of emission quotas that would 

offer economic incentives for India to join the protocol.  
 

We assume that the atmospheric CO2 shall be stabilized at 450 ppm  (a little bit 
higher than the recommendation in Azar & Rodhe [3]). It can be argued that 450 ppm 
might be a too high stabilization target for CO2. If other greenhouse gases are 
included, 450 ppm CO2 is roughly equivalent to a stabilization target of 550 ppm 
CO2-equivalents, which would lead to a global average equilibrium temperature 
increase in the range of 1.5-4.5oC according to IPCC [4]. A global temperature 
increase by 4.5oC is approaching the changes that occur during the transition from an 
ice age to an interglacial, and is likely to cause potentially very hazardous climatic 
changes, but if the climate sensitivity is below the best guess sensitivity of 2.5 oC, a 
450 ppm target might be acceptable. At present it is far too early to express any firm 
opinion about which stabilisation target we should opt for.  

Climate policy is an evolving process in which new information and changes in 
value judgements continuously reshape our decisions on how much to reduce the 
emissions. We have chosen 450 ppm for the sake of illustration, since it might be a 
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reasonable target. A lower stabilization target might have to be implemented if the 
sensitivity of the climate is in the higher range of what we expect at present.  

A global energy model with two regions, India and the rest of the world, is 
developed and used to carry out the analysis. We first develop a reference scenario in 
which no carbon abatement takes place. We then develop a cost-efficient emission 
reduction scenario towards the 450 ppm. In this scenario, carbon sequestration from 
coal and solar hydrogen play prominent roles. We also analyse three alternative 
abatement scenarios for India (in these alternative cases the emission trajectory for 
India is equivalent to that in scenario 1, but we have made different assumptions 
about the availability of natural gas, the acceptability of nuclear power and the 
possibilities to apply carbon sequestration technologies).  

 
Thus, we have developed in total five scenarios for India, four of which are 

abatement scenarios meeting a global 450 ppm target.   
  

(I) Natural gas future with carbon sequestration. Decarbonisation of 
fossil fuel is allowed as an option to reduce the carbon dioxide 
emissions. Low transportation cost on natural gas, high natural gas 
supply potential (30 000 EJ instead of 10 000 EJ), and restrictions on 
the use of nuclear power. 

(II) Coal future with carbon sequestration. Decarbonisation of fossil 
fuels is allowed, but the transportation cost for natural gas is higher. 
There is also restriction on the use of nuclear power. 

(III) Solar future. Decarbonisation of fossil fuel is not allowed. Limited 
supply of nuclear power. 

(IV) Nuclear future. Decarbonisation of fossil fuel is not allowed. Low 
cost and higher limits (10 times the original) on the assumed 
maximum potential supply of nuclear power. 

  
The paper is structured as follows: in section 2 our method and model is 

presented. In section 3 and 4, we develop an energy demand scenario and present the 
energy supply potentials in the scenarios. The resulting scenarios are summarized in 
section 5. The energy system cost for these scenarios is presented in section 6. Then, 
in section 7, we also analyse the revenues India can obtain by selling emission 
permits assuming that emissions allowances are allocated on a per capita basis in the 
World by 2050 and onwards. Some conclusions are given in section 8. In the 
Appendix some technical characteristics are presented. 
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2. METHODOLOGY 
 

A global linear programming (LP) energy-economy optimization model 
(originally developed by Azar et al. [5]) has been separated into two regions, India 
and the rest of the World, and modified to suit the conditions in India. The model is 
composed of three different parts: the supply side, the demand side, and the energy 
technology system. Energy supply potentials, maximum expansion rates, energy 
demand, and the CO2-emission limitations are all exogenously given. The LP model 
minimizes the total energy system cost, i.e. for India and the rest of the world 
combined, based on costs for fuel, capital and a discount rate of 5% together with 
propulsion technology cost for the transportation sector and operation and 
maintenance cost for electricity generation. 

One disadvantage of an economic optimisation model like this is as Shukla et 
al. [6] argues it poorly reflects actual consumer behaviour, it overestimates the impact 
of the single cheapest alternative and it can neither account for investor preferences 
like risk mitigation or financial guarantees, nor ensure energy security without input 
from the modeller.  

 
 

3. ENERGY DEMAND 
  

The energy demand in the model is divided into four main sectors: 
transportation, industry (including the service sector), agriculture and households. 
The main sectors are divided into sub-sectors. Energy use in each sector is driven by 
overall GDP growth and a decoupling factor related to structural changes and to 
energy intensity changes within each sector. We have assumed that the Indian GDP 
grows (in market exchange rates) by around 6% yr-1 over the period 1990-2010 and 
then by 3.8% yr-1 in the 2020s, 3.4% yr-1 in the 2030s, 3.2% yr-1 in the 2040s and then 
3% yr-1 throughout the rest of the century. This implies that GDP grows by a factor of 
55 and that the Indian per capita income equals 11000 US$ capita-1 yr-1 (in 1990 
market exchange dollars) by the end of the century. The assumed growth rate levels 
correspond well with the assumptions made for the period 1990-2020/30 by Sathaye 
et al. [7], Shukla [2], Fisher-Vanden et al. [8] and TERI [9] .  

Finally, it should be stated clearly that our end use energy scenarios should not 
be seen as attempts to predict the actual use of energy in the future. Rather, the 
scenarios may be seen as plausible levels for the future energy demand. Actual values 
may well be a factor of two lower or higher depending on growth rates, policies 
regarding energy efficiency, environmental problems (including climate change) and 
structural changes in the economy. An increase in the growth rate with one 
percentage unit corresponds to as much as an increase in the end use by the end of 
this century by factor three. We have chosen these levels as inputs into an attempt to 
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analyze what the Indian energy supply may come to look like under stringent CO2 
constraints.  
 
3.1 Energy demand - the transport sector 

The commercial energy use in the transportation sector (personal and freight 
combined) has grown by around 5.1% per year on average over the period 1970-
1998, from 0.46 EJ yr-1 to 1.75 EJ yr-1 [10]. Most of this energy is used for road 
transport, both freight and passenger transportation have shifted towards roads. The 
share of the passenger transport on road has increased from 62% in 1980/81 to 83% 
in 1993/94 [11]. In the same time, the total personal transportation increased from 
573 billion pkm to 1811 billion pkm, a growth rate of 8.1% yr-1. Freight 
transportation has shown the same tendency. In 1980/81, 38% of the 257 billion ton-
kilometers (tkm) took place on road, while the corresponding numbers in 1993/94 
were 58% of a total of 607 billion tkm. 

The energy demand scenario for transportation is separated into passenger and 
freight transportation. The total personal travel demand are projected by using the 
historic relationship between GDPppp per capita and the pkm per capita in Japan, India 
is assumed to follow this trend (the conversion from our assumed scenario for GDP 
market exchange rate to ppp is made by using GDPPPP relation assumed in the 
IIASA/WECs scenarios [12]. We used Japan as a reference country since the 
population density is high in both countries. This results in an average growth rate for 
the per capita travel demand of 1.6% per year in India during this century and the 
predicted personal travel demand by the end of this century is almost 12·1012 pkm 
(Figure 1). In order to satisfy an increasing travel demand a shift towards faster travel 
modes is assumed. We have used the model presented in Schafer [13] and Schafer 
and Victor [14, 15]  to estimate the shifts between different transportation modes. 
Since cars are faster than rail transportation, the major shift in India is towards more 
road transportation. By the end of this century, the number of cars per km2 in India is 
less than in Japan today. 

 Two-wheelers, which constituted more than 67% of the total number of 
vehicles in 1993 [11], are included in the scenario but not as a separate travel mode 
because of lack of adequate data. But as mentioned in Bose [16], two wheelers are 
only driven 13.5 km per day with an average of 1.5 passenger per vehicle in cities. 
Using these estimates together with the numbers of two wheelers in 1993/94, i.e. 8.3 
million, we find that two wheelers represent only 3% of the total passenger km or 4% 
of the energy use (assuming a fuel efficiency of 0.8 MJ km-1 for a 2-wheeled 2 stroke 
engine according to [16]).  
 

The resulting personal transport energy demand is given by the transportation 
volumes multiplied by the energy efficiency for each mode over the century. Fuel 
consumption in cars drops by 43% (or roughly 1% yr-1), busses by 56%, aircrafts by 
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59%, and trains by 50% [5]. Under these assumptions, total energy use for personal 
transportation reaches approximately 9.5 EJ yr-1 by the end of this century.  

 

igure 1. Personal travel demand, separated into different modes. 

he freight travel demand is obtained as the product of the following factors: 
energ

ation is 
appro

 should be noted that further improvements in fuel efficiency could be 
obtai

.2 Energy demand - the household sector 
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y intensities (MJ tkm-1), freight activity intensities (tkm GDP-1) and economic 

growth (GDP). Energy intensity changes both as a function of assumed improvements 
in fuel efficiency and modal changes towards more road transportation. We assume 
that the elasticity of the freight activity intensity with respect to GDPppp is –0.3. This 
means that the freight activity intensity drops by 62% from 0.5 tkm GDP-1 at present 
to 0.19 tkm GDP-1 by the end of this century, which can be compared with the 
OECD-Pacific, where the activity in 1990 was about 0.24 tkm GDP-1 and the GDP 
capita-1 was almost the same as our assumed level for India in the year 2100. 

The total energy demand for both freight and personal transport
ximately 15 EJ yr-1 by the end of this century, 5 EJ yr-1 of which is for freight 

transportation. 
Finally, it
ned in the model through a shift towards fuel cells if energy prices rise as a 

consequence of carbon abatement policies. This applies both to personal and freight 
transportation. 
 
3

The present use of energy is different in rur
y carriers such as liquefied petroleum gas (LPG) and electricity being more 

common in urban areas, while non-commercial biomass is still the most common 
energy carrier in rural areas. Often, urbanization leads to shifts in the use of energy 
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carriers. These carrier shifts are stimulated by an increased household income and 
availability of convenient energy carriers such as LPG and electricity [17, 18].  

There have been several studies investigating rural energy use, for example 
Redd

riers is already widespread in 
house

ificant growth in the number of households with access to 
electr

y 1% per 
year. 

to grow to 10 GJ capita-1 yr-1 by 
the end of this century, less than the average in the European Union today (30 GJ per 
capita and year [10]). 

y et al. [19], Ravindranath and Ramakrishna [20], Saxena [21], Sinha et al. [22], 
Pannu et al. [23], Gupta and Ravindranath [18] and Ravindranath and Hall [24]. 
Biomass in the form of firewood, twigs, leaves, dung and agriculture residues are the 
most important energy carriers. The biomass is thus used in an inefficient way and 
therefore the primary energy demand is relatively high. The main end use is cooking. 
We assume that people living in rural areas climb the energy ladder, i.e. shift from 
non-commercial biomass such as cattle dung, crop residues or firewood, to gaseous 
fuels (kerosene, LPG) and possibly electricity, when income levels grow [17]. In our 
end use scenario, we have assumed that the energy demand for kerosene, biomass 
(dung, firewood, biogas) and fossil gas (LPG, natural gas) is exogenously given and 
based on cooking energy requirements for each type of stove. At present, energy use 
in rural areas amount to 8.2 GJ firewood, dung cakes and crop residues, 0.1 GJ 
electricity, 0.3 GJ kerosene, and 0.02 GJ LPG per capita and year [25, 26]. By 2100, 
the annual per capita energy use of kerosene, gas and biomass (improved biomass 
stoves) for cooking are 0, 1.3 and 0.5 GJ, respectively. 

In urban areas, the use of commercial energy car
holds [27, 28, 29]. Approximately 1.1 GJ firewood and chips, 0.4 GJ electricity, 

0.6 GJ kerosene, and 0.5 GJ LPG was used per capita in 1993 [25]. Because of this 
use of more energy efficient energy carriers, the yearly per capita energy use in urban 
households is approximately 40% of the corresponding energy use in rural 
households.  As in the rural end use scenario, we assume the use of kerosene, gas and 
biomass is based on the energy ladder idea and is exogenously given. The energy use 
is 0, 1.1 and 0.1 GJ per capita and year by 2100 for kerosene, gas and biomass, 
respectively. This direct residential fuel demand might be considered low but it 
corresponds to the present per capita levels in countries such as Saudi Arabia, Hong 
Kong and Singapore [10]. 

There has been a sign
icity, from 26% in urban areas in 1981 to 76% in 1991 [26]. According to the 

same source, 31% of the rural households had access to electricity in 1991. 
We assume that the ratio household electricity use to GDP declines b
By the end of this century, electricity dominates household energy use in both 

urban and rural households with a demand of 8.5 GJ capita-1 yr-1. This per capita 
electricity demand is in the same range as the household electricity demand today in 
Saudi Arabia, United Arab Emirates and Singapore.  

The total household energy demand is assumed 
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3.3 E

ries. TERI [26] reports that the cultivated area has been rather 
nd around 37% of this area is 

irriga

 for machinery grows by 1.5 
perce

in industries has grown rapidly, on average by 6% yr  from 
1980 until 1998. Today (1998), it is the sector that uses most commercial energy, 

(see Table 1). We assume the future industry energy demand for 
this c

ies, which can be compared with 28% in Denmark, 27% in the United States 
and 27% in Japan [10]. We assume that the electricity share of the industrial energy 

nergy demand - the agricultural sector 
The energy demand for the agricultural sector includes fuel and electricity for 

irrigation and machine
stable for decades, around 143 million ha [26], a

ted today. At present (1998), a total 0.37 EJ yr-1 of electricity is used for 
irrigation (around 85% of the electricity for irrigation is grid supplied and the rest is 
from decentralized diesel generators). This corresponds to 27% of the total electricity 
end use in India (including decentralized electricity). TERI [26] has claimed that as 
much as 97% of the cultivated area can be irrigated. We assume that the cultivated 
area remains stable at 143 million ha and that the share that is irrigated grows linearly 
to 80% in year 2050, and remain constant thereafter. We also assume that the energy 
for irrigation comes from electricity and an average energy requirement of 6 GJel ha-1 
yr-1 over the entire irrigated area (based on values from TERI [26]). This results in a 
final electricity use for irrigation equal to 0.66 EJ yr-1. 

With industrialization, the relative importance of agriculture can be expected to 
fall and therefore we assume that growth in the agricultural sector will be less than 
the overall GDP growth. We assume that the fuel use

ntage units per year less than overall GDP growth. During the last decades of 
this century, the fuel demand reaches fuel use levels per ha that prevail in present day 
Swedish agriculture.  

 
3.4 Energy demand - industries 

The energy use -1

almost 4.4 EJ yr-1. 
However, comparisons with industrialised energy use in OECD countries reveal 

that there is a significant potential for energy efficiency improvements in many 
industries in India 

entury will decouple by 2% yr-1 from GDP. This is due in part to the above 
mentioned potential for energy efficiency improvements and to the fact that structural 
changes towards less energy intensive industries are likely to take place. In Figure 2, 
we depict industrial energy use in India (our scenario) and the OECD countries 
(actual historical values) as a function of overall GDP levels. It can be seen that the 
energy use in Indian industries (in our scenario) is below the levels that prevailed in 
OECD countries (for the same GDP level), this results from our assumption that 
technological improvement will drive further improvements in energy efficiency over 
time.  

The electricity share of the energy use in the industries is supposed to increase. 
Today (1998), electricity accounts for 14% of the final energy use in Indian 
industr
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use d

India Modern 

evelops linearly to 30% in year 2050 in our scenario and that this share remains 
constant at that level thereafter. 

 
Table 1. Energy use in GJ to produce one ton of steel, 
aluminium, cement and printing and writing paper in India 
compared to modern energy efficient plants in the world. 

 
Steel (GJ ton-1) 35(a, b) 17.5(a, b, c) 

Aluminium (GJ ton-1) 60(d) 45 
Cement (GJ ton-1) 4.2(d, e) 3.3(d, e) 
Paper (GJ ton-1) 15-40(d, f) 8-20(f, g) 

 
(a) [30
(b) 
(c) W J ton-1 a to de Bee 2];  
(d) [26

) Values are for dry processes. 
re for primary energy, assuming heat is generated from boilers with an 

y of 90%, and all electricity is generated in power plants with an efficiency 

 
.  

];  
[31];  

orld wide average 24 G ccording r et al. [3
]  

(e
(f) Values a

efficienc
of 33%. 

(g) [33]. 
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3.5 Total energy demand 
Table 2 summarizes and compares the per capita GDP, travel demand, and 

ommercial energy demand, and the freight activity with European Union values for 
990. By the end of this century, India has not (in our scenario) reached energy and 

vail in Western Europe today. But because of its large, 
and g

n average.  

for SAS (South Asia) in the IIASA-WECs A1 
scena

c
1
GDP per capita levels that pre

rowing population the total energy demand in India is roughly twice the final 
energy use in EU today. 

In our scenario, the total energy demand is assumed to grow from 11 EJ yr-1 in 
1990 to 52 EJ yr-1 in the end of this century (Figure 3). Energy use grows by a factor 
of five during the period, whereas GDP grows by a factor of 55, i.e. energy decouples 
from GDP by 2.3 % yr-1 o

In comparison to IIASA-WECs scenarios [12], the overall energy demand in 
our scenarios develops rather modestly.  By year 2100, the yearly direct fuel and 
electricity demand per capita are 9.3 GJ and 12.8 GJ respectively, which can be 
compared with 38.9 GJ and 16.4 GJ 

rio (high growth, ample oil and gas availability), and 19.8 GJ and 9.8 GJ in the 
C1 scenario (ecologically driven, renewables and nuclear phase out) respectively. The 
energy demand in the transportation sector is also almost the same in our scenario as 
in the IIASA-WEC A1 and C1 scenarios. By 2100 the per capita energy demand for 
transportation is about 9.0 GJ as can be compared to around 9.8 in both the 
IIASA/WEC scenarios. 

 

60

0

20

40

1990 2010 2030 2050 2070 2090

EJ
/y

r

Transport-fuel
Agriculture

Household-fuel
Household-el

Industry-el
Industry-fuel

 
Figure 3. Scenario for the energy demand in India, separated into different sectors. 
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T
emand, and energy demand, and freight transport intensity. The 2100 levels for India 
 from our energy demand scenario. 

able 2. Comparison between India and European Union in per capita GDP, travel 
d
is

 India EU 
 1990(a) 2100  1990(b) 

GDP USD/cap 380   11 000   18 500   
Pkm ap-1 1 300 9400 11 000 

Tkm GDP-1 

HH-el GJ cap-1 
HH-fuel GJ cap-1 6.5  

I  

A  

 c
0.5 0.19 0.25 

Tfuel GJ cap-1 1.3   9.0  30.0  
0.1   8.5  5.3  

(c) 1.4  20.3  
Ind-el GJ cap-1 0.5   3.9  11.9  
nd-fuel GJ cap-1 2.6   9.1  32.1  
Agri-el GJ cap-1 0.2   0.4  0.3  
gri-fuel GJ cap-1 0.0   0.3  2.1  

a) Sources: [10, 2 99. 
b) Sources: [10, 5]. 

 
6]; TERI, 19

c) Includes both commercial and traditional biomass fuels. 
 
 
 
. ENERGY SUPPLY POTENTIALS 

At present, (1998) annual primary energy supply is 16.9 EJ of which 8.2 EJ is 
nd 0.8 EJ is oil (see Figure 4). The 

nerg -1

4
 

bioenergy, 6.7 EJ coal, 0.8 EJ is natural gas a
e y supply has grown by 3.5% yr  on average since 1980 and electricity 
generation has increased by 4.4% yr-1 since 1990 [10].  
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Figure 4. Primary energy supply in India from 1980 to 1998. Source: [10]. 

 
India is relatively well endowed with both renewable and fossil energy 

resourc ia. 
Approximately 7% (2200 EJ) of the proven coal reserves of the World are located in 

es. Table 3 summarizes the assumed domestic energy potentials for Ind
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India

city generation has 
decli

characterised by limited maximum total 
ion over the time period 1990-2130 for 

fossil fuels and limited annual energy supply of 

 [26], which means that the per capita coal reserve is lower than the World 
average. The estimated coal resource up to a depth of 1200 m is 5700 EJ [26]. 
Domestic oil and natural gas reserves are more scarce, 34 EJ and 27 EJ, respectively 
[26]. Today, around 50% of the oil is imported, while in 1997 all consumed natural 
gas was domestic. In the future, India is likely to be more dependent on imports of 
both oil and natural gas. The dependence on imports raises questions of energy 
security. For example, some are concerned that the import of natural gas by pipeline 
via Pakistan is too risky since it would, at least indirectly, give Pakistan some 
political power over India. Pakistan cut, e.g., threaten to raise prices or cut of supplies 
in the event of escalating conflicts in Kashmir. Sen [34], e.g., has argued that a 
pipeline in the deep sea outside Pakistani territorial water may be the only feasible 
solution over the next couple of decades. On the other hand, a pipeline through 
Pakistan will also increase mutual dependence which might reduce risks of war and 
conflict since both would have more too loose from such events. 

Carbon neutral energy sources considered in this paper are biomass, 
hydropower, wind-, solar-, and nuclear power. Biomass supply potentials are 
discussed below. The importance of hydropower for electri

ned, from 44 percent in 1960 to 25 percent in 1995 [6]. Today, 15 percent of the 
estimated hydropower potential of 84000 MW is exploited, and another 5900 MW is 
under development [26]. We assume that social and environmental considerations 
limit the potential of hydropower to what is presently in use or under development, 
i.e. roughly 20000 MW. 
 

Table 3. Domestic energy supply potential for 
India, 
extract

biomass, hydropower, wind power and solar 
electricity. 

Energy source Potential  
Coal (EJ) 10 000  
Oil (EJ) 50  
Gas (EJ) 35  

B
Hy ) 0.4 

Win r-1) 0.4 
Sol -2) 200 

iomass (EJ yr-1) 10  
dro (EJ yr-1

d (a) (EJ y
ar (a) (W m

nd and solar electrici gether wi
 
(a) Wi ty contribute to th less 
than 30% of the electricity. 

 
The potential for wind power is estimated in varies between range at 20000 MW 

[26] and 45000 M -2 [26]. However, 
because of the intermittent nature of solar and wind power, wind and solar electricity 

W [35]. The potential for solar energy is 200 W m
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comb

orium reserve is found in the 
coun

wing interest as a commercial energy source because of 
potential economic and environmental benefits. Biomass can be carbon neutral if the 

 increment and the combustion is complete (see 
Schla

ed plantations and electricity generation from 
the s

al issue. In India, the major factor 
that d

ined are limited upwards to a maximum of 30% of the total electricity supply. It 
is possible to overcome intermittency problems by producing hydrogen from wind 
and solar energy, and in that case the contribution from solar energy can be much 
larger than the entire Indian energy supply at present.  

India has reserves of both uranium and thorium for nuclear electricity 
generation. The uranium reserve in India is 34000 tonnes, but only 44% is 
economically exploitable [26]. 32% of the global th

try. Present generating capacity of nuclear power in India is 2280 MW, owned 
by the government operator – Nuclear Power Corporation (NPC), mostly in 
pressurized heavy water rectors (PHWRs). Four 220 MW nuclear reactors are under 
construction and the work on two 500 MW units have just started. Two more 220 
MW reactors, one 500 MW reactor, and two 1 000 MW reactors from Russia are 
awaiting approval. India’s Department of Atomic Energy (DAE) are also planning the 
construction of ten 500 MW PHWRs, four 500 MW fast breeder reactors and five 
1000 MW LWRs [36].  

 
4.1 Biomass potential in India 

Biomass is of gro

harvest does not exceed the annual
mdinger et al. [37], Schlamadinger et al. [38] for a more complete discussions 

of the link between biomass energy and changes in biospheric carbon stocks). To the 
extent that fossil fuels are replaced, the use of sustainably generated biomass implies 
a net reduction of CO2 emissions [39].  

The major categories of biomass for energy use are (i) residues (and by-flows) 
from the food and material sectors, and organic municipal waste, and (ii) dedicated 
energy crop plantations. We have includ

ugarcane industry into the model as possible sources for modern biomass fuels. 
Traditional biomass use is exogenously given to the model and free of charge. 
Traditional biomass is assumed to be collected from the same sources as today, i.e. 
from public and private lands [21]. It is estimated that each year, about 200 million 
tons of fuelwood, 100 million tons of dung cakes and 100 million tons of agriculture 
residues are consumed as fuels in rural areas [26].  

The highest potential of all possible sources for commercial biomass production 
has probably been short-rotatation, intensive-culture plantations of trees. Land 
availability for dedicated plantations is thus a critic

etermines land availability is the demand for land for food production, which in 
turn is driven by population and income growth. It can be noted that the agricultural 
area in India has remained stable over the past decades despite an increase in the total 
production of food. Partly for this reason, India has succeeded in halting deforestation 
[24]. The most important factor behind all this has been a significant increase in grain 
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productivity. The overall food grain productivity in India is rather low, 1.27 t ha-1 yr-1 
during 1990/91, which can be compared with a global average grain production of 2.7 
t ha-1 yr-1 [40]. This suggests that further increases in yields are possible. Whether that 
will free land depends on a number of factors, e.g., international market prices for 
grain and possible alternative uses.  

Sudha and Ravindranath [40] estimate conservatively the land availability for 
biomass energy plantations to 43 million ha in India. This is on land not suitable for 
agriculture or pasture practice. Assume an average yield of 10 ton DM ha-1 yr-1 we get 
430 m

r-1. 
 

5. E

.1 Primary energy supply 
model are presented in this article: 
y and four cases with atmospheric 

re the global atmospheric CO2 concentration shall be 
stabil

illion tonne DM yr-1, which is equivalently to roughly 8 EJ yr-1.  
Further, cogeneration in sugar cane mils could generate a potential electricity 

supply of 0.45 EJ yr-1 (using technological parameters from Carpentieri et al. [42]. 
We set a maximum potential supply of bioenergy equal to 10 EJ y

 
NERGY SCENARIOS FOR INDIA 

 
5

Five scenarios based on the output from the 
ne base case without any carbon abatement polico

carbon emission restrictions whe
ized at 450 ppm. We only present the scenarios for India in this paper. Global 

energy scenarios based on the globally aggregated version of this model were 
originally presented in Azar et al. [5].   
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Figure 5. Reference scenario. In the absence of carbon abatement 
policies, the Indian energy system becomes even more dependent upon 
coal throughout the century. 
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The el 
in India, ly 
biomass, wind and hydro, are used, but the relative share drops over time and reaches 
roughly 12% by the end of the century.   
 

uld be met at the lowest possible cost. This 
sults in a specific carbon emission trajectory for India, and the result is shown in 

Figur

 reference scenario is characterized by a dependence on coal as primary fu
 as can be seen in Figure 5. Carbon neutral energy sources, primari

The abatement scenarios are generated in the following way. The model is run 
so that the atmospheric concentration of CO2 is kept below 450 ppm and the 
exogenously specified energy demand sho
re

e 6.  
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Figure 6. Carbon abatement scenario for India – Coal future. In this 
scenario, nuclear is maximised to 3 EJ/yr, and natural gas supplies are 
limited.  

 
If carbon sequestration becomes a viable option, as is assumed in this scenario 

(see e 
relati n 
equestration is allowed, as in this one, the use of coal is actually five times higher by 

the e

rpen some 
other constraints. In Figure 7, we show a natural gas scenario, in Figure 8 we show a 
solar

Figure 6), coal remains an important energy source throughout the century. Th
ve dependence on coal decreases, but in the scenarios where carbo

s
nd of the century than in 1990. But it should also be noted that biomass, and in 

particular solar, becomes very important energy sources over the century.  
 
We now move on to explore alternative energy futures for India under stringent 

CO2 targets. We assume that the carbon emission trajectory implicit in Figure 6 (and 
shown in Figure 14) should be satisfied for India, and either relax or sha

 scenario (in which decarbonization of fossil fuels is not allowed), and in Figure 
9 we show an abatement scenario in which nuclear energy plays an important role.  
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Figure 7. Carbon abatement scenario - Natural gas future. The cost of 
natural gas in India is lowered and the global supply potential is three 
times the original.  
 
In the natural gas future scenario as in the coal future scenario, the energy 

syste s is 
plent ities 
eventually sets in and therefore coal returns towards the end of the century. Solar also 
plays

 solar energy mainly converted into hydrogen during the 
econd half of the century.  

suming a solar influx of 250 W yr-1 m-2 and a conversion 
effici

m is dependent on fossil fuels.  In the natural gas scenario, natural ga
iful and out competes coal during the middle of the century. However, scarc

 an important role.  
 

In the scenarios without carbon sequestration, coal is almost phased out by 
2070-2090. Another general feature obtained in all carbon abatement scenarios is the 
increased dependence on
s

In the solar future, solar energy technologies are introduced into the energy 
system a few decades earlier, 2010 instead of 2040-2050 in the other carbon 
abatement scenarios. The required solar supply is area demanding and reaches 60 000 
km2 in the solar scenario (as

ency from solar energy into hydrogen of 10% and 15% from solar energy into 
electricity). This area can be compared with the size of the Thar desert, which is 
approximately 200 000 km2. The solar derived hydrogen do not need to be 
domestically produced, one possibility would be to import hydrogen and electricity 
derived from solar energy from the neighboring countries around the Persian bay. 
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 In the solar future, almost 70% of the primary energy comes from solar energy 
by the end of this century. In the same time, the efficiency of the energy system 
increases by for example more efficient engines.  
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Figure 8. Carbon abatement scenario – solar future.  
 

In the nuclear future, we do not allow carbon sequestration technologies, but we 
assume arger than in the e lier 
cenarios. A dominant feature is that a significant part of the solar energy is replaced 

by nu

 that the acceptability for nuclear power is much l
s

clear power. By the year 2100, nuclear power generates 33 EJel yr-1, which is 
equal to the assumed maximum potential. This implies that there will be around 1000 
reactors in India, assuming a 1000 MW capacity each.  
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Figure 9. Carbon abatement scenario – Nuclear future 
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5.1.2 Transportation fuel 

In the transportation sector, oil remains the only fuel except for electric use in 
trains until 2050-2070. By then a transition to methanol (used in internal combustion 
engines and derived from coal) is initiated in the reference scenario. In the abatement 
scenarios, hydrogen used in fuel cells is initiated around 2060-2070 (Figure 10 
demonstrates the coal future). This transition away from oil is explained by the fact 
that we are running out of oil. 

There are four alternatives fuels in the model, gasoline, natural gas, hydrogen 
and methanol (which is used as an example of a liquid hydrocarbon, but it could 
equally well have been e.g., ethanol). In the reference scenario methanol is chosen 
because the low cost of coal, which are used as feedstock for the methanol 
production, imply that there are no economic incentives to use the more efficient but 
also m tion engines are ed, 

ethanol has an advantage over hydrogen since the storage costs for hydrogen 
ehicles is similar and the energy efficiency of the different fuels is roughly the same 

s).  

ore expensive fuel cell technology. If internal combus us
m
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Figure 10.  Use of transportation fuels in India in the solar scenario. 
There is a transition from petroleum fuel in internal combustion 
engines (IC) to hydrogen (H2) used in fuel cells (FC). The other 
carbon abatement scenarios look the same. 

 
The transition towards hydrogen in the other abatement scenarios is explained 

by the fact that methanol can eventually only be produced from biomass since the use 
of coal would cause too large CO2 emissions. The conversion from solid biomass into 
methanol is associated with substantial energy losses. The model suggests that it is 
more cost efficient to use the biomass for heat and process heat applications. The 
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additional costs associated with storage, distribution and refueling of a gaseous fuel 
are not large enough to prevent hydrogen from becoming the dominant fuel in the 
transportation sector [5]. 
 
5.1.3 Electricity 

Today, 75% of the electricity production in India is based on coal. The relative 
importance of coal for electricity generation drops in all carbon abatement scenarios 
(see Figure 11).  

In the reference scenario, there is a minor transition towards natural gas during 
the coming decades, but during the second half of the century, there is a transition 
back to coal since natural gas becomes scarce. Even carbon neutral sources are used, 
hydro- and wind power.   

In the carbon abatement scenarios, the electricity supply is even mo  
diversified. During the first decades of this century, electricity generation from 
bagasse and wind power technologies are established and together with hydropower, 
coal, nat sly 
specified olar electricity enters the energy 
system in all carbon abatement scenarios. Nuclear power is phased out when the 
existi

. 

re

ural gas and a very small share of nuclear power they meet the exogenou
 electricity demand. By around 2050-2070 s

ng plants are retired, but the use starts again in the second half of this century. 
Nuclear power is especially important in the nuclear future, where it generates more 
than half of the electricity by the end of the century. During the last five decades of 
this century, hydrogen is also used as a source for electricity generation in most of the 
carbon constrained scenarios. Its importance increases fast, and by the last decade it is 
one of the most important fuels, producing around 25-35% yr-1 of the electricity in all 
abatement scenarios except the solar future scenario where the contribution is around 
65% yr-1 of the electricity
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Figure 11. Electricity generation by source and scenario in 2020, 2050 
and 2100. 
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5.1.4 Direct fuel use 
Coal today is the most important energy source for direct fuel use and it 

continues to be so in the reference scenario where it is the dominant fuel during the 
whole period (see Figure 12).  

Coal is also important in the carbon abatement scenarios, especially during the 
first half of the century. The relative share of the total direct fuel use is approximately 
35% in the middle of the century in the nuclear future scenario, which can be 
compared with 10% in the solar future. In the other two scenarios the coal contributes 
with around 15-25% of the direct fuel by 2050. In the nuclear future scenario, it is 
more cost-efficient to reduce CO2 emissions in the electricity sector (comparison to 
the situation in the other abatement scenarios) and therefore a higher share of the 
emissions stem from direct fuel use is in the nuclear scenario, and thus the coal use 
for direct fuel use is therefore higher in the nuclear future than in the solar future 
scenario. Other sources, e.g., biomass in all abatement scenarios, and natural gas in 
the natural gas future, are also important. During the coming decades, the importance 
of biomass as a source for direct fuel use grows. After 2040 biomass is the most 
important fuel for direct fuel use when carbon abatement policies are implemented 
and carbon sequestration are allowed. When carbon sequestration is not allowed 
hydrogen is the most important fuel during the second half of the century. By the end 
of the century from 25 to 55% yr-1 of the direct fuel comes from hydrogen. The small 
fraction represents the coal future scenario where the direct fuel is met by mainly 
(45% yr- e f 
hydrogen in the electricity system is lower than in the other scenarios and instead 

 

1) biomass and the high value represents the nuclear future where the us o

used as direct fuel. 
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Figure 12. Secondary energy supply for direct fuel and heat by 2020, 
2050 and 2100. Bio is both traditional and modern use of bioenergy. 

.  

 20



 
6. CARBON REDUCTION COSTS  
 

We have compared the energy system cost between the reference scenario and 
the abatement scenario (coal future), The emissions trajectory is obtained by 
implementing the carbon tax profile that will take the global energy model towards a 

50 ppm target, and the emissions trajectories for the reference and the abatement 
scenario is shown in Figure 14.  

The costs are higher in the abatement scenario since the model is forced to use 
technologies that are more expensive. Further, we have assumed that energy use in 
the reference scenario is optimal, which means that we have excluded so called no 
regrets and win-win options. This suggests that costs may be overestimated.  

The annual extra cost for the abatement scenario is shown in Figure 13. The 
abatement cost varies between 0 and 4% yr-1 of the GDP in India, and it takes some 
50 years before the abatement cost climbs above 1 % of GDP.  
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Figure 13. Abatement cos

 
t as percent of GDP in India. 

fast rate 
over 

rowth rate of 3% yr-1 
DP would become 55 times higher by August 2100. Thus, the cost amounts to a 

delay of roughly a year in achieving a very impressive GDP level. Similar 

The net present value cost of the abatement scenario is almost two thirds of the 
present GDP, 499 billion US$ (at 1990 prices and exchange rate). This is of course a 
high cost but comparisons with expected future GDP levels suggest that the costs 
might be manageable. As stated earlier GDP is expected to grow at a rather 

the next century, and reach a level that is 55 times higher than in 1990 in the 
reference scenario. Now, with a cost that varies between 0-4%, GDP becomes 54 
times higher in 2100 in the abatement scenario. And with a g
G
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observations can also be made as regards the costs of meeting stringent stabilization 
targets at the global level [43].   

It should also be noted that none of these cost estimates include the benefits of 
emissions abatement, e.g., improved local air quality and avoided climatic changes. 
Further, a global treaty to reduce CO2 emissions is likely to include emissions trading. 
The potential sales of these permits might, depending on how they are allocated 
among countries and over time, be large enough to cover the estimated costs. To this 
aspect, we turn below.  
 
 
7. REVENUES FROM CARBON TRADING 
 

In this section, we will analyze the potential economic benefits that India can 
derive by selling emission permits. Whether India will gain or not on this trade, 

epend we will assume that 
emiss

 % yr-1), while the allocation to India is increased to 
0.9 to

els.  

d s on how the permits are allocated. In this paper, 
ions are allocated on a per capita basis, since this is probably the most equitable 

way of distributing permits, at least in the long term [44, 45, 46]. 
This equity criterion would probably be acceptable to the largest part of the 

human population. However, it is rather unlikely that allocations on a per capita basis 
will be implemented in the near term. For this reason, we have assumed that the equal 
per capita emission will be implemented by 2050 and from then on follow the per 
capita emission trajectory towards the 450 ppm stabilization target. Before that, each 
country is allocated per capita emissions allowances that follow a linear trend from 
their present level towards the equal per capita allocation by 2050.  

This means that the allocation to EU is reduced from 2.4 ton C capita –1 by 1990 
to 0.9 ton C capita-1 by 2050 (2.5

n C capita-1 yr-1. India is supposed to be a part of this process from 2020. 
By the end of this century, the Indian per capita emission in the reference 

scenario is almost the same as the average per capita emission of the world today (1.1 
ton C capita-1 yr-1). But the population is assumed to have grown to 1.6 billion, so the 
emissions in absolute terms is 25% of the present total global carbon dioxide 
emissions from fossil fu
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Figure 14. Carbon emissions per capita from fossil fuels. The equal per capita 
line is generated by the

0.0
1990 2010 2030 2050 2070 2090

 India abatement

 model, and represents a cost-effective emissions 
trajectory towards an atmospheric stabilization target of CO2 concentration at 
450 ppm. This profile is compared to the reference scenario and the abatement 
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scenario (the coal future). We have assumed that emission allowances are 
allocated on an equal per capita basis from 2050. Between 2010/2020 and 
2050, allowances are based on current emission levels, and drawn assumed to 
change linearly towards the equal per capita allocation by 2050 (see dashed 
lines for India and for EU).    

 
In the same time as the emissions increase in the reference scenario, the permit 

price on carbon increases. By 2020, when India is supposed to take part of the 
process, the permit price is 60 US$ ton C-1, by 2050 it is 260 US$ ton C-1, and by the 
end of the century it is 1800 US$ ton C-1. Of course these numbers are very uncertain 
(in particular the very high numbers towards the end of the century), and the main 
purpose with this exercise is to demonstrate that there might be substantial benefits 
for India to join a treaty that involve emissions trading, at least if permits are 
allocated on a per capita basis. It should also be noted that the flows of revenues to 

 
In the same time as the emissions increase in the reference scenario, the permit 

price on carbon increases. By 2020, when India is supposed to take part of the 
process, the permit price is 60 US$ ton C-1, by 2050 it is 260 US$ ton C-1, and by the 
end of the century it is 1800 US$ ton C-1. Of course these numbers are very uncertain 
(in particular the very high numbers towards the end of the century), and the main 
purpose with this exercise is to demonstrate that there might be substantial benefits 
for India to join a treaty that involve emissions trading, at least if permits are 
allocated on a per capita basis. It should also be noted that the flows of revenues to 

ia are so large that one may wonder whether the richer countries will accept
ribution of emission permits that imply large transfers of income from the rich 
 poor.  

 
In the abatement scenario, India may actually sell emission permits througho

issions (in total over the next century 

ia are so large that one may wonder whether the richer countries will accept
ribution of emission permits that imply large transfers of income from the rich 
 poor.  

 
In the abatement scenario, India may actually sell emission permits througho

issions (in total over the next century 

ission permits increase up to 6% of the GDP by 2060. Thereafter the revenues 
decrease down to 1-1.5% by the end of the century. 

 

ission permits increase up to 6% of the GDP by 2060. Thereafter the revenues 
decrease down to 1-1.5% by the end of the century. 

 

0.5

1.0
India

1.5

2.0

2.5
tC

/c
ap

/y
r

EU

Equal / capita Ref. India

 23



100 2

P

u

150

200

250

300

350

G
U

SD
/y

r

3

4

5

6

7

%
 o

f G
D

Absolut Reven es Revenues % of GDP

0

50

2020 2040 2060 2080 2100
0

1

 
Figure 15. Revenues from selling emission permits in absolute 
values (GUSD) and as percent of GDP for the carbon abatement 
scenario.   
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Figure 16. Net benefits (revenues from trading minus the extra 
energy system cost) as GUSD yr-1 and percent of GDP for the 
change of the energy system from the reference scenario to the 
carbon abatement scenario.  

 
On the other hand the change of the energy system from the reference scenario 

to a carbon abatement scenario will increase the energy system cost (see Figure 16). 
By 2050 the revenues from the selling of emission permits are approximately 6% of 
the GDP while the extra energy system cost only is 2.9% of the GDP. By 2070, the 
extra cost for the change of the energy system is higher than the revenues from the 
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selling of emission permits. The revenues are 3.9% of the GDP while the extra cost 
for the energy system is 4.1%, i.e. the extra cost is 0.2% of the GDP. 

In absolute value, the revenues from selling of emission permits are 250 GUSD 
yr-1 by 2050, which could be compared to the extra energy system cost, 120 GUSD 
yr-1. By then, the gain is 130 GUSD yr-1 or roughly three times the present Indian 
export revenues. 
 
 
8. DISCUSSION AND CONCLUSIONS 
 

In this paper we have presented four scenarios for India that are compatible with 
a global atmospheric stabilization target of 450 ppm. Based on assumptions on 
economic growth, decoupling factor, higher share of electricity in the industrial 
energy d steps 
up in the household energy ladder we ende anding 
around  energy 

se of the European Union today (1998 [10]). But per capita, the energy use in India 
by 2100 (in our scenario) is less than one third of the per capita energy use in the 
Euro

tem, in the form 
of ele

e
ization of fossil fuels, it is more difficult (costly) to restrict the 

missions of CO2.  
ossil fuels remain important in all 
natural gas is used in electricity 

produ

t policies if we are to meet low stabilization targets.  

 use, Zahavi´s law that each person travel about one hour each day, an
d up with an energy scenario dem

 50 EJ per year in the end of this century. This is 20% higher than the
u

pean Union today. 
In our abatement scenarios, many renewable carbon neutral alternatives enter 

the energy system in the coming decades. First, wind power and modern use of 
biomass begin to contribute with a higher share than today. Commercial biomass 
mainly used as today primarily as direct fuel and, also in cogeneration applications 
(primarily bagasse).   

By the middle of this century solar energy enters the energy sys
ctricity (e.g., from PV), heat or hydrogen. 
In the second half of the century, decarbonization of fossil fuels is another 

alt rnative that is used to decrease the emissions of carbon dioxide to the atmosphere. 
Without decarbon
e

However, during the first half of the century, f
cenarios. Oil is used in the transportation sector, s

ction (using efficient combined cycle gas turbines), and coal is used for 
electricity and as direct fuel. The coal is domestic, while there is need for importing 
oil and natural gas. A fast and large development of the natural gas use requires 
importation via pipelines from for example Iran, Turkmenistan or Oman, or as LNG, 
the latter of which being less costly but there are specific securities of supply issues 
that need to be addressed. It should be kept in mind that Europe imported natural gas 
from Soviet Union even during the critical days in the cold war. 

Even if fossil fuels are used during the coming decades, it is cost efficient to 
initiate carbon abatemen
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e Change already from the beginning. However, since it is the 
devel

 costs of India joining the protocol, at 
least 

 decades.  
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Appendix – Technology characteristics 
 

As mentioned in section 2 learning curves is not implemented in the model, and 
therefore the original price estimation is important for the result. But, the aim of this 
paper is to show some possibilities and not the exact truth.  

Modern technologies are implemented into the model. For example, in the 
transportation section there are possibilities to use traditional combustion engines as 
well as fuel cells. The transportation fuel for example can be petroleum, methanol, 
hydrogen or decarbonised fuels. There are two distinct ways for decarbonisation: (I) 
flue gas decarbonisation – fossil fuel is combusted the traditional way and the CO2 is 
captured from the flue gas; (II) fuel gas decarbonisation – fossil fuel is transformed to 
produce hydrogen and CO2 is obtained as a by-product. Table A.1 summarize several 
of the technical options used in the model with conversion efficiencies and capital 
costs. 
 

 30



 
Table A1. Conversion efficiencies and capital costs for different technologies used in the model. 

 

Fuel Conversion into hydrogen(a) Conversion into methanol(b) Power plant(c) Heat plant(d)

Efficiency Capital cost 
US$ kWH2

-1 
efficiency Capital cost

US$ kWMeOH
-1 

 

efficiency Capital cost
US$ kWe

-1 
 

efficiency Capital cost
US$ kWTh

-1 
Hydro - - - - n.a 1000 - -
Wind         

          
          

        
         

        
         

        
         

- - - - n.a 600 - -
Solar PV - - - - n.a 1200 - -
Solar heat - - - - - - 90% 400
Solar H2 n.a 2000 - - - - - -
Biomass 65%

 
1300 60% 1300 50% 1300 90% 300

Hydrogen - - - - 70% 1300 90% 100
Natural gas

 
 85% 400 70% 500 60% 700 90% 100

Oil 75% 1000 - - 50% 1000 90% 100
Coal 65% 1300 60% 1300 50% 1300 90% 300

    

       

(a) The conversion efficiency is defined as higher heating value of the energy contained in the product divided by the higher heating 
value of all energy inputs to the process assuming that all external energy requirements are provided using the same type of fuel as 
the feedstock. Sources: Conversion efficiencies are from Larson [47] and Williams et al. [48] capital costs are based on Ogden et 
al. [49] 

(b) The conversion efficiency is defined as higher heating value of the energy contained in the product divided by the higher heating 
value of all energy inputs to the process assuming that all external energy requirements are provided using the same type of fuel as 
the feedstock. Sources: Conversion efficiencies are from Larson and Marrison [50] and Williams et al. [48]. 

(c) Note that these estimates are intended to reflect the efficiency and the costs of the technologies once they are mature. Sources: 
These estimates are based on various sources including Gustavsson [51], Neij [52], Larson and Marrisson [50], Shukla et al. [6], 
Rajsekhar el al. [53], Naidu [54] and Kapur et al. [55]. 

(d) Sources: Rounded from Gustavsson [51] for all fuels but hydrogen, witch we assume equal to natural gas. 
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ABSTRACT 
 

Business-as-usual CO2 emissions for four developing regions, Centrally Planned Asia 
including China, South Asia including India, Latin America and Africa, are compared to 
emission allowances that are allocated based on a contraction and convergence approach. 
CO2 emission allowances are assumed to change linearly from present per capita 
emissions in industrial countries and from the projected 2012 per capita emissions in 
developing countries towards an equal per capita target by the year 2050 when allowable 
emissions are constrained to equal per capita emission trajectories leading to stabilization 
of atmospheric CO2 concentrations at 350, 450, and 550 ppm, respectively. The economic 
impacts on the developing regions following this allocation of emission quotas are 
estimated through the use of a energy-economic system model. 
 
 
 
1. INTRODUCTION 
 

The industrialized countries have emitted most of the CO2 in the past and still account 
for roughly two thirds of global fossil fuel related CO2 emissions. Industrial country 
emissions on a per capita basis are roughly five to ten times higher than those of 
developing countries, Table 1. However, stabilizing the atmospheric concentration of 
CO2 implies that carbon dioxide emissions per capita would have to fall below levels that 
prevail in India and Africa today. A 400 ppm target would for instance require that 
emissions by 2100 are equal to 0.2-0.4 tC capita-1 yr-1. 
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Table 1. CO2 per capita emissions in metric ton C in 1998. 
Values from G. Marland et al. (2001). 

Region Country tC capita-1 yr-1 

Africa Ethiopia 0.01 
 Nigeria 0.20 
 South Africa 2.38 

Asia China 0.68 
 India 0.29 
 Indonesia 0.31 

Latin America Brazil 0.49 
 Chile 1.11 
 Mexico 1.07 

 
 

International negotiations about control of the emission of greenhouse gases (GHGs) 
have achieved little in terms of differentiation of future commitments and implementation 
mechanisms for a long-term stabilization of the atmospheric CO2 emissions. No 
agreement has been reached on how allowable emissions should be allocated between 
countries on the long-term. Several allocation principles have been suggested and 
analysed (see for example by Gupta and Bhandari, 1999; Grübler and Nakićenović, 1994; 
Azar, 2000; Baer et al. 2000; Neumayer, 2000; Beckerman and Pasek, 1995; Berk and 
den Elzen, 2001; and Harvey, 1995; Torvanger and Ringius, 2000; Bolin and Kheshgi, 
2001; Philibert, 2000).   

Developing country representatives have argued that, given the high past emissions, 
the industrialised countries bear the primary responsibility for the climate problem and 
should therefore bear the brunt of emission reductions. This is formally recognised in 
Article 3.1 of the UNFCCC in Rio de Janeiro in 1992, which states that the developed 
and developing countries have ‘common but different responsibilities’ (Article 3.1, 
UNFCCC). 

However, the senate in US adopted a resolution (S.RES. 98) in July 1997 with 95 
votes in favour and zero against, stating that the US would not accept any binding 
reduction targets under the UN framework convention on climate change, unless 
meaningful developing country participation. The unilateral focus on industrialized 
countries was also one of the prime reasons that George W. Bush invoked when stating 
that the US would withdraw from the Kyoto Protocol. 

 
The development of the international climate regime could (1) gradually expand the 

group of countries that have binding quantified emission limitations in the Kyoto 
Protocol or (2) define an evolution of emission allowances for all countries over a longer 
period, for example: 
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• allocation proportional to emissions in a specific base year (called 

grandfathering),  
• allocation on an equal per capita basis without historical 

accountability, or  
• allocation on an equal per capita basis with historical 

accountability.  
 

Difference in base year emissions is basically regarded as justified or at least accepted 
with the grandfathering perspective. The second rule regards unequal per capita 
emissions as unjustified, but disregards historical inequalities in emissions. Like the 
second rule, the third rule take the equal per capita emission perspective, but it also takes 
into account differences in historical emissions. 

 
The aim of this paper is twofold: 

   
1) to suggest an allocation of emission quotas and estimate when 

developing regions business-as-usual emissions reach their 
emission allowances, and 

2) to estimate the economic implications on the developing regions 
following this allocation of emission quotas. 

 
This paper is structured as follows. In section 2 method and model are presented. 

Business-as-usual emission scenarios are compared with the suggested emission 
allowances in section 3. The energy system costs for scenarios stabilizing the 
atmospheric CO2 concentration at 450 ppm are presented in section 4. Then, in section 5, 
the revenues the developing regions can obtain by selling emission permits are estimated 
assuming that emissions allowances are allocated on a per capita basis in the world by 
2050 and onwards. Some conclusions are given in section 6. 
 
 
2. METHODOLOGY 
 
2.1 Allocation of emission permits 
 

In this paper, future emissions allowances are assumed to be allocation according to a 
contraction and convergence (Meyer, 2000) approach. The allowances are assumed to 
follow a linear trend from their present per capita level for industrial regions and the per 
capita emission by 2012 for developing regions towards an equal per capita allocation by 

 3



2050. The per capita emission allowances are then assumed to follow the per capita 
emission profile towards the stabilization target. Only carbon dioxide is considered but 
the analysis could be extended to include other greenhouse gases.  
 
2.2 Energy-economy model 
 

The GET 1.1 global energy-economic model developed by Grahn (2002) is a 
regionalized version of the GET 1.0 (Azar et al., 2000). The model is a linear 
programming model composed of three different parts: the primary energy supply, the 
final energy demand, and the energy conversion system. The energy demand is 
exogenous for three end-use sectors - transportation fuel, electricity and direct fuel. The 
energy technology system has two components: technologies for production of energy 
carriers and technologies for distribution and use of transportation fuels. All technologies 
have their own characteristics in terms of investment costs (the estimation of costs are 
intended to reflect the situation once the technologies are mature), lifetime, efficiency, 
and load factor, Appendix 1. The model is set up to meet the exogenous energy demands 
with the lowest energy system cost. 

 
Future levels of population growth, GDP, electricity and direct fuel are assumed to 

follow the C1 scenario developed by IIASA/WEC characterized as being ecologically 
driven  (Nakićenović et al., 1998). Transportation fuel demand is separated into fuel 
demand for personal transportation and goods transportation. The energy requirement is 
derived from transportation activities measured as person-km (pkm) and ton-km (tkm) 
and energy intensities measured as MJ pkm-1 and MJ tkm-1 (more details can be found in 
Azar et al, 2000) 

 
The model generates an equal per capita emission trajectory towards an atmospheric 

stabilization target for CO2. The model also generates per capita emission profiles for the 
regions: North America (NAM), Western Europe, Pacific OECD, Former Soviet Union, 
Central and Eastern Europe, Africa, Other Pacific Asia, Latin America, Centrally planned 
Asia including China, and South Asia. 

The stabilization target for CO2 can be met by CO2 sequestration and by fuel 
switching, i.e., the CO2 emissions is reduced by either expanding the production of non 
carbon emitting energy sources such as wind, biomass and hydro, or shifting from fuels 
with high carbon-to-energy ratios (such as coal) to fossil fuels with lower carbon-to-
energy ratios (such as natural gas). 
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For each emission profile the model generates the CO2 emission permit price, in 
effect the carbon tax required to bring the aggregated emissions into compliance with the 
CO2 stabilization target.  

 
Each region in the model may only emit more carbon than their allocated emission 

rights allow if another region is willing to sell the corresponding number of permits, 
thereby forcing the seller region to reduce its domestic emissions beyond the required 
commitment. This is modelled as if the same carbon tax were applied to all regions. It is 
assumed that the suppliers of permits are sufficiently numerous so that no single permit 
seller can affect the price received by withholding permits from the market or demand a 
price over the optimum where the demand and supply for permits reach each other. The 
revenue that a region can derive from selling emission permits is equal to the permit price 
multiplied with the amount of carbon permits sold. 
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Table 2. Main characteristics for the scenarios in this study. All scenarios are gathered from the IPCC database accessible on the web site 
(www.nies.go.jp/cger-e/db/ipcc.html) except the GET 1.1 scenario (see Azar et al., 2000) 
 

Source Scenario ID Characteristics 
 

 Population in 2100 
(billion) 

Accumulated emissions from 1990 
to 2100 
(GtC) 

GET 1.1 Baseline Middle Course 11.7 1218 
GET 1.1 Stab 350 Stabilization of the CO2 conc. at 

350 ppm 
11.7  

  

  

  

  

  

     
    
     
     

405

GET 1.1 Stab 450 Stabilization of the CO2 conc. at 
450 ppm 

11.7 800

GET 1.1 Stab 550 Stabilization of the CO2 conc. at 
550 ppm 

11.7 1100

IIASA/WEC 98 A1            High growth, ample oil and gas 11.7 1318 
IIASA/WEC 98 A2 High growth, return to coal 11.7 1629 
IIASA/WEC 98 A3 High growth, fossil phase out 11.7 975 
IIASA/WEC 98 B Middle Course 11.7 1102 

IMAGE 2.1 Baseline-A Medium scenario, no climate 
related policy 

11.5 1823

IMAGE 2.1 Baseline-B Low scenario, no climate related 
policy 

6.4 1072

IMAGE 2.1 Baseline-C High scenario, no climate related 
policy 

11.5 2314

IS92 IS92a Middle scenario
 

11.3 1500
IS92 IS92b 11.3 1430
IS92 IS92e High scenario 11.3 2190
IS92 IS92f 17.6 1830
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3. BASELINE EMISSIONS VERSUS EMISSION ALLOWANCES 
UNDER A CONTRACTION AND CONVERGENCE APPROACH  
 

The purpose of this section is to analyse when different developing regions business-
as-usual emissions reaches the suggested allocation of emission allowances. These 
regional emission allowances are compared with regional business-as-usual emission 
scenarios from the literature, Table 2. There is substantial difference in the year in which 
the regions’ business-as-usual emissions reach the allocated emission allowances, Table 3 
and Figure 1. 

 
Each region must reduce emissions below business-as-usual if atmospheric 

concentrations of CO2 are to be kept below 350, 450 or 550 ppm. Centrally Planned Asia 
including China is the first region reaching its allowance while it takes a few decades 
more until the business-as-usual emissions in South Asia including India and Latin 
America reaches their emission allowances. Africa on the other hand could continue with 
business-as-usual emissions until the second half of this century without reaching their 
emission allowances.  

However, the industrialized countries have the most stringent reduction requirements. 
The EU, for example, has to reduce the per capita emissions from 2.6 tC capita-1 yr-1 to 
under 0.8 tC capita-1 yr-1 by 2050 to be domestically in compliance with their allowances 
for a 450 stabilization target. Thus, it is the developing countries that could be expected 
to sell emission permits to the industrialized countries under this contraction and 
convergence approach. 

 
 

Table 3.  Dates when Centrally Planned Asia, South Asia, Latin America and Africa 
reach their emission allowances or average global per capita emissions for CO2 
stabilization targets of 350, 450 and 550 ppm. Average, earliest and latest dates are 
presented, expect for Africa where only three scenarios were compared. Business-as-
Usual Emission scenarios from Table 2, is used for the estimations. 

 CPA  SAS  LAM  Africa 
 350 450 550  350 450 550  350 450 550  350 450 550 

Average 2012 2015 2017  2020 2055 2068  2023 2033 2043  2040 2080 2090 
Earliest 2010 2010 2010  2010 2020 2020  2010 2010 2010     
Latest 2020 2030 2040  2030 2070 2090  2040 2070 2090     
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Figure 1. Carbon emissions on per capita basis from combustion of fossil fuels. Historic 
values until 1950 are from Marland et al., 2001). The equal per capita line is an example 
of profile that stabilizes the atmospheric CO2 concentration at 450 ppm. This is compared 
to the business-as-usual (BAU) trajectory and a CO2 abatement trajectory for each region, 
which were generated with the GET 1.1 model. The emission allowances are assumed to 
change linearly from the present per capita emissions in industrial regions and the per 
capita emission by 2012 for developing regions towards the equal per capita allocation by 
2050 (see dashed lines). Note that historic values are not included in the figures for 
Western Europe (WEU) and North America (NAM). 
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4. CARBON PERMIT PRICE AND CARBON REDUCTION COSTS  
 

All numbers presented in this and next sections are generated by the GET 1.1 model 
and they show a scenario where a stabilization target of 450 ppm is adopted. 

 
The energy system costs are higher in the abatement scenarios than in the business-

as-usual scenario since the model is forced to use technologies that are more expensive. 
Further, the energy use in the business-as-usual scenario is assumed to be optimal, which 
means that we have excluded so called no regrets and win-win options. This suggests that 
costs may be overestimated.  

The abatement cost varies between 0 and 2.5% yr-1 of the regions expected GDP, and 
it takes some 50 years before the abatement cost climbs above 1 % of GDP. In net present 
value, the costs of the abatement scenarios for the developing regions are almost 900 
billion US$ (at 1990 prices and exchange rate). This is of course a high cost but 
comparisons with expected future GDP levels suggest that the costs might be 
manageable. The developing regions aggregated GDP are expected to be roughly 34 
higher by the end of this century than in 1990 in the business-as-usual scenario. However, 
with a cost that varies between 0-2.5%, GDP becomes 33 times higher in 2100 in the 
abatement scenario. And with a growth rate of 3% yr-1 GDP would become 34 times 
higher by 2101. Thus, the cost amounts to a delay of roughly a year. Similar observations 
regard the cost of meeting stringent stabilization targets at the global and national level 
has previously been presented (Persson and Azar, 2001; Azar and Schneider, 2001). 

 
As mentioned in the Methodology section, the model generates the CO2 emission 

permit price that are required to bring the aggregated emissions into compliance with the 
450 ppm stabilization target. The computed price of carbon emission permits is 16 US$ 
tC-1 by year 2010, 69 US$ tC-1 by year 2050, and almost 800 US$ tC-1 by the end of this 
century, Figure 2. The scenario was generated under the assumption that the 450 ppm 
target should be met at the least cost, calculated as net present value costs discounted 
with a discount rate of 5 percent yr-1. This means that the permit price grows by 5 percent 
yr-1. This explains the low value in the beginning of the century and the rapid growth and 
eventually high permit price towards the end of the century. These values are uncertain, 
dependent on discount rate (varied from 2 to 10% yr-1) and technological options (carbon 
sequestration allowed or not) the carbon permit price ranges from 60 to 200 US$ tC-1 by 
2050 and from 400 to 1200 US$ tC-1 by 2100. 

 
The potential sales of the permits might, with the suggested contraction and 

convergence approach, be large enough to cover the estimated extra energy costs for the 
developing regions. To this aspect, the analysis turns below. 
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Figure 2. Price of emission permits (US$ tC-1) development for 
a 450 ppm CO2 stabilization target.   

 
 
5. POTENTIAL REVENUES FROM CARBON TRADING 
 

Whether the developing regions will gain or not on carbon trading, depends on how 
the permits are allocated. With a contraction and convergence allocation as suggested in 
this paper, each developing region except Centrally Planned Asia may sell emission 
permits to mainly industrialized countries during almost the whole century if they abate 
their CO2 emissions according to the abatement scenarios in Figure 1. SAS could buy 
emission permits after 2080 while LAM and Africa could sell emission permits 
throughout the century. 

 
The revenues to Africa, Latin America and South Asia from selling of emission 

permits, to the price shown in Figure 2, increase up to a few percent of the assumed GDP, 
Figure 3. Centrally Planned Asia on the other hand is purchasing emission permits from 
other regions during the whole commitment period. 

 
However, changing the energy system from the business-as-usual scenario to the 

carbon abatement scenario increases as mentioned the energy system cost. By 2050 the 
revenues to SAS, LAM and Africa from selling of emission permits could correspond to 
about 0.5-2% of the regional GDP while the extra energy system cost corresponds to 
about 1% of the GDP. For SAS and Africa, there are net benefits with the trading until 
2060-2080, i.e., the revenues are higher than the extra energy system costs. On the other 
hand, the extra energy system cost in CPA and LAM is higher than the revenues from 
trading during the whole century.  
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In absolute numbers, the aggregate net present value of revenues for all analysed 
developing regions from selling of emission permits could be about 400 billion (109) US$ 
during the period 2020-2100, which could be compared to the net extra energy system 
cost, approximately 900 billion US$, Figure 4. 
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Figure 3. Revenues from the sales/purchases of emission permits, and extra energy 
system cost as percent of GDP for the carbon abatement scenarios leading to stabilization 
of the CO2 concentration at 450 ppm. CPA purchases emission permits from other 
regions for a cost corresponding up to 0.5 percent of the GDP. The other developing 
regions sell emission permits to CPA and industrialized countries. However, the change 
of the energy system from the reference scenario to a carbon abatement scenario could 
increase the energy system cost corresponding up to a few percent of the regions GDP. 
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Figure 4. Extra energy system cost for changing the energy system from the business-as-
usual scenario to the abatement scenario, and revenues from trading (billion 1990 US$). 
 
 
6. DISCUSSION AND CONCLUSIONS 
 

In this paper, a contraction and convergence approach for emission allowances have 
been analysed. The regional per capita emission allowances are assumed to develop 
linearly from the present levels in industrialised countries and from the 2020 per capita 
emission levels in developing countries to 2050 when they converge with an equal per 
capita emission profile towards the CO2 stabilization target of 350, 450 or 550 ppm, 
respectively.  The analysis has had two main objectives. First, to estimate when business-
as-usual emission scenarios for CO2 in four developing regions reach the suggested 
emission allowances. Second, to estimate the economic implications on the developing 
regions following the allocation of emission quotas. 

 
The analysis indicates that the business-as-usual emission scenarios for Centrally 

Planned Asia including China reach the suggested allowances by 2010-2040. Latin 
America’s and South Asia’s (including India) business-as-usual emission scenarios 
reaches their allowances a few decades later than CPA, while Africa’s business-as-usual 
emissions reach the allocated emissions rights during the second half of this century. In 
the same time, the suggested allocation approach requires toughest challenges for the 
industrialized countries. The U.S., for example, has emission allowances that require that 
their per capita emissions have to be abated from more than 5 tC capita-1 yr-1 by 2010 to 
less than 0.8 tC capita-1 yr-1 by 2050. The developing countries could therefore be 
expected to be sellers of emission permits to the Western world.  

A stabilization of the atmospheric CO2 concentration at 350, 450 or 550 ppm could 
thus not be achievable without carbon dioxide abatement in both developed and 
developing countries. 
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Economic analyzes, including this, clearly show that the economic cost of stabilizing 
the atmospheric concentration of CO2 will be lower if developing countries adopted 
abatement targets under the United Nations Framework Convention on Climate Change 
already from the beginning. However, since it is the developed countries that have caused 
most of the emissions so far, they should bear the main costs, at least in the initial phase. 
This could be done by offering a generous allocation of emissions allowances to 
developing countries for the coming decades, maybe along the lines sketched in this 
paper. 

 
Almost all developing regions, except CPA, can sell emission permits during almost 

the whole century by accepting the suggested contraction and convergence allocation 
approach. The net economic benefits for the developing regions could be high before 
2060, while the benefits are smaller after 2060. The developing countries might, hence, 
have economic incentives for an early involvement in a protocol that could foster their 
energy systems to be less CO2 emitting. 

 
The results presented in this paper are part of an ongoing research project. In the near 

future, it would be extended with more extensive sensitivity analysis.  
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Appendix 1. Capital costs and conversion efficiencies 
 
These estimates are intended to reflect the efficiency and the cost of the technologies 
once they are mature.  
 
Table A.1. Energy conversion into electricity 

Fuel Conversion efficiency
% 

Capital costs 
USD/kWe 

Coal 50 1300 
Oil 50 1000 

Natural gas 60 700 
Biomass 50 1300 

Hydrogen 70 1300 
PV n.a 1200 

Wind n.a 600 
Hydropower n.a 1000 

 Sources: The estimates are based on various sources, including Gustavsson (1997), ABB (1998), Neij 
(1999), IPCC (1996), Larson and Marrison (1997).  
 
Table A.2. Energy conversion into heat 

Fuel Conversion efficiency
% 

Capital costs 
USD/kWTh 

Coal 90 300 
Oil 90 100 

Natural gas 90 100 
Biomass 90 300 

Hydrogen 90 100 
Source: Rounded from Gustavsson (1997) for all fuels but hydrogen, which we set  
equal to natural gas.   
 
Table A.3. Energy conversion into hydrogen and methanol 
Primary energy 

source 
H2 Conversion 
efficiency (a) % 

H2 Capital costs
USD/kWH2 

MeOH Conversion 
efficiency (a) % 

MeOH Capital costs
USD/kWMeOh 

Coal 65 1300  60 1300 
Natural gas 85 400 70 500 

Biomass 65 1300 60 1300 
Solar hydrogen n.a  2000 n.a n.a 
(a) The conversion efficiency is defined as higher heating value of the energy contained in the product 
divided by the higher heating value of all energy inputs to the process assuming that all external energy 
requirements are provided using the same type of fuel as the feedstock 
(b) We have not included any running costs in our estimates of the total cost of hydrogen. However, these 
are generally small (some 10-20%) compared with the overall cost. 
Source: Conversion efficiencies are from Larson (1993) and Williams et al (1995), capital costs are based 
on Thomas et al (1997), Ogden et al (1999).  
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