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Abstract
This thesis consists of an introduction and six self-contained papers addressing the economics 
of electric power generation and climate policy. Paper I explores systematically the use of 
spatial econometric techniques in testing for convergence of CO2 emissions per capita across 
countries. Giving weight to spatial dependence in the data, our main findings suggest that 
there appears to be a spatial relationship in explaining environmental convergence. We find 
evidence for both sigma and conditional beta convergence of per capita CO2 emissions. Paper
II discusses how the design of climate policy in a small open economy may affect the 
internalization of carbon-related external costs and ultimately the social choice between 
different power generation technologies. The results show that the social cost of power 
generation technologies in Sweden will be significantly influenced by the choice of climate 
policy regime. If Sweden would abandon its present national target for CO2 emissions and 
instead make full use of the country’s participation in international emissions trading, natural 
gas-fired power would replace onshore wind power as the power generation source with the 
lowest social cost. Paper III analyzes the costs for reducing CO2 emissions in the power-
generating sectors in Eastern Europe by using a linear programming model. The model takes 
into account the impact of technology learning and the underlying assumptions of the RAINS 
model. The results, based on a 15 percent reduction target for CO2 emissions, show that the 
marginal cost of switching to either a low-carbon or to a renewable energy source differs 
significantly among the countries. The results also indicate that the Eastern European 
countries are not homogeneous in terms of CO2 abatement potential and costs. This may have 
important implications for future JI activities. Risk factors such as policy uncertainty and 
institutional obstacles may become crucial in determining the future allocation of JI/CDM 
projects across the region. Paper IV analyzes the impact of climate policy and technology 
learning on future investments in the Swedish power sector. Methodologically we assess the 
lifetime engineering costs of different power-generating technologies in Sweden, and analyze 
the impact of carbon pricing on the competitive cost position of these technologies under 
varying rate-of-return requirements. We also argue that technological learning in the Swedish 
power sector is strongly related to the presence of inter-national learning and R&D spillovers. 
The results suggest that renewable power will benefit from existing EU climate policy 
measures, but overall additional policy instruments are also needed to stimulate the diffusion 
of renewable power. Moreover, wind power may gain considerable competitive ground due to 
international technology learning impacts. Paper V analyzes how market and policy 
uncertainties affect the general profitability of new investments in the Swedish power sector, 
and investigate the associated investment timing and technology choices. We develop a 
simple economic model for new investments in power generation and by simulating and 
modeling policy effects through stochastic prices the results suggest that bio-fuelled power is 
the most profitable technology choice in the presence of existing policy instruments. The 
likelihood of choosing gas power increases over time at the expense of wind power due to the 
relative capital requirement per unit of output for these technologies. Overall the results 
indicate that the economic incentives to postpone investments into the future are significant. 
Finally, Paper VI analyzes the role and the nature of price-induced switching behavior 
between fossil fuels in the western European power sector, as well as the fuel choice impacts 
of a number of public policies implemented in this sector during the last 20 years. The 
analysis is conducted within a Generalized Leontief cost function framework. The empirical 
results indicate a rejection of the null hypothesis of zero ex post fuel substitution, and show 
evidence of notable short-run interfuel substitution between oil and gas. The results also 
illustrate that different public policies have had profound impacts on fossil fuel choices and 
they have in particular favored power generation gas use. 
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Preface
 

 

 

1. Introduction 
The overall theme of this thesis is the economics of power generation and climate policy. 

Special attention is given to technology choices and the diffusion of renewable energy sources 

in the electric power sector in Europe in the presence of climate and energy policies. 

The Kyoto Protocol, adopted in 1997 by a majority of the world’s countries, is the 

starting point of the mitigation of greenhouse gas emissions on a world-wide basis. Since the 

Protocol does not explicitly specify how reductions should be made, it is up to individual or 

constellations of nations to decide what instruments should be used to comply with the 

emission reduction targets. One solution is to increase the share of renewable energy sources 

and decrease the dependence on fossil-fuel based energy consumption in Europe, and this is 

also addressed in the most recent policy proposal in the European Union – the so-called 20-

20-20 plan (European Commission, 2008a). The proposal aims at reducing greenhouse gas 

emissions by 20 percent, increase energy efficiency by 20 percent and increase the amount of 

renewable energy to 20 percent, all of these by the end of 2020. These planned targets largely 

complement previous commitments made at the Kyoto and Rio meetings. 

In Europe, policies directed towards the mitigation of greenhouse gases exist both on a 

European Union level as well as within individual countries. One of the major challenges for 

a country is how to translate nation-wide emission reduction targets to the micro level, i.e., 

implement policy objectives in individual sectors of the economy in a cost-effective manner. 

Generally cost-effectiveness in carbon abatement implies the introduction of uniform price on 

carbon dioxide across the entire economy. However, in a small open economy such a policy 

may prove inefficient due to the presence of so-called carbon leakage and the associated 

increase in emissions elsewhere in the world. Sweden is a good example of this, and during 

the 1990s several sectors of the Swedish economy faced a rather high carbon tax, while the 

electric power sector and other export-intensive sectors where exempted from the tax (e.g., 

Bergman, 1996). Still, the introduction of the European Union Emissions Trading Scheme 

(EU ETS) in 2005 made it possible for the energy intensive sectors in the EU to trade carbon 

dioxide emissions allowances within as well across countries. Thus, EU ETS implies that the 

power sector in Sweden now faces an explicit economic incentive to reduce carbon emissions.  
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Despite the lack of climate policy action in the electric power sector in the past, this 

sector represent in many ways an interesting target for climate policy action. Not only is the 

electric power sector one of the major sources of carbon emissions (in 2005 the transportation 

and power generation sectors accounted for the highest shares of emissions of carbon dioxide, 

27 and 35 percent respectively (European Commission, 2008b)), it is also a sector that 

possesses a number of characteristics that makes it suitable for climate policy purposes. In 

relation to other sectors, the electric power sector consists of relatively few stationary sources, 

something which makes it easier to target than, for example, the transportation sector. The 

power sector also provides much more flexibility in fuel choices than do most other sectors. 

 At the same time as technology choice in the power sector is affected by climate policy, 

other policies explicitly directed to the sector also affects fuel choice behavior. Examples of 

this, currently in place in various European countries, are the renewable electricity feed-in 

tariffs in e.g. Denmark and Germany, and the green certificate scheme in e.g. Sweden. Both 

these types of schemes support market-penetration of renewable energy sources. The above 

climate and energy policies change the conditions for both existing power generators as well 

as prospective investors. Ultimately this affects the choice of power generation technology, 

and this thesis aims at increasing our knowledge about these impacts.  

 

2. Climate Policy and Power Generation Technology Choice 
2.1 Multi-Lateral Responses to Climate Change 

Human-induced climate change stems largely from the combustion of fossil-fuels and the 

corresponding emissions of carbon dioxide and other greenhouse gases. If emissions continue 

to accumulate in the atmosphere the overall global warming impact is likely to cause a rapid 

change of the earth’s climate. Based on climate modeling, a doubling of pre-industrial levels 

of greenhouse gases in the atmosphere would cause the earth’s temperature to increase in the 

range of 2-5°C somewhere between 2030 and 2050 (Stern et al., 2007). The effect of such a 

temperature increase could imply rising sea-levels, changed access to water, land use and 

food, and serious impact on the lives of billions of human beings. In light of these negative 

climate impacts, international climate policies aim at reducing the levels of greenhouse gases 

in the atmosphere.  

 The first step towards a multi-lateral recognition of human-induced climate change 

came 1990 with the first in a row of Assessment Reports from the Intergovernmental Panel on 

Climate Change (IPCC), a joint creation by the United Nations Environmental Programme 
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and the World Meteorological Organization (IPCC, 2001). The report concluded that human 

activities were a likely cause to climate change. This contributed to that the United Nations 

Framework Convention on Climate Change (UNFCCC), in its meeting in Rio de Janeiro in 

1992, agreed on a number of multi-lateral actions (Stern et al., 2007). These included, for 

example, that greenhouse gas concentrations should be stabilized and that the developed part 

of the world would take a lead in undertaking mitigating efforts. Developing countries were 

not left out from responsibility; instead they would be given help by the developed countries 

to reduce emissions. The next step in the process – and the step that would set the specific 

commitments for each country – was the 1997 Kyoto Protocol. So far the Protocol has been 

ratified and enforced by a majority of the world’s countries, but large emitters such as the 

USA and Australia has so far not agreed upon the proposed reductions. 

 The climate change forecasts from the IPCC reports build on long-term forecasts of 

carbon dioxide and other greenhouse gas emissions, and these forecasts are the results of 

extensive modeling efforts. Since greenhouse gases accumulate in the atmosphere regardless 

of where the emitting source is located, the geographical aspect of emissions is of little 

importance when it comes to climate change impacts. However, the long-term forecast of how 

carbon dioxide emissions are distributed among countries is of greater importance when it 

comes to the political economy of multi-lateral agreements on climate policy. The principal 

questions in regards to the distribution of per capita carbon emissions are: do emission levels 

in similar countries tend to increase or decrease at the same speed, and will emissions 

converge to a similar level? Will emissions in one country depend on the emission levels in 

another, i.e., will one country be influenced by policies and trade patterns in another? Will a 

decrease of emissions in one country mean that another country emits more? Questions like 

these are important to address since the effect of climate policy measures in one country could 

‘spill over’ to another country in terms of mimicking a behavior, as well as in terms of 

transfer of technologies and also transfer of industrial production.  

In addition, the difference in abatement cost and measures amongst countries imply that 

it could be more efficient for a high-cost country to abate emissions in countries where 

abatement costs are lower. The Kyoto Protocol mentions that abatement could be made by 

using the so-called flexible mechanisms, of which emissions trading through, for instance, the 

EU ETS is one. The other mechanisms are Joint Implementation (JI) and Clean Development 

Mechanism (CDM). These mechanisms imply, for example, that EU countries could invest in 

carbon dioxide reduction in other, e.g., Eastern European, countries and earn emission credits. 

This in turn implies that countries like Sweden  in which the marginal cost of carbon dioxide 
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reductions is relatively high (e.g., Bergman and Radetzki, 2003)  can identify lower cost 

mitigation alternatives in Eastern Europe. Presently, the Swedish national climate policy does 

not allow such reduction measures, i.e., Swedish emitters cannot abate elsewhere and take 

credit for these investments in Sweden. Swedish climate policy thus only addresses emissions 

made on Swedish soil, even though it could be cheaper for a country such as Sweden to abate 

emissions elsewhere (e.g., Carlen, 2004; Hill and Kriström, 2005). 

 The first part of this thesis addresses some of the above issues. Paper I analyzes the 

geographical and spatial distribution of carbon dioxide emissions. This particular issue could 

have a number of impacts on the formulation of climate policy. For example, the IPCC 

models focuses on the time-path of greenhouse gas emissions and acknowledge that the effect 

of emissions does not depend on the geography, but failing to assessing the geographical 

dimension of emissions could affect the acceptance of abatement efforts. This could simply 

imply that if individual countries’ emission levels converge to the same level over time, 

developing countries – which currently have lower abatement requirements than developed 

countries – could be keener to accept reduction obligations (Aldy, 2006). The analysis also 

shows that there is evidence of a spatial relationship between the emissions in neighboring 

countries. The empirical analysis in our paper can however not shed light on whether these 

effects are due to technology transfers or mimicking of policy. 

 Since the developing part of the world and economies in transition could become key 

factors for abatement – through the flexible mechanisms in the Kyoto Protocol and the EU 

ETS – the issues related to how countries choose to make use of the flexible mechanisms and 

how effective, or to what cost, abatement in economies of transition could be, are addressed in 

Papers II and III. Paper II analyzes how the Swedish formulation of climate policy, i.e., its 

national climate policy formulation, affects the internalization of external costs that stems 

from power generation. In detail, the Swedish Government has decided to not fully utilize the 

flexible mechanisms and only allow emitters to take credit for emissions made on Swedish 

soil. A trading (EU ETS) and a non-trading sector are created within the country, and there 

are large differences in abatement costs across these sectors. The national goal implies that 

any emissions increase in the trading sector must be followed by a corresponding decrease in 

the non-trading sector. The overall result indicates that the social choice between different 

power generation technologies in Sweden would change significantly if Sweden abandoned 

this goal.  

Paper III analyzes the potential for renewable electric power generation in Eastern 

Europe, thus essentially the potential for JI efforts. While it is evident that there are large 
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differences in abatement costs among these countries, no country stands out as a particular 

low-cost country. In addition, there are other factors, for example political stability, that will 

determine the overall cost-effectiveness for foreign power generation investments in the 

Eastern European countries. 

 

2.2 Technology Choice in the Electric Power Industries 

As was mentioned in the introduction, the power sector is targeted for climate policy actions 

for a number of reasons where the most important ones are that it contributes to a large share 

of the world carbon dioxide emissions, and that it consists of relatively few stationary sources. 

Yet another important aspect is that the power sector provides much more flexibility than do 

most other energy uses. Flexibility means both the option of using different energy sources 

such as steam-electric, hydro, nuclear, wind, solar, tidal, etc., but also the flexibility of short-

term fuel switching within existing plants. 

 In general, a power generator has a number of options in terms of fuel and technology 

choices. The first option is simply to build a new power plant (for example, a gas-fired plant 

or a park of wind mills). The technology choice depends on a multitude of variables ranging 

from fuel price-differentials to construction lead times and approval processes. 

 Constructing a new plant is however not the only option. For a generator, when reaching 

the end of the plants life length, the choice stands between building a new plant or refurbish 

the existing one. This will in the end depend on the difference between the total cost for 

building a new one and the avoided (variable) cost of the existing plant. In the latter case the 

investment costs are sunk, and it could be profitable to simply extend the life length of the 

existing plant and even implement incremental capacity additions. This could imply extending 

the life length of existing nuclear capacity, and replacing old coal-fired capacity with carbon 

capture technology. 

A final option for a generator is to consider investing in technical capability for 

switching between different fuels in existing plants. This is possible in the case of fossil-fuel 

fired plants where for example a coal plant can invest in technology that makes it possible to 

also combust oil and/or natural gas. It is thus important to bear in mind that the reduction of 

emissions through climate policy is not only a question of constructing and introducing new 

(renewable) energy technologies at new sites. The existing installed capacity is of great 

importance for security of supply reasons and cannot simply be replaced in the nearest 

coming decades. Climate policy must thus take into consideration this path dependence of the 

electricity system, and the opportunities and/or obstacles that exist within the sector. 
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During the last decades, the technologies used in the European power sector have varied 

in importance mainly due to, for instance, worldwide crises such as the oil crises in the 1970s 

and environmental concerns such as the global warming debate that emerged during the 

1990s, but also from the liberalization of the energy markets. Figure 1 depicts total power 

generation output by fuel input (technology) in OECD Europe from 1971 until 2007. 
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Figure 1: Power Generation by Source in OECD Europe 1971-2007. 

Source: IEA (2008) 
 Note: Other renewables include electric power generated from solar, tide, wave, ocean, and wind power. 

 

As the figure indicates, the use of coal-fired power generation has remained fairly stable 

since the 1970s, but its share of total generation has decreased over time. The oil crises in the 

1970s caused an expansion of nuclear power at the same time as oil-fuelled power went 

down. The increase of natural gas-fired power generation in the beginning of the 1990s was 

due to a number of reasons. Technology breakthroughs that made gas-fired power a cheap and 

attractive power source; liberalization and privatization of energy markets; discovery of large 

gas resources; and, the removal of an EU Directive that limited the use of natural gas 

purposes, together contributed to the increase. If hydro power is excluded, the share of other 

renewable energy sources in the total European power sector has been fairly low over the last 

four decades.  
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The fuel and technology choices in the power sector have thus varied over the past and 

one intriguing question is how future technology choices will develop and to what extent 

various policy efforts will influence these choices. It is not necessary that future emissions 

targets will be met by using renewable energy technologies. This will ultimately depend on 

the cost of power generation, which in turn is determined by a multitude of variables where 

policy is one of the most important ones. It is also important to bear in mind that the 

technology cost also is driven by the development of new or more efficient power generating 

technologies.  

The climate and energy policy impacts on power generation fuel choice and investments 

in new power generation technologies are analyzed in the second part of the thesis. Papers IV 

and V analyze how climate policy affect new investments in power generation in Sweden. 

The main focus in these papers is the effects of policy uncertainties and the future technology 

cost development. While these papers address the issue of new investments, the final paper, 

Paper VI, analyzes short-term fuel substitution in existing power generation capacity in the 

European power sector. 

 

3. Summary of Papers
Paper I:  Environmental Convergence: A Spatial Econometric Approach  

The purpose of this paper is to explore systematically the use of spatial econometric 

techniques in testing for convergence of carbon dioxide emissions per capita. This is done by 

first surveying the existing literature covering the various concepts of environmental 

convergence, and secondly we perform a number of regressions with and without spatially 

weighted explanatory variables, examining a data set of 134 countries between 1990 and 2005 

for beta and sigma convergence. Our findings suggest that in reality most of the data sets used 

involve the use of spatial data. It therefore seems plausible to suggest that observations drawn 

from geographically neighboring locations might be more closely related than those taken 

from geographically distant ones. Checks for proximity-based relationships have seldom, if 

ever, been performed in the previous environmental literature. Giving weight to spatial 

dependence in the data, our main findings suggest that there appears to be a spatial 

relationship in explaining environmental convergence. We find evidence for both sigma and 

beta convergence of per capita carbon dioxide emissions, i.e., the globally dispersion of per 

capita emissions has decreased and countries move over time to the same level of per capita 

emissions. 
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Paper II:  Climate Policy and the Social Cost of Power Generation: Impacts of the 

Swedish National Emissions Target 

The purpose of this paper is to discuss how the design of climate policy in a small open 

economy may affect the internalization of carbon-related external costs and ultimately the 

social choice between different power generation technologies. Empirically we focus on the 

Swedish case and analyze three climate policy regimes, out of which two represent different 

national goal formulations and thus compliance strategies. The results show that the social 

choice between power generation technologies in Sweden will be significantly influenced by 

the choice of climate policy regime. Most notably, if Sweden would abandon its present 

national target for carbon dioxide emissions and instead make full use of the country’s 

participation in international emissions trading, natural gas-fired power would replace onshore 

wind power as the power generation source with the lowest social cost. The analysis also 

illustrates how the role climate policy role of the green certificate scheme is altered with an 

abandonment of the national emissions target.  

 

Paper III: Carbon Pricing and the Diffusion of Renewable Power Generation in Eastern 

Europe: A Linear Programming Approach 

The purpose of this paper is to analyze the costs for reducing carbon dioxide emissions in the 

power-generating sectors in Croatia, the European part of Russia, Macedonia, Serbia and the 

Ukraine in 2020 by using a linear programming model. The model takes into account the 

impact of technology learning and is based on the underlying assumptions of the so-called 

RAINS model frequently used to assess the potential and the costs for reducing air pollution 

in Europe. The results based on an exogenously given 15 percent reduction target for carbon 

dioxide emissions show that the marginal cost for switching from a carbon-intense fuel to 

either a low-carbon or to a renewable energy source differs significantly among the countries. 

The marginal costs range from 4 to 90h per ton carbon dioxide, and are mainly due to country 

differences in the availability of renewables, existing technologies and costs. The results also 

indicate that although it is clear that the Eastern European countries are not homogeneous in 

terms of carbon dioxide abatement potential and costs, no general conclusions can be made of 

the region. This may have important implications for future JI/CDM activities. For instance, 

risk factors such as policy uncertainty and institutional obstacles may become crucial in 

determining the future allocation of JI/CDM projects across the region. 
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Paper IV: Power Generation Investment in the Presence of Climate Policy and 

Technology Learning: The Case of Sweden 

The overall objective of this paper is to analyze the impact of climate policy and technology 

learning on future investments in the Swedish power sector. Methodologically we assess the 

lifetime engineering costs of different power generation technologies in Sweden, and analyze 

the impact of carbon pricing on the competitive cost position of these technologies under 

varying rate-of-return requirements. We also argue that technological learning in the Swedish 

power sector – not the least in the case of wind power – is strongly related to the presence of 

international learning and R&D spillovers, and for this reason capacity expansions abroad 

have important influences of the future cost of power generation in Sweden. The results 

suggest that renewable power will benefit from existing EU climate policy measures, but 

overall additional policy instruments (e.g., green certificate schemes) are also needed to 

stimulate the diffusion of renewable power. Moreover, under a recent European Commission 

scenario and using estimated learning rates for wind power and CCGT, wind power gains 

considerable competitive ground due to international technology learning impacts. These 

latter results are however very sensitive to the assumed learning-by-doing rates for wind 

power and CCGT, respectively. 

 

Paper V:  The Economics of Power Generation Technology Choice and Investment 

Timing in the Presence of Climate Policy 

The purpose of this study is to analyze how market and policy uncertainties affect the general 

profitability of new investments in the Swedish power sector, and investigate the associated 

investment timing and technology choices. We develop a simple economic model for new 

investments in three competing energy technologies in the Swedish electric power sector. The 

model takes into account the policy impacts of the EU ETS and the Swedish green certificate 

scheme. By simulating and modeling policy effects through stochastic prices the results 

suggest that bio-fuelled power is the most profitable technology choice in the presence of 

existing policy instruments and under our assumptions. The likelihood of choosing gas power 

increases over time at the expense of wind power due to the relative capital requirement per 

unit of output for these technologies. Overall the results indicate that the economic incentives 

to postpone investments into the future are significant. 
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Paper VI:  Fuel Switching and Climate and Energy Policies in the European Power 

Generation Sector: A Generalized Leontief Model 

The purpose of this paper is to analyze: (a) the role and the nature of price-induced switching 

behavior between fossil fuels (i.e., coal, oil, and natural gas) in the western European power 

sector; as well as (b) the fuel choice impacts of a number of public policies implemented in 

this sector during the last 20 years. The analysis is conducted within a Generalized Leontief 

cost function framework, and employs pooled data across eight countries over the time period 

1978-2004. We present short-run own- and cross-price elasticities of fossil fuel demand, and 

an assessment of the impacts of a set of environmental and electricity regulation policies 

implemented over the time period. The empirical results show evidence of notable short-run 

interfuel substitution between oil and gas. These findings support the notion that ex post fossil 

fuel substitution takes place in dual- and multi-fired plants, by switching load between 

different single-fuel-fired plants, as well as through the conversion of power plants to be able 

to burn alternate fuels. The results also illustrate that different public policies – e.g., sulfur 

dioxide regulations, carbon emission trading, electricity market liberalization etc. – have had 

profound impacts on fossil fuel choices and have in particular favored power generation gas 

use.  

 

4. General Conclusions 
This thesis deals with the economics of climate policy and power generation. The first part of 

the thesis focuses on climate policy at the international and national levels. First of all, the 

findings from the individual studies suggest that there is evidence of convergence of per 

capita carbon dioxide emissions, a global convergence that is less sensitive for initial emission 

levels than for spatial lag processes. This suggests that the emission growth rate in one 

country is highly influenced by the emission growth rate in a neighboring country. It is thus 

possible that decreases in one country’s emissions do not necessary mean increases some-

where else (i.e., carbon leakage), it rather points to decreases in the neighboring countries. 

Therefore, countries could be mimicking each other’s climate policies, i.e., in order to reduce 

the cost for implementing a policy one country could take advantage of the climate policies in 

another, neighboring country. This mimicking behavior could cause similar emission growth 

rates in neighboring countries. Overall, there is evidence of sigma convergence, i.e., the 

globally dispersion of per capita emissions has decreased. There is however little evidence of 

regional convergence.  
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In the first part it is also evident that the formulation of a national climate policy can 

have some important implications that an international climate agreement might not have. 

The nature of the climate impacts that stems from the combustion of fossil fuels makes 

climate change a global problem that needs attention and cooperation from all countries. Even 

though emission abatement should primarily be financed by developed countries this does not 

necessarily mean that emissions must be made within developed countries. Richer countries 

could instead invest in poorer countries and take credit for the abatement, and at the same 

time transfer technology and knowledge. The current climate policy regime in Sweden does 

not allow policy offsets such as JI and CDM and this unintentionally affects the social choice 

between power technologies in the electric power sector. The formulation of Swedish policy 

affects the internalization of carbon-related external costs from the power sector, and this 

seriously alter the social choice between different technologies. For example, given the 

current regime in Sweden, onshore wind power stands out as an economically efficient 

alternative. If Sweden instead took full use of the Kyoto mechanisms and EU ETS, gas-fired 

power would imply lower social costs for society.  

 In the second part, the focus lies on the effects of climate policy on the economics of 

power generation. Power generators that aim at investing in new capacity are affected by 

different policy decisions. Uncertainty is a key factor that must be limited in order for 

generators to be able to make clear and consistent decisions on what to invest in. If too much 

uncertainty surrounds the power industry, new technologies could attract too little investments 

and the consequences are that these technologies have difficulties in reaching its mature state, 

a state where its costs drops to a competitive level. For a power generator this could translate 

in increased incentives to re-invest in existing technologies, prolonging the life length or 

convert coal-fired plants to gas-fired units, or utilize carbon capture technology, altogether 

postponing the introduction of renewable energy power technologies.  

When considering the competition between existing power generation technologies such 

as natural gas-fired power generation and new renewable electric power generation such as 

bio-fuelled and wind power, the results in this dissertation point in the direction that gas-fired 

power is a competitive option, also after having considered the impacts of climate policy. One 

important policy implication of the results is that if governments strive to increase the share of 

renewable power in the power system, key uncertainties that stem from public policy must be 

reduced. Presently, wind and bio power are dependent on existing support if they are to be 

competitive with gas-fired power. Bio-fuelled power could win ground over wind and gas 

power due to the EU ETS and the green certificate scheme at the same time as choosing gas 
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over time increases at the expense of wind power, foremost due to the fact that wind power is 

more capital intensive.  

Finally, there is also evidence of ex post fuel-switching behavior amongst European 

power generators. Generators can switch load in existing plants, and convert plants to be able 

to burn other fuels. In particular there is notable evidence for substitution between oil and gas 

over the last 30 years. All in all, public policies have had significant impacts on short-term 

fuel choice behavior. This could become important when designing future climate policies, as 

well as when, making predictions of the future EU ETS price. In particular, this proves the 

point that the existing installed power generation capacity cannot be left out from the equation 

when analyzing the climate policy impacts on power generation fuel and technology choices. 
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Abstract 

The purpose of this paper is to explore systematically the use of spatial econometric 
techniques in testing for convergence of carbon dioxide emissions per capita, and to survey 
the literature on the convergence of emissions per capita. This is done by first survey the 
existing literature covering the various concepts of environmental convergence, and secondly 
we perform a number of regressions with and without spatially weighted explanatory 
variables, examining a data set of 134 countries between 1990 and 2005 for beta and sigma 
convergence. Our findings suggest that in reality most of the data sets used involve the use of 
spatial data. It therefore seems plausible to suggest that observations drawn from 
geographically neighboring locations might be more closely related than those taken from 
geographically distant ones. Checks for proximity-based relationships have seldom, if ever, 
been performed in the previous environmental literature. Giving weight to spatial dependence 
in the data, our main findings suggest that there appears to be a spatial relationship in 
explaining environmental convergence. We find evidence for both sigma and beta 
convergence of per capita carbon dioxide emissions. 
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1. Introduction 
Convergence of per capita income among countries is a widely discussed topic in the 

empirical economics literature. In line with the increasing interest in climate change and 

climate policy impacts, the question whether there also exist environmental convergence 

amongst nations has rendered interest. Environmental convergence implies for instance that 

countries with low levels of per capita emissions tend to increase their emissions over time, at 

the same time as countries with higher levels of per capita emissions decreases over the same 

time. Over time countries would thus have the same emission levels. This definition of 

convergence is commonly referred to as beta-convergence, while sigma convergence refers to 

a reduction in the spread of dispersion of a data set over time. In general, beta convergence is 

a necessary but not sufficient condition for sigma convergence.  

The convergence of pollutants such as carbon dioxide emissions (CO2) is of limited 

importance when it comes to climate impact since the damage is unconditional upon where 

emissions originate from. It is, however, of greater political importance. Some argue that 

industrialized countries with higher per capita emissions should make more efforts in curbing 

emissions, than developing countries with low per capita emissions. Therefore, if convergence 

among industrialized countries became a fact, mitigation from developing countries could 

become easier to implement. Global climate agreements and obligations based on per capita 

emissions schemes instead of the current based on wealth could gain a wider acceptance 

among both industrialized and developing countries (Aldy, 2006). However, it is not certain 

that such a policy would be fair. Emissions from combusting fossil fuels are based on a 

country’s economy and natural resource endowment and if emissions converge over time, 

large transfers of wealth and adjustment in costs would become necessary (Stegman, 2005; 

Barassi et al., 2008). The current global climate change agreements rest upon predictions 

generated from large-scale climate models. Several of these models make assumptions that 

emissions and other variables such as energy use and income should converge over time. If 

emissions de facto were not to convergence, predictions from such models would turn to be 

incorrect. 

So far, the environmental converge hypothesis has been tested using a wide variety of 

methodological approaches. In some of the first studies, convergence of emissions was 

studied through cross-sectional analysis and time series techniques (e.g., List 1999; Strazicich 

and List 2003). Later studies have included other aspects of convergence such as the intra-

distributional behaviour and rest their testing on non-parametric techniques (e.g., Stegman, 
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2005; Aldy, 2006). Perhaps due to the variety in methods used, the result from these studies 

has been diverse. To our knowledge, no studies have so far attempted to bring clarity to what 

the main consensus about the environmental convergence hypothesis is. Are countries’ 

emissions converging or diverging?  

In addition, in reality most of the data sets used involve the use of spatial data. It 

therefore seems plausible to suggest that observations drawn from geographically neighboring 

locations might be more closely related than those taken from geographically distant ones. 

Checks for proximity-based relationships have seldom if never been performed in the 

previous environmental literature. Spatial econometric techniques have however been 

suggested and used to test for economic growth convergence (e.g. Rey and Janikas, 2005; Rey 

and Dev, 2006; Villaverde, 2006).  

The main purpose of this paper is to explore systematically the use of spatial 

econometric techniques in testing for convergence of CO2 emissions per capita and to survey 

the literature on the convergence of emissions per capita. We first survey the existing 

literature covering the various concepts of environmental convergence, and secondly we 

perform a number of regressions with and without spatially weighted explanatory variables 

and examine a data set of 134 countries between 1990 and 2005 for beta and sigma 

convergence. Giving weight to spatial dependence in the data, our main findings suggest that 

there appears to be a spatial relationship in explaining environmental convergence. We find 

evidence for both sigma and beta convergence.  

The remainder of this paper is organized as follows. Section two gives a brief 

theoretical background to the convergence hypothesis and the empirical methods used to 

study the phenomena. Section three summarizes the previous studies made on the 

convergence of emissions per capita. Section four describes the data used and presents briefly 

spatial econometric techniques that underpin our empirical models used to test for beta and 

sigma convergence. The last section summarizes the main findings. 

 

2. Empirical Methods for Studying Emission Convergence 
2.1 Emission Convergence 

Convergence in per capita income is a heritage from the Solow model (Solow, 1956). Given 

similar savings rates, population growth rates, technological growth rates and that other 

economic variables are held constant; convergence of per capita income among countries 

would be evident. If however, there are country differences in these variables; income would 
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convergence conditionally upon these individual characteristics. The outcome from the Solow 

model would thus be that even though countries would have different per capita income 

levels, developing (relatively poorer) countries would catch up to industrialized (relatively 

richer) countries income level. Additionally, the Solow model could be used to find 

convergence or divergence of per capita emissions. Since the first part of this paper focuses 

on the methodological aspects of environmental convergence, the algebraic underpinnings 

from the Solow model will be left out. See however Brock and Taylor (2004) and Bulte et al. 

(2007) for a description of the theoretical framework for environmental convergence.  

The following intuitive ‘proof’ of environmental convergence builds upon Bulte et al. 

(2007). First, consider that there is evidence of income per capita convergence among regions 

and countries and that there is evidence of a U-shaped relationship between income and 

pollutants, the so-called Environmental Kuznets Curve (EKC).1 Second, from the Solow 

model it is assumed that pollution is a by-product from consumption. Pollution can be 

mitigated by abatement and the EKC-relationship is built in the model. The relationship could 

be due to policies, increasing returns to scale in abatement efforts, or exogenous technical 

change. These assumptions imply that in the long-run, equilibrium income growth will be 

driven by exogenous technical change and this in turn implies that emissions will fall if 

income reaches a certain threshold. There is thus conditional emission convergence. Third, in 

a shorter time perspective, individual countries will converge to their own income and 

emissions paths. Some countries could therefore have a positive emission growth rate if their 

income is low, while other has a negative emission growth rate if their income is high. If the 

difference between the high and low income growth rates across countries is large, the overall 

emission levels would diverge, while if the opposite is true, emissions would converge.  

The conception of environmental convergence can roughly be divided into three 

different concepts: beta ( ), sigma ( ) and stochastic convergence. The various concepts can 

in turn be divided into conditional (relative) and unconditional (absolute) convergence. The 

following section will explain these concepts and discuss the methods used to study 

convergence. 

 

                                                 
1 For a review of income convergence studies see Temple (1999); Islam (2003) and Abreu et al. (2005). Kuznets 
curve literature reviews on several pollutants such as sulphur dioxide, carbon dioxide and nitrogen oxides can be 
found in Stern et al. (1996); Stern (1998); Dasgupta el al. (2002); Cole (2003); Stern (2004) and Dinda (2004). 
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2.2 Cross-Sectional and Panel Data Approach to -Convergence 

-convergence occurs when emissions from a poorer country tend to grow faster than the ones 

from a rich country and there is a catching-up effect. The catching-up effect is derived from 

the economic growth theory and is due to diminishing returns of capital (Solow, 1956). Given 

that two countries, with different initial economic growth levels, have similar savings rates, 

the difference in economic growth could stem from higher marginal productivity of capital 

that in turn is due to lower initial levels of capital.  

One of the earliest studies of -convergence (in the environmental economics literature) 

was List (1999) who followed the traditional cross-sectional framework for determining beta 

convergence developed by Baumol (1986). The cross-sectional approach to beta convergence 

means that convergence is examined by regressing (for the whole sample) the logged period 

growth rate of per capita emissions )/( 1itit yy  on initial logged per capita emission levels 0iy  

and an error term i for country or region i: 

 

iiitit yyy )ln()/ln( 01          (1) 

 

Using the logarithmic values reduces the amount of any skewness in the data. This ‘growth-

initial level’ regression tests the following hypothesis of divergence: 

 

H0:  = 0 for all i 

 

against the alternative of convergence: 

 

H1:  < 0 for all i. 

 

Thus, we have convergence if  < 0. Using the values of , the speed of convergence  can be 

calculated according to the formula (Barro and Sala-I-Martin, 1992): 

 

)ln()/1( T            (2) 

 

where T is the time interval under consideration. The speed of convergence is the time t that is 

needed for per capita emission levels to move its initial level halfway to the sample mean. 



 

 5

This approach to examine -convergence implicitly assumes that all countries exhibit 

the same steady state level of emissions. In contrast to this notion of unconditional 

convergence, conditional convergence assumes possible differences among countries. 

Convergence is thus conditional on similarities in countries’ characteristics. Conditional 

convergence is intimately connected to the concept of club convergence – groups of countries 

convert to a group specific level (Baumol, 1986, and more recently Panopolou and Pantelidis, 

2007). Strazicich and List (2003) include the vector )ln( iz  on the right-hand-side (of e.g., 

equation 1) that captures country-specific effects (variables taken from the EKC literature) in 

order to test for conditional convergence. This means that the null of unconditional 

convergence can be tested by the following hypothesis: 

 

H0:  = 0 and  < 0 for all i 

 

and the alternative for conditional convergence:  

 

H1:   0 and  < 0 for all i. 

 

In a panel data setting, the concept of conditional convergence could be tested through 

the following regression (fixed-effect model where the intercept varies across countries) 

(Islam, 1995): 

 

itiiititit yyy 11 )ln()/ln(         (3) 

 

where  is country-specific (fixed) effects and  period-specific (fixed) effects. This 

specification enables testing the hypothesis that, in the long run, per capita emission growth 

rates tend to slow down as they approach their own long-run growth path. This implies that 

there exist multiple ‘steady-state’ levels of per capita emissions. The error term  could be 

influenced by e.g., business-cycle fluctuations and serial correlation. Instead of having a 

yearly set up one could use a five-year interval and by that overcome this problem (Islam, 

1995). Panel data regressions as a mean to estimate convergence has so far not been used to 

any wider extent in the environmental economics literature, see e.g., Nguyen Van (2005) for 

an exception to this statement, due to a number of drawbacks to the approach (see Friedman, 
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1992 and Quah, 1993a).2 The critique against cross-sectional and panel data regressions stems 

from the classical regression fallacy. That is, in a linear regression of variable x on y, the 

regression of y on x is flatter relative to the x-axis than the regression of x on y. This 

regression fallacy was described by Galton3 as early as 1886. The consequence for the 

convergence literature is that traditional regression techniques can make predictions based on 

two observations in time, while the contribution to dynamic understanding is low. In essence, 

problems arise when regressing the average growth rate of per capita emissions gi on an 

intercept , initial per capita emission levels yio, and variables that control cross-sectional 

differences xi: 

 

iiioi xyg            (4) 

 

The estimators ˆ  and ˆ  obtained from Ordinary Least Squares on equation (4) cannot 

be used to predict  and  as it is unlikely that i is uncorrelated with yio. The only case when 

this holds is if g is generated by an AR(1) process and that all permanent cross-economy 

differences in the per capita emissions are perfectly controlled for (Evans and Karras, 1996). 

In practice this means that the set-up requires correct variables on the right-hand-side in order 

to avoid the omitted variable bias problem. By assumption the rate of convergence is the same 

for all countries and consequently the regression could indicate convergence when there is 

actually none. This is something that, according to Quah (1996a; 1997), is uninformative for 

the whole group of countries. Instead, Quah suggest that convergence should be examined 

based on the entire cross-country distribution. 

 

2.3 Distributional Analysis Approach to -Convergence 

One way of overcoming the problems that characterizes the above mentioned approaches is to 

consider the dynamics and the intradistributional behavior of a cross-section of countries. This 

approach measures -convergence and is suggested by Quah in a number of studies on the 

dynamics of per capita growth (e.g., Quah 1993b; 1996b).  

                                                 
2 In contrast, see e.g., Miketa and Mulder (2005) that examine energy-productivity convergence among a number 
of industrial sectors using a panel-data approach. 
3 The so-called Galton’s fallacy stems from the study made on height of fathers and sons. Galton found that even 
though tall parents tended to have tall sons, and vice versa, the average height among children born of parents of 
a given height tended to “regress” towards the mean, or the average height in the entire population (Galton and 
Hamilton Dickson, 1886) 
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While the original -convergence approach (as described in Barro and Sala-i-Martin, 

1992) refers to a decrease over time in the cross-section variance of per capita emissions (in 

its most simple case a plot of the cross-sectional variance), the approach by Quah formulates a 

more rigorous non-parametric testing procedure. The benefits from using this formal approach 

are for instance: (1) that traditional empirical analysis and plots of the dispersion of per capita 

emissions cannot reveal distributional dynamics such as twin peaks, polarization and 

stratification, and (2) that since we do not know whether the plotted distributions are of steady 

state or not we do not know the position of individual countries. Twin peaks refer to when the 

distribution is becoming bi-modal and when there is a clustering of rich countries on the one 

hand and on poor countries on the other; polarization refers to when the population is 

collecting in different peaks and are polarized one group versus another. If two or more peaks 

would be viable the situation is called stratification (Quah, 1997).  

In practice this means that we do not know if we have: (1) substantial intra-distribution 

dynamics – countries growth paths are crossing each other, or (2) persistent growth paths – 

indicated by the fact that rich countries remains rich and poor countries remain poor, or 

finally, (3) “twin-peakedness”, i.e., bimodal distribution which implies that rich countries are 

collecting together (forming clubs) (Quah, 1997).  

In detail, the approach suggested by Quah can be performed as follows. Begin by 

estimating kernel density functions for the relative per capita emissions (REit). Drawing on the 

notation in Carlino and Mills (1993) the relative per capita emissions is calculated as the log 

of one country’s emissions relative to the yearly sample average for the entire sample ty : 

 

)/ln( titit yyRE             (5) 

 

The kernel function (here described with the notation from Aldy, 2007) is: 

 
N

i

i

h
REREKNhREf

1

01
0 )()(          (6) 

 

where N is the sample size (countries or states), K(·) the kernel function and h the bandwidth 

parameter. Two commonly used kernels are the Epanechnikov kernel )1|(|
2 1 )1(4/3)( zzzK  

and the Gaussian kernel 1)|z(|1 )/cos(4/)( zzzK . As noted by several authors, the 

choice of kernel is of less importance than choosing the correct bandwidth; most frequently 
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used in the literature is the so-called Silverman bandwidth choice rule. The outcome of 

equation (6) is kernel-smoothed cross-country densities for per capita emissions. For an easy 

comparison the kernels are plotted for various years and these plots show how the shape of 

cross-country densities changes over time.  

However, these plots cannot formally be used to say anything about the intra 

distributional dynamics of the sample. Quah has as a result suggested the use of stochastic 

kernels or Markov chain transition matrices to study this issue. Other authors have suggested 

other formal approaches, such as estimation of interquartile ranges (IQR). The IQR for a data 

set is the difference between the third and the first quartile. This means that the 25th and the 

75th percentiles and their associated 75-25 IQRs are estimated. In Aldy (2006) this implies 

that the author can determine “…whether the spread in distribution changes over time in a 

statistically meaningful way…”. The author examines the null hypothesis that the 75-25 IQR 

for a given year is no different from that of the starting year. If the IQRs decrease from the 

starting year and that the null can be rejected the emission distribution has converged over 

time.  

Markov chain transition matrices has been used by e.g. Aldy (2006), which builds upon 

Quah (1993b) and implies that the distribution of emissions per capita today Ft can be mapped 

into tomorrow’s distribution Ft+1 by a mapping operator M so that: 

 

tt MFF 1              (7) 

 

The essential part in the expression above is the mapping operator. Aldy (2006) and Quah 

(1993b) assumed that the mapping operator followed a first-order Markov process with time-

invariant transition probabilities. In practice, the transition matrix approach is conceptually 

equal to the stochastic kernel approach.  

The transition matrix approach is for instance used to estimate how the data under 

consideration, REit in time t, maps into a different time period t+s, REit+s. As mentioned 

earlier, the issues of twin peakedness – that the plots shows a bimodal form which in turn 

indicates that countries forms ‘convergence clubs’ – and polarization can also be analyzed 

using the non-parametric methodology described above. 
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2.4 Time Series Approach to Stochastic and Deterministic -Convergence 

Stochastic -convergence can be described such that any shocks to per capita emissions for 

country i relative to another country j (or the average of the sample) is temporary. If the 

considered time series is tested for unit root and found to be trend stationary, the country is 

stochastically converging. This test can also be applied for the full sample by using panel unit 

root tests. To illustrate, consider equation (5) and assume that it consists of two parts; a time-

invariant equilibrium e
iRE and uit that captures country and time deviations from the 

equilibrium. Equation (5) then becomes: 

 

it
e
ii uRERE             (8) 

 

Assume that uit consists of a deterministic linear time trend i , a stochastic disturbance  and 

initial deviations from equilibrium, denoted by c: 

 

itiiit cu 0            (9) 

 

If equations (8) and (9) are combined and if we denote 0i
e
i cRE  we get: 

 

itii
e
ii RERE           (10) 

 

The procedure to determine stochastic convergence is to test )( e
ii RERE for a unit root. To 

illustrate, the commonly used Augmented Dickey-Fuller (ADF) test applied to equation (10) 

above becomes: 

 

it

k

j
jitjitiiit REdRERE

1
1        (11) 

 

where RE is the change in relative per capita emissions, jtRE the lagged change in relative 

per capita emissions,  tests the null of a unit root, and d is a parameter for each first-

differenced lagged term. If the estimated  = 0 the series contains a unit root and is said to be 

non-stationary, which implies that any shocks would have permanent effects and per capita 
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emissions will not converge. Temporarily effects due to shocks would occur if the series does 

not contain a unit root.  

In general, if equation (11) includes both a country specific constant term ( ), or 

compensating differential and a time trend ( ), then the test is said to measure stochastic 

conditional convergence. If instead the constant and time trend is excluded, or restricted to 

zero, the test is for stochastic unconditional convergence. In contrast to the described situation 

of trend stationarity, mean stationarity would instead indicate that there is deterministic 

convergence.  

The procedure to test for convergence using unit root tests is however not flawless. As 

e.g., Bulte et al. (2007) points out, ADF-type tests that does not allow for structural breaks 

could lead to a bias against rejecting a false unit root null hypothesis. Several authors have 

recommended allowing for exogenous or endogenous structural break. One drawback of using 

some test for determining endogenous structural breaks is that the derivation of the critical 

values are done while assuming no structural breaks and this in turn can lead to size 

distortions and the test can suggest that a series is trend-stationary while it in fact is 

nonstationary with a break. To overcome such a problem Bulte et al. (2007) suggest tests such 

as the minimum Lagrange Multiplier unit root test that stems from Lee and Strazicich (2003, 

2004) and which allows for one or two endogenous structural breaks in level and trend. 

 

3. Previous Research 
This section reviews previous research that directly and indirectly deals with convergence of 

emissions. Most of these studies are concerned with CO2 emissions, while a few deals with 

other pollutants such as nitrogen oxides (NOX) and sulfur dioxides (SO2) (e.g., List, 1999; Lee 

and List 2004; Bulte et al. 2007). Those studies that not explicitly aim at explaining 

convergence of emissions use time series techniques to examine the data for unit root and 

stationarity which is why we chose to include them in the following. The review begins with 

previous research focusing on -convergence, while the second part includes research where 

several measures of convergence are studied. The last part summarizes the main findings in 

the literature and some suggestions for future research in the area of convergence of per capita 

emissions.  
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3.1 -Convergence Studies 

Holtz-Eakin and Selden (1995) examine a panel of data for the relationship between CO2 

emissions and economic growth. Through unit root testing, the authors are unable to reject the 

null for stationarity and find no evidence of convergence among the countries. However, there 

seems to be a pattern that ‘rich’ countries continue to emit at a relatively constant rate while 

‘poor’ countries emit more rapidly due to more rapid economic and population growth.  

Heil and Selden (1999) is among the first studies in which convergence of per capita 

emissions is considered. The authors conduct panel-based unit root tests suggested (IPS 

henceforth) by Im et al. (1995). By allowing for a structural break the results suggest that the 

unit root hypothesis is rejected, thus the per capita CO2 emissions series does not contain a 

unit root and the time series are stationary, which in turn indicates stochastic convergence.  

List (1999) examines per capita SO2 and NOX emissions among 10 US Environmental 

Protection Agency regions. List analyzes -convergence through cross-sectional regressions 

and stochastic convergence through unit-root testing. The results from the regressions suggest 

that per capita emissions of NOX converged but that the same measure for SO2 did not. The 

results for stochastic convergence were obtained by testing for a unit root through the ADF-

test with variable lag-length. The results suggested that the null hypothesis of a unit root is 

rejected for NOX in some regions but not for SO2. In order to test for possible structural 

breaks in the time-series, the author allows for one structural break and tests this with the 

innovation outlier trend break model (IO).4 The results when allowing for structural breaks 

indicates some evidence for rejection of the null hypothesis of a unit root and that 

convergence can be assumed for emissions of NOX. In contrast to the model without structural 

breaks, the results for SO2 indicate that some regions have converged.  

Heil and Wodon (2000) use a decomposition of Gini-indices in a panel data regression 

model in order to analyze convergence in projected emissions up to 2100. The authors 

conclude that convergence among nations is ‘probable’ in the future.  

Strazicich and List (2003) test for both stochastic and conditional ( ) convergence 

through cross-sectional regressions and panel unit root tests. In order to capture long-term 

emissions rates the authors add a vector of variables – chosen from the EKC literature – on 

the right hand side of the equation. Stochastic convergence is tested for using the IPS test. The 

result from the cross sectional regression indicates that the -coefficient is significantly less 

                                                 
4 The IO model allows for a gradual change in intercept and slope. Its counterpart is the additive outlier (AO) 
model that instead assumes that a break appears suddenly. For a discussion of the two models and their relevance 
for per capita emission time series testing see Lanne and Liski (2004). 
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than zero and emissions have converged. The results for the additional right-hand-side 

variables are however not conclusive. The IPS test indicates that the null hypothesis is 

rejected and that this approach also is able to suggest convergence of per capita emissions.  

Lanne and Liski (2004) use multi-break time series methods and examine historical per 

capita CO2 emissions and forecast a 30-year trend. The authors use a modified ADF-test; the 

AO-model which allows for structural breaks in trend. The result from the test suggests that 

there is evidence for regime-wise stationarity in per capita emissions from fossil-fuel uses for 

ten OECD countries, indicating stochastic convergence.  

Brock and Taylor (2004) is one of few studies that attempt to develop a theoretical 

model for convergence of per capita carbon emissions (named the Green Solow model). The 

aim is to connect the EKC hypothesis with the classical Solow-model. The empirical part of 

the study focus on unconditional and conditional -convergence. The authors use a cross-

sectional approach and present results for several models that include one to five variables on 

the right-hand-side of their regression. For the first regression, with only initial per capita 

emissions as explanatory variable, the results suggest a negative and statistically significant -

coefficient. When adding more explanatory variables the results turn out to be fairly robust.  

Lee and List (2004) examine NOX per capita emissions among US regions using a 

model that tests the data for mean reversions, i.e., that the observations tend to revert back to a 

long-run mean. The rationale for its use in the present context is that if emissions turn out to 

be mean-reverting the effect from the environmental protection agency policy would not 

change long-term behavior – states would continue to abate emissions. Mean-reversion is 

examined by using a unit root test and by including dummy variables for environmental 

policy intervention. This approach allows the authors to acknowledge any structural breaks in 

per capita emissions time series. The specific unit root tests employed are the ADF and the PP 

test with drift and/or a trend. Both the ADF and the PP test essentially suggest that the null 

hypothesis of a unit root cannot be rejected; this indicates that NOX emissions series are non-

stationary and contains a unit root which suggests that emissions are not converging.  

Bulte et al. (2007) examine stochastic -convergence of NOX and SO2 emissions. The 

purpose of the study is to determine if centralization of environmental authority affects 

distribution of pollutant emissions. This is done by using time series tests that allow for 

structural breaks before and after environmental standards was centralized in the US. The 

result suggests that both the individual time series for emissions of NOX and SO2 are 

stationary and emissions are converging. The authors then set out to test each time series (that 

is stationary) by regressing relative per capita emissions against a set of intercept dummies 
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and linear time trends in order to test for conditional -convergence. The results from the 

regressions indicate that divergence occurred among 50 percent of the states prior to the break 

and convergence after the break among more than half of the states (for both pollutants). 

When studying the long-term effects, the authors conclude that there is even stronger 

evidence of convergence among the states. 

Westerlund and Basher (2008) analyze stochastic -convergence for two sets of panels. 

The authors use three panel unit root tests that allows for cross-sectional dependence and that 

also allows for a common factor (basically the -parameter in an ordinary ADF-test) that 

determines whether or not an individual country or the panel as such contains a unit root. The 

results for the three models suggest convergence among the countries. Two tests show that 

some of the countries are converging and one indicates that the whole panel of countries is 

converging. In addition to the unit root tests, the authors calculate the speed of convergence 

and conclude that this speed is slower for the smaller panel than for the larger panel including 

developing countries.  

Barassi et al. (2008) study stochastic convergence by applying a number of different 

unit root tests. The authors argue that when analyzing stochastic convergence through unit 

root testing one has to be careful interpreting results from models including time trends, i.e., 

trend-stationary time series. If a trend parameter is included in the analysis the sign of the 

estimated coefficient – even though the series is stationary – becomes a determinant for 

whether a time series is converging to a (international) mean or actually diverging. If a unit 

root test suggests that the null of non-stationarity is rejected and the coefficient for the time 

trend is positive the series could in fact be diverging, and vice versa in the case of negative 

coefficient. In the light of that the authors suggest that the coefficients for  and  (see 

equation 10) must be of opposite signs in order for the series to be converging and this can be 

tested using a t-test on the hetereoscedasticity and autocorrelation corrected regressions on the 

relative per capita emissions against an intercept and time trend. Doing this, only one of the 

countries in the sample could not meet the requirement of opposite signs. Given that almost 

all series ‘behave’ in an expected way the authors test both the individual time series and the 

panel for the existence of a unit root by using a several unit root tests. The overall conclusion 

from the rigorous testing procedure suggests that convergence cannot be confirmed for the 

OECD sample.  

Romero-Ávila (2008) examines stochastic and deterministic -convergence using a 

panel unit root test that allows for structural breaks, developed by Carrion-i-Silvestre et al. 

(2005). The author argues that it is important to include the possibility for structural breaks 
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since this can change the dynamic behavior of the emissions pattern for a single time series. In 

addition, the authors also argue for testing for deterministic convergence (as proposed by e.g., 

Li and Papell, 1999), that would indicate that the relative per capita emissions are mean 

stationary. This in turn would imply that a long-run series could move in parallel to average 

per capita emissions, and that deterministic convergence would call for stochastic 

convergence, but not vice versa. The results for stochastic convergence (without allowing for 

structural breaks) suggest divergence for the OECD sample but when allowing for structural 

breaks (in both constant and trend) the author find evidence of convergence. The results 

appear to be robust when controlling for deterministic convergence.  

Lee and Chang (2008) use the Seemingly Unrelated Regressions augmented Dickey-

Fuller (SURADF) test. The SURADF test was suggested by Breuer et al. (2001; 2002) and 

allows for testing if individual countries in a panel consist of a unit root. This procedure, the 

authors argue, has not been applied in previous research and yields estimates that better 

address cross-sectional dependencies. The authors also conduct tests for -convergence. In 

order to determine the strength of the SURADF test the authors conduct several univariate 

unit root tests that have previously been applied in the convergence literature. The results 

from using the univariate tests suggest that all time-series are non-stationary except for three 

countries in the ADF-test, three in the PP-test and one in the GLS test, indicating that most 

countries are diverging. The results from the SURADF test somewhat confirms the previous 

tests as the per capita emissions are a mixture of I(0) and I(1) processes and stationarity 

cannot be supported, the countries are diverging.  

Camarero et al. (2008) examine convergence of environmental performance. The 

environmental performance indicator is used instead of the emissions from pollutants which 

only partially paint a picture of the true environmental performance among countries. Instead 

Data Envelope Analysis is used to compute and construct two indices that are tested for 

convergence through the SURE technique. The indices are made up from mathematical 

programming that uses data on inputs labor and capital, GDP and CO2 which yields the 

distance functions. The testing procedure for the indices start with examining the series with a 

multivariate ADF-test and then if convergence is present, determine which country is 

converging through the Breuer et al. (2002) test. The results suggest that non-convergence can 

be rejected for all countries when using one index and when using a second index six 

countries are not converging. 
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3.2 - and -Convergence Studies 

While most of the aforementioned studies are concerned with beta convergence in various 

forms, Stegman (2005) and Stegman and McKibbin (2005) examine the distributional and 

intra-distributional aspects of per capita emissions, -convergence, using the methodology 

suggested by Quah. In Stegman (2005) the author first applies a number of summary 

measures to informally analyze the characteristics of the data. The formal analysis is carried 

out using stochastic kernels that describes the cross-country distribution of the relative per 

capita emissions. The chosen kernel is the Epanechnikov kernel with manually chosen 

bandwidth. The results from the informal analysis suggest that variability does not increase 

over the chosen time frame. These results are confirmed in the formal analysis from the 

stochastic kernels where it is evident that convergence – in general – cannot be supported. 

Some countries with high emission rates do however display some convergence but too few 

observations exist why the evidence must be considered inconclusive. Stegman and McKibbin 

(2005) use the same data set and apply the same -convergence analysis as in Stegman 

(2005). However, the authors also analyze -convergence, through the common formulation 

of regressing the change in per capita emissions against initial emissions levels, for a smaller 

data sample (OECD countries). The authors add a vector of additional explanatory variables 

that catches a country’s steady state and income level. Therefore, the analysis concerns 

conditional -convergence. The results from the cross-sectional regressions show that the 

coefficient for  is negative and statistically significant, indicating convergence.  

Nguyen Van (2005) examines both - and -convergence. The -convergence analysis 

is performed using Epanechnikov kernels and bandwidth chosen with the cross-validation 

criterion. -convergence is studied using both a cross-sectional and a panel data approach. In 

the panel data approach, the time interval is set to 5 and 10 years.5 The result from the 

regressions suggests a negative and statistically significant -coefficient for the cross section 

regression and a significant but positive coefficient for the panel data regression, thus 

suggesting convergence in the first case, but inconclusive evidence in the latter. For the non-

parametric approach, the results are somewhat ambiguous. Countries with high initial 

emissions tend to decrease emissions over time while countries with low initial emissions tend 

to stay in that position. The author finally performs a non-parametric test for a smaller sample, 

comparing the results in Strazicich and List (2003), and finds evidence of convergence 

amongst these industrialized countries, hence confirming the results in Strazicich and List.  

                                                 
5 The division of the data into longer time intervals than one year is made in order to make the data less 
influenced by fluctuations from business cycles as well as to avoid serial correlation (Islam, 1995). 
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Aldy’s (2006) analysis focuses on - and stochastic -convergence. -convergence is 

analyzed using cross-sectional distribution techniques while stochastic convergence is 

examined through panel unit root tests. To formally test for -convergence the author 

estimates various percentiles in the emissions distribution and tests if the spread in one 

interpercentile range is statistically different in various periods. The test used for determining 

stochastic convergence is the DF-GLS test, a modified Dickey-Fuller test that has been 

transformed by Generalized Least Squares regressions and is said to be more suitable due to 

its small sample size and power. The results for -convergence suggest that: (1) the full 

sample shows evidence of divergence; countries in lower percentiles increase their per capita 

emissions at the same time as countries in the upper percentile increased emissions even 

further, (2) the OECD sample suggests convergence; low emitting countries increase 

emissions over time while high emitting countries show a small reduction in emissions. Only 

13 of 88 countries have stationary time series, indicating convergence for these. Overall, there 

seems to be convergence among OECD and developing countries but not for the full sample. 

In addition to the historical approach, the author also uses a Markov chain transition matrix 

approach to test for future (long-term) trends of convergence. The results from this approach 

suggest that per capita emissions will diverge over a 50 year period for the full data sample.  

Aldy (2007) studies emissions convergence from another perspective, CO2 emissions 

measured as CO2 production and CO2 consumption from US state electricity trading. The 

choice of electricity as a measure of CO2 consumption is due to its carbon-intense nature in 

the US. The approach is similar to that of Aldy (2006) and includes estimating cross sectional 

decrease in the standard deviation of the log of per capita emissions; kernel density estimates; 

various percentiles in the emissions distribution, and finally, panel unit root tests (IPS test). 

As in Aldy (2006), Markov chain transition matrices are used to examine future convergence 

among the chosen states. The kernel density estimates and the formal statistical test procedure 

(interpercentile range) show that production of emissions has diverged while the same 

measure for consumption has not changed much over the studied time period. The test 

statistics from the IPS test indicate that stochastic convergence gives little proof of 

convergence for production of CO2. However, the opposite is true for consumption of CO2 

where the test statistics suggest that the null of a unit root in the panel can be rejected and it is 

concluded that convergence has occurred. The forecast approach suggests that production of 

CO2 will not converge while the consumption measure shows somewhat converging behavior 

in the future.  
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Panopoulou and Pantelidis (2007) study convergence of per capita emissions using a 

somewhat new approach (developed by Phillips and Sul, 2007) where a set of countries are 

explicitly examined for club convergence. This notion implies that any clustering of countries 

(groups of countries converging to different equilibriums) can be revealed. The method 

searches for conditional -convergence by dividing per capita emissions in a common factor 

and an idiosyncratic component (using a log t test). By doing this, the model allows for testing 

whether the idiosyncratic term converges. This means that the component is tested in relation 

to the panel average, which indicates if the individual series has a different transition path. To 

test for clustering among the countries a ‘club convergence algorithm’ is used that utilizes the 

information from the log t test. The results from the log t test suggest divergence for the full 

data sample. A test for various constellations of countries reverses the findings and indicates 

that club convergence can be found for certain groups, e.g., EMU countries, OECD countries, 

but not for low-income countries.  

Ezcurra (2007) analyzes distribution dynamics of per capita CO2 emissions using the 

non-parametric methodology suggested by Quah (1996a). The author focuses not only on -

convergence, but also addresses the issue of polarization and intradistributional mobility. 

Ezcurra performs the analysis by estimating kernel density function for the distribution of per 

capita emissions. The results suggest that international convergence is evident. To further 

confirm the results the coefficient of variation is calculated, which indicates a decrease as 

well.6 In order to measure how polarization has changed over time a method developed by 

Esteban et al. (1999) is used. The results from the exercise indicate that polarization has 

decreased during the period. Finally, the author analyzes the intradistributional mobility by 

estimating stochastic kernels similar to previous studies mentioned. The results show that 

individual countries in general have remained in the same position over the studied time 

period.  

 

3.3 Summary 

Table 1 summarizes the main findings from the literature review. Previous research on 

convergence of emissions measured in per capita terms has utilized a wide variety of 

econometric techniques and perhaps this explains the great variety in the results obtained.  

In general, two basic strands in the research can be identified. First we have studies that 

are based on the parametric techniques that aim at detecting - and -convergence through 

                                                 
6 It is however notable that there are other alternatives for measuring the spread in a data and, as Stegman (2005) 
points out, using other measures could indicate a completely different story. 
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either cross-sectional regressions and/or unit root testing of the time series. For instance, List 

(1999), Strazicich and List (2003), Bulte et al (2007), Aldy (2006), Westerlund and Basher 

(2008) and Barassi et al. (2008) belong to this category. Second, there are studies that utilize 

the non-parametric Quah-methodology and analyses the distributional aspects such as 

Stegman and McKibbin (2005), Nguyen Van (2005), Aldy (2006 and 2007), Ezcurra (2007). 

Some of the studies also takes a wider grip of the problem and combine the two approaches 

such as Aldy (2006 and 2007) and Camarero et al. (2008). 

A third strand can possibly be found in those studies which uses a different 

methodology than the two mentioned above. These studies include e.g. Panapoulou and 

Pantelidis (2007) in which club convergence is examined by developing an algorithm that 

identifies convergence among countries based on the log t test. 

If the studies that do not analyze CO2 emissions are excluded as well as those studies 

that analyze US states instead of countries the main results regarding convergence or 

divergence could be summarized as follows. Using parametric techniques stochastic -

convergence is found in the studies by Westerlund and Basher (2008), Strazicich and List 

(2003), Romero-Avila (2007) and Panapoulou and Pantelidis (2007) while Lee and Chang 

found both convergence and divergence. Barassi et al. (2008) is an exception to these since 

their study suggests no evidence of convergence. When using non-parametric techniques the 

results are somewhat ambiguous. Nguyen Van (2005), Aldy (2006), Stegman and McKibbin 

(2005) find little or no evidence of - and -convergence for the full cross-country section 

while Ezcurra (2007) finds evidence of convergence. Some of the studies that did not find 

evidence for the entire sample did however detect convergence among sub-sets such as OECD 

samples.  

It appears that while there is more consensus of convergence in the time-series approach 

to convergence with unit root testing the opposite holds for non-parametric studies. It also 

happens that evidence of convergence is stronger among OECD countries than for larger 

samples including both industrialized and developing countries. The fact that different sub-

sets of countries yield different result could be explained by spillover effects and countries 

mimic each other’s environmental policies. While the role of spatial effects in the 

convergence of economic growth literature has attracted attention, the implications have so far 

been limited in the case of environmental convergence. Testing for spatial effects could give 

answers to whether the emissions per capita in one country affect per capita emissions in a 

neighboring country. Why these effects occur is however an empirical question. Therefore, 

the following section introduces spatial econometric techniques that can be used to shed some 
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light on the spatial aspects of environmental convergence. Another question, not answered in 

this paper but connected to the spatial dimension, is how emissions are affected by regional 

aspects, such as in the European Union, and finally how international trade, i.e., export of 

emissions, affects convergence of emissions. 
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4. Spatial Econometric Approach to Convergence 
Given the existence of several recent reviews of the spatial econometrics literature the review 

provided here will be brief. For a straightforward introduction to spatial econometrics in 

general see LeSage (1997) and Dubin (1998). Detailed texts include Cliff and Ord (1981); 

Upton and Fingleton (1985); Anselin (1988); and Cressie (1993). A collection of interesting 

papers can be found in Anselin and Florax (1995). Anselin (2002) and Florax and Van der 

Vlist (2003) provide a recent overview of the literature. An important recent contribution can 

be found in Anselin (2003).  

Spatial data may present itself in a variety of forms. Data can be observed at irregularly 

spaced points on a two dimensional surface. Alternatively spatial data can refer to 

geographical areas some of which may be contiguous to other units. Spatial relationships in 

regression analyses involving such data can also be modeled in a variety of ways. Spatial lags 

hypothesize that the value of the dependent variable observed at a particular location is 

partially determined by a spatially weighted average of the value of the dependent variable as 

measured at other locations. Such a model cannot be estimated by OLS because of the 

problem of simultaneity bias and must instead be dealt with using either Instrumental 

Variable estimators or Maximum Likelihood techniques. The spatial lag model in matrix form 

is given by:  

 

WYXY           (12) 

 

where Y is a (n×1) vector of dependent variables, X is a (n×k) matrix of explanatory variables, 

W is the (n×n) spatial weight matrix,  and  are scalar parameters and  is a (k×1) vector of 

parameters. 

A number of different assumptions can be made concerning the spatial weights matrix 

required to compute the spatially weighted values at each location. One possibility is that the 

weights matrix should merely identify the nearest neighbor or n nearest neighbors. An 

alternative is that the weights matrix should identify those observations located within an 

arbitrarily fixed distance. A third alternative is that the weights matrix contains the inverse 

geographical distances between observations or some function thereof. In instances in which 

data refers to geographical areas as opposed to points on a plane it is customary to construct a 

contiguity matrix indicating which geographical areas are adjacent to one another. Weights 
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matrices are commonly row standardized such that their rows sum to unity and have zeros 

along the leading diagonal.  

Calculating the impact of marginal changes in the value of the independent variables in 

the spatial lag model is not as straightforward as might first appear. The reason is that changes 

in the independent variables have both direct and indirect feedback effects on the value of the 

dependent variable. This fact can best be appreciated by solving the spatial lag model for Y to 

obtain:  

 
11 )()( WIXWIY          (13) 

 

An alternative form of spatial relationship occurs when the dependent variable also can 

be predicted as a function of spatially lagged values of the independent variables. Unlike 

spatial lags this model can be estimated using OLS. The spatial regression model is given by:  

 

WXXY            (14) 

 

where  is a (k×1) vector of coefficients. 

The final way of incorporating spatial relationships is through spatial dependence in the 

error term. This can be in the form of spatially autoregressive errors or in the form of a spatial 

moving average. The spatial error model is given by:  

 

XY             (15) 

 

where:  

 

uW             (16) 

 

and  is a scalar parameter. Such models can be estimated through Feasible Generalized Least 

Squares or Maximum Likelihood techniques.  

Spatial relationships in the data typically violate the assumptions underlying OLS 

leading either to inefficiency and invalid hypothesis testing procedures or even to bias and 

inconsistency in the parameter estimates. The specification of spatial models can proceed 

either on the basis of diagnostic tests or on the basis of theoretical reasoning. Another 
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important consideration is that simultaneously modeling several forms of spatial relationships 

such as the spatial lags and a spatially autoregressive error term is not possible at present. A 

final consideration is that whilst several tests are available that indicate whether spatial 

relationships are present in data some of these tests have difficulty in discriminating between 

different forms of spatial relationship and are adversely affected by other departures from the 

classical assumptions such as non-normality and heteroscedasticity. 

 

5. Data Description and Empirical Results 
5.1 Data 

In spatial econometric analysis, dealing with missing values is not simply a case of dropping 

the observation in question. The problem is that, depending on the precise nature of the spatial 

weight matrix employed, if just one country has a missing value then some or all of the 

spatially weighted variables cannot be created. The solution to the problem adopted here is to 

restrict the analysis to those datasets where the data is relatively complete in terms of its 

geographic coverage. This implies using data from 1990 unaffected by the break up of the 

Former Soviet Union. The data is taken from the IEA (2007). It includes both GDP per capita 

(GDPPC) measured in year 2000 US$ and CO2 per capita emissions (CDPC) measured in 

metric tons. The data covers 134 countries and runs from 1990 to 2005. The countries are 

grouped by geographic area. These include: Western Europe; Eastern Europe; Former USSR; 

Africa; Asia; Middle East; Latin America; North America; and Oceania. The data is described 

in Table 2 and the membership of the country groupings is rendered explicit in Appendix. 

 

Table 2: Description of Data 
Variable Mean Std. Dev. Min. Max. 
CDPC2005 (ton) 5.80 6.78 0.04 45.50 
CDPC1990 (ton) 5.57 5.83 0.04 28.57 
GDPPC1990 (2000 US$) 8.12 7.06 0.47 29.73 
EAST_EUROPE 0.08 0.28 0 1 
FORMER_USSR 0.11 0.31 0 1 
AFRICA 0.19 0.39 0 1 
MIDDLE_EAST 0.09 0.29 0 1 
ASIA_CHINA 0.14 0.34 0 1 
LATIN_AMERICA 0.17 0.37 0 1 
Source: IEA (2007). 

 

Data for geographic location stem from CIA (2008). The distance between countries is 

calculated using the Haversine formula and is used to construct our spatial weight matrices. 

Note that the geographical coordinates refer to country centroids and not to the location of the 
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capital city. The characteristics of the distance matrix itself are described in Table 3.8 The 

‘minimum allowable distance cut-off’ indicates that there is one country whose closest 

neighbor is 2,512 miles away.  

 

Table 3: Characteristics of the Distance Matrix (miles) 
Average distance  4,449  
Distance range 12,309  
Minimum Distance 55  
First quartile 2,199  
Median 4,203  
Third quartile 6,334  
Maximum distance 12,365  
Minimum allowable distance cut-off 2,512  
Source: CIA (2008). 

 

In this analysis we use three spatial weight matrices. These weight matrices are inverse 

distance (WD1), inverse distance-squared (WD2) and inverse distance-cubed (WD3). The 

weight matrices are row-standardized such that their rows sum to unity (in order to compute 

neighborhood averages) and have zeros along the leading diagonal. Row-standardization 

implies that relative rather than absolute distance determines the spatial interaction.  

Although it is possible to construct row standardized spatial matrices which indicate 

countries falling within a particular distance of a country it is impossible to use them in the 

current context given that the technique employed means that every country has to have a 

neighbor and the minimum distance cut-off is 2,512 miles which is too far to be meaningful. 

Nor is it possible to employ a contiguity matrix which identifies countries sharing land 

borders as neighbors. Countries can also be connected to one another in ways unrelated to 

distance, in an environmental context for example by virtue of one country being downwind 

or downstream of another although such considerations are irrelevant given that CO2 is a 

perfectly mixing pollutant.  

We begin our investigation by employing the Moran test to examine the extent to which 

per capita CO2 growth rates are spatially autocorrelated (Table 4). We investigate both the 

logarithm of growth rate of per capita emissions of CO2 over the period 1990 to 2005 (Log 

CDPC2005 – Log CDPC1990) as well the logarithm of per capita emissions in 1990 (Log 

CDPC1990). We find that both of these variables are highly spatially autocorrelated 

irrespective of the spatial weight matrix employed.  

 

                                                 
8 Calculation of the distance matrix and the forthcoming regressions are performed using SPACESTAT 1.80. 
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Table 4: Moran Test of Spatial Autocorrelation 
Variable Weight Matrix Moran’s I Prob. 
Log CDPC2005 – Log CDPC1990 WD1 0.119 0.000 
 WD2 0.356 0.000 
 WD3 0.532 0.000 
Log CDPC1990 WD1 0.201 0.000 
 WD2 0.480 0.000 
 WD3 0.631 0.000 
 

5.2 Empirical Results: -Convergence  

Before we examine the spatial aspects of the data set we test the data for -convergence. The 

regressions in Table 5 test for beta convergence by considering the natural log of per capita 

CO2 emissions (CDPC) in 1990 as an explanation for the change in the log of CO2 per capita 

emissions over the period 1990 to 2005 (CDPC2005 –CDPC1990): In order to test for 

conditional convergence across different geographical regions we test two additional model 

specifications. We add a dummy variable for each region but we assume a common 

convergence parameter. In a final step we test for region-specific convergence parameters and 

dummy variables. The reason for adopting a model based on spatial regimes is because 

neglecting geographical segmentation can give rise to the appearance of spatial relations or 

alternatively obscure such relationships. The regions themselves are defined in the Appendix 

but note that the baseline contains countries in Western Europe, Oceania and North America.  

In the first model, the negative coefficient on the Log CDPC1990 points to unconditional 

-convergence. Conditional beta convergence is confirmed for the remaining model 

specifications. For the model with only region-specific dummies, the parameters for all 

regions except Latin America are statistically significant. The dummy variable for the former 

USSR is highly significant. The hypothesis of slope homogeneity however, is not rejected at 

the five percent level (F6, 120 = 2.11). When we add region-specific convergence parameters, 

East Europe and Middle East are no longer significant. The Chow test of parameter 

homogeneity is rejected at the one percent level of confidence (F12, 120 = 17.74).  

It is customary to perform a variety of tests in order to determine whether spatial 

relationships are present in the regressions and if so what form they take. The Robust LM 

tests for spatial error dependence and spatial lags are however adversely affected by the 

presence of non-normality, whose presence is detected by the Jarque-Bera test. The test 

statistics for the Jarque-Bera test indicate that the assumption of normally distributed residuals 

is rejected for the three models. In such circumstance the Kelejian-Robinson test provides a 

consistent alternative test for spatial error dependence but even this requires large samples. 

For a description of these tests see Anselin (1988).  
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Table 5: Regression Estimates of Beta Convergence 
Dependent Variable = Log CDPC2005 – LogCDPC1990 
Method = OLS 
Variable Parameter 

(t-statistic) 
Parameter 
(t-statistic) 

Parameter 
(t-statistic) 

CONSTANT 0.245 
(4.95) 

0.361 
(3.61) 

0.600 
(1.86) 

Log CDPC1990 -0.139 
(5.16) 

-0.112 
(3.64) 

-0.226 
(1.51) 

EAST_EUROPE  -0.328 
(2.42) 

0.053 
(0.12) 

FORMER_USSR  -0.956 
(7.59) 

-2.178 
(4.38) 

AFRICA  -0.249 
(1.730 

0.113 
(1.23) 

MIDDLE_EAST  0.201 
(1.51) 

0.443 
(2.28) 

ASIA_CHINA  0.177 
(1.35) 

0.549 
(6.27) 

LATIN_AMERICA  0.003 
(0.02) 

0.362 
(4.44) 

Log CDPC1990 x EAST_EUROPE   -0.123 
(0.56) 

Log CDPC1990 x FORMER_USSR   0.641 
(2.76) 

Log CDPC1990 x AFRICA   -0.111 
(2.10) 

Log CDPC1990 x MIDDLE_EAST   -0.042 
(0.45) 

Log CDPC1990 x ASIA_CHINA   -0.164 
(3.13) 

Log CDPC1990 x LATIN_AMERICA   -0.101 
(1.39) 

    
Log L -98.09 -59.35 -52.69 
R-Squared 0.168 0.533 0.578 
Jarque-Bera 117.05 

(P=0.000) 
22.29 

(P=0.000) 
17.74 

(P=0.000) 

 

The results in Table 6 are the first spatial regressions. These include alongside per 

capita CO2 emissions and dummies for different regions spatially weighted variables for per 

capita CO2 emissions (equation 14). The regressions test whether per capita growth rates 

depend on the per capita CO2 emissions of neighboring countries. The results indicate that 

whatever spatial weight matrix is employed the support for the spatial regression model is 

very weak and that the inclusion of these variables does not affect the coefficient on Log 

CDPC1990.  
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Table 6: Spatial Regression Estimates of Beta Convergence 
Dependent Variable = Log CDPC2005 – LogCDPC1990 
Method = OLS 
Variable Parameter 

(t-statistic) 
Parameter 
(t-statistic) 

Parameter 
(t-statistic) 

CONSTANT 0.312 
(1.43) 

0.382 
(3.04) 

0.382 
(3.45) 

Log CDPC1990 -0.114 
(3.52) 

-0.107 
(3.05) 

-0.103 
(2.75) 

EAST_EUROPE -0.336 
(2.40) 

-0.325 
(2.37) 

-0.325 
(2.38) 

FORMER_USSR -0.956 
(7.56) 

-0.956 
(7.56) 

-0.956 
(7.56) 

AFRICA -0.222 
(1.23) 

-0.270 
(1.66) 

-0.275 
(1.76) 

MIDDLE_EAST 0.205 
(1.53) 

0.204 
(1.53) 

0.209 
(1.55) 

ASIA_CHINA 0.192 
(1.32) 

0.168 
(1.24) 

0.167 
(1.25) 

LATIN_AMERICA 0.030 
(0.18) 

-0.015 
(0.10) 

-0.017 
(0.13) 

WD1 x Log CDPC1990 0.039 
(0.25) 

  

WD2 x Log CDPC1990  -0.018 
(0.27) 

 

WD3 x Log CDPC1990   -0.022 
(0.44) 

    
Log L -59.31 -59.31 -59.24 
R-Squared 0.533 0.533 0.534 
Jarque-Bera 21.99 

(P=0.000) 
22.18 

(P=0.000) 
22.17 

(P=0.000) 

 

Table 7 contains estimates for models allowing for spatial error dependence (equation 

15). Once more three different models are presented employing the three spatial weight 

matrices. All of the models are very similar in terms of the coefficient on CDPC1990. The 

models uniformly point to convergence in per capita emissions. The statistical fit of the 

models however differs greatly. In particular it is apparent that the model employing the 

spatial weight matrix WD3 provides a markedly better fit judging by the log likelihood. In 

this model the spatial weight matrix gives a lot of weight to more immediate neighbours 

whereas more distant countries are ignored. Note that whilst table 7 includes the traditional R-

squared statistic such a statistic cannot be compared with the R-squared statistic from OLS 

regressions or used for the purposes of selecting among different spatial models. The only 

reliable goodness of fit criterion is the log likelihood.  
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Table 7: Spatial Error Dependence Estimates of Beta Convergence 
Dependent Variable = Log CDPC2005 – LogCDPC1990 
Method = ML 
Variable Parameter 

(t-statistic) 
Parameter 
(t-statistic) 

Parameter 
(t-statistic) 

Spatial Weight Matrix WD1 WD2 WD3 

CONSTANT 0.356 
(3.46) 

0.342 
(3.20) 

0.335 
(3.14) 

Log CDPC1990 -0.111 
(3.69) 

-0.106 
(3.40) 

-0.103 
(3.27) 

EAST_EUROPE -0.329 
(2.41) 

-0.332 
(2.28) 

-0.330 
(2.23) 

FORMER_USSR -0.948 
(7.50) 

-0.923 
(6.74) 

-0.906 
(6.36) 

AFRICA -0.239 
(1.67) 

-0.210 
(1.40) 

-0.196 
(1.30) 

MIDDLE_EAST 0.205 
(1.51) 

0.198 
(1.32) 

0.184 
(1.21) 

ASIA_CHINA 0.182 
(1.36) 

0.196 
(1.34) 

0.200 
(1.34) 

LATIN_AMERICA 0.002 
(0.01) 

0.008 
(0.06) 

0.018 
(0.132) 

LAMBDA 0.239 
(0.64) 

0.277 
(1.86) 

0.257 
(2.52) 

    
Log L -59.23 -57.81 -56.38 
R-squared 0.529 0.509 0.495 

 

The next set of results presented in Table 8 refers to the spatial lag model in equation 

(8). This is the spatial model which allows for substantive spatial interdependencies (spillover 

effects). Once again the model is estimated employing three different spatial weight matrices. 

Other than the regression employing the spatial weight matrix WD1, the remaining 

regressions suggest that the spatial lag variable is highly significant. Judging by the log 

likelihood the best fit is once more provided by the model using the spatial weight matrix 

WD3 in which only the closest countries are regarded as neighbors. Critically, comparing the 

fit of the best spatial lag model in Table 7 with the best fitting spatial error dependence model 

in Table 8 reveals that the spatial lag model offers the best description of the data generating 

process.  

In view of the potential problems of non-normality and heteroscedasticity the regression 

equation is estimated again using robust IV techniques (Table 9). The instruments employed 

are the spatially lagged values of the remaining explanatory variables (we focus our attention 

on the WD3 spatial weight matrix). The results reveal that the parameter coefficients are 

virtually identical as compared to the results in Table 8.  
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Table 8: Spatial Lag Estimates of Beta Convergence 
Dependent Variable = Log CDPC2005 – LogCDPC1990 
Method = ML 
Variable Parameter 

(T-statistic) 
Parameter 
(T-statistic) 

Parameter 
(T-statistic) 

CONSTANT 0.347 
(3.57) 

0.335 
(3.54) 

0.314 
(3.36) 

Log CDPC1990 -0.111 
(3.73) 

-0.105 
(3.61) 

-0.100 
(3.47) 

EAST_EUROPE -0.299 
(2.23) 

-0.278 
(2.13) 

-0.268 
(2.09) 

FORMER_USSR -0.914 
(7.23) 

-0.803 
(6.08) 

-0.739 
(5.55) 

AFRICA -0.276 
(1.93) 

-0.270 
(1.96) 

-0.247 
(1.84) 

MIDDLE_EAST 0.180 
(1.38) 

0.152 
(1.19) 

0.148 
(1.19) 

ASIA_CHINA 0.133 
(0.99) 

0.108 
(0.84) 

0.115 
(0.92) 

LATIN_AMERICA -0.058 
(0.43) 

-0.081 
(0.65) 

-0.055 
(0.46) 

WD1 x (Log CDPC2005 - Log CDPC1990) 0.331 
(1.07) 

  

WD2 x (Log CDPC2005 - Log CDPC1990)  0.311 
(2.36) 

 

WD3 x (Log CDPC2005 - Log CDPC1990)   0.278 
(2.98) 

    
Log L -58.99 -56.84 -54.96 
R-Squared 0.534 0.544 0.552 

 

As a final test of the robustness of the spatial lag regression we include the natural log 

of GDP per capita in 1990 (GDPPC) (Table 9). The purpose here is to gauge the extent to 

which convergence in per capita CO2 is caused by the convergence of per capita incomes. If 

anything the results of the spatial lag model are even stronger than before with both the 

absolute value of the spatial lag parameter and its statistical significance increasing slightly. It 

seems that the most important variable in determining the growth rate of CO2 emissions per 

capita is the growth rate in neighboring countries although the parameter indicating beta 

convergence is still significant at the one percent level. The parameter on log GDPPC is not 

statistically significant. Although lower income countries might be growing faster this is not 

the cause of convergence in emissions of CO2 per capita. With the exception of the dummy 

variable for the former USSR none of the other regional dummies are statistically significant.  
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Table 9: Robust Spatial Lag Estimates of Beta Convergence 
Dependent Variable = Log CDPC2005 – LogCDPC1990 
Method = Robust IV 
Variable Parameter 

(T-statistic) 
Parameter 

(T-statistic) 
CONSTANT 0.276 

(3.56) 
-0.417 
(0.70) 

Log CDPC1990 -0.088 
(2.90) 

-0.129 
(2.38) 

EAST_EUROPE -0.226 
(3.56) 

-0.140 
(1.61) 

FORMER_USSR -0.577 
(3.42) 

-0.434 
(2.67) 

AFRICA -0.207 
(2.19) 

-0.157 
(1.52) 

MIDDLE_EAST 0.115 
(1.00) 

0.195 
(1.56) 

ASIA_CHINA 0.107 
(0.93) 

0.152 
(1.25) 

LATIN_AMERICA -0.092 
(0.97) 

-0.058 
(0.59) 

WD3 x (Log CDPC2005 - Log CDPC1990) 0.474 
(3.56) 

0.501 
(3.81) 

Log GDPPC1990  0.078 
(1.13) 

   
R-squared 0.598 0.605 

 

5.3 Empirical Results: -Convergence 

The paper now turns to the question of whether the spatial configuration of the data affects 

conventional tests of sigma convergence. In a model in which there is spatial autocorrelation 

in the data the conventional method of calculating the variance is no longer correct. Rey and 

Dev (2006) suggest a decomposition of the sample variance in an attempt to distinguish 

between dispersion which is the result of spatial processes, and that which is a consequence of 

changes in the global dispersion parameter (referred to as 2 in the preceding equations). They 

argue that unlike the global dispersion parameter, the sample variance will be affected by 

changes in the degree of spatial autocorrelation. To illustrate, the sample variance for a set of 

n economies is: 

 
n

i
tti yyns

1

2
,

2 )()1/(1           (17) 

 

where yit is CO2 emissions per capita in country i in time t, and ty is the average emissions for 

all countries. As mentioned in section 2, a decline (increase) in s2 would indicate convergence 

(divergence). The use of the sample variance as an indicator for convergence requires that the 
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underlying data generating process is treated as a random sample with observations following 

i.i.d. so that ),(~ 2
iNy where ji , 222

ji and 0, ji for all i and j. Since 

it is unlikely that the data generating process is i.i.d., estimates of s2 would be faulty. Rey and 

Dev (2006) suggest a multivariate normal data generating process to overcome this problem 

where ),(~ 2
iNy  and y is a (n x 1) vector of random variables with the expected value  

and  is a general (n x n) matrix. The idea of having 2 and  representing the variance-

covariance matrix is to make it possible to allow for both spatial dependence and spatial 

heterogeneity. This means that both mean heterogeneity nji and variance 

heterogeneity 2
,

2
,

2
, nnjjii  are possible assumptions. 

Estimating the global dispersion parameter involves identifying the form of spatial 

autocorrelation. We confine ourselves to considering the case of mean homogeneity but with 

a spatial lag or spatial error dependence (maximum likelihood estimates of the spatial lag and 

spatial error dependence models yield identical estimates of the global dispersion parameter).  

The above means that the spatial regression equations (12) and (15) have the following 

multivariate normal and joint distributions, respectively: 

 
1121 )'()(,)(~ WIWIXWINy       (18) 

 
112 )'()(,~ WIWIXNy         (19) 

 

The three different spatial weight matrices were compared and yet again the spatial 

weight matrix WD3 provided the best fit in terms of the log likelihood. Table 10 compares the 

sample variance with the global dispersion parameter calculated using WD3. These 

calculations permit spatial autocorrelation to change over time.  

There is a large difference between the sample variance and the global dispersion with 

the former far exceeding the latter. This is very similar to the findings of Rey and Dev (2006) 

when they consider -convergence of per capita incomes in the United States over the period 

1920 to 2000. But although the absolute values differ Cuzick’s nonparametric test for trend is 

highly significant in both cases pointing to convergence.  
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Table 10: Spatial Econometric Estimates of Sigma Convergence 
Method = OLS and ML 
Spatial Weight Matrix = WD3 
Year Sample variance (s2) Global dispersion ( 2) 
1990 2.634 1.046 
1991 2.642 1.089 
1992 2.614 1.139 
1993 2.622 1.149 
1994 2.618 1.316 
1995 2.506 1.187 
1996 2.454 1.176 
1997 2.370 1.145 
1998 2.350 1.127 
1999 2.302 1.090 
2000 2.289 1.043 
2001 2.264 1.012 
2002 2.270 1.019 
2003 2.246 1.012 
2004 2.221 0.989 
2005 2.203 0.980 
   
Trend (Cuzick) P=0.000 P=0.000 

 

Table 11 contains our final tests of -convergence. These were estimated by maximum 

likelihood technique allowing both the mean ( ) and variance ( ) to be region-specific. The 

spatial autocorrelation parameter is held constant across regions and the spatial weight matrix 

is WD3. Cuzick’s nonparametric test for trend is highly significant in the case of Africa and 

Asia and China but not significant for any of the remaining regions.  

All in all, the results from the -convergence tests suggest that per capita emissions 

convergence is conditional upon emissions in neighboring countries. The test for -

convergence suggests that spatial dependence varies over time and over regions. 
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Table 11: Spatial Econometric Estimates of Global Dispersion by Region 
Method = ML 
Spatial Weight Matrix = WD3 
Year Western 

Europe, 
Oceania, 

North 
America 

Eastern 
Europe 

Former 
USSR 

Africa Middle 
East 

Asia, 
China 

Latin 
America 

1990 0.273 0.214 0.206 1.507 0.756 2.041 0.870 
1991 0.265 0.267 0.229 1.577 0.857 2.078 0.868 
1992 0.243 0.245 0.748 1.422 0.801 1.630 0.819 
1993 0.265 0.451 0.424 1.597 1.102 2.006 0.893 
1994 0.266 0.610 0.705 1.589 1.154 1.952 1.321 
1995 0.237 0.646 0.826 1.636 1.094 1.841 0.805 
1996 0.236 0.654 0.685 1.607 1.119 1.777 0.821 
1997 0.229 0.645 0.635 1.552 1.122 1.768 0.793 
1998 0.214 0.541 0.607 1.564 1.147 1.738 0.802 
1999 0.228 0.332 0.645 1.536 1.107 1.644 0.797 
2000 0.230 0.295 0.687 1.469 0.872 1.607 0.850 
2001 0.244 0.288 0.702 1.390 0.828 1.595 0.828 
2002 0.243 0.245 0.748 1.422 0.801 1.630 0.819 
2003 0.231 0.257 0.754 1.341 0.880 1.584 0.872 
2004 0.232 0.279 0.722 1.347 0.844 1.533 0.859 
2005 0.244 0.211 0.678 1.364 0.857 1.514 0.854 

Trend (Cuzick) P=0.075 P=0.432 P=0.108 P=0.009 P=0.828 P=0.001 P=0.592 

 

6. Conclusions  
This paper has reviewed the previous literature on environmental convergence, and applied 

spatial econometric techniques to explore for spatial relationship when testing for 

convergence. The empirical findings in the previous literature appear to be as varying as the 

empirical methods used to study convergence. In addition, most data used contains some 

spatial dimension, but spatial dependence has not been tested for. The existence of spatial 

relationships in the data provides one explanation for why many authors have reached 

findings concerning convergence. One of the main implications of spatial spillovers is that 

countries behave differently depending on their neighbors. Incorrectly omitting spatially-

lagged variables may cause the parameters of regression equations testing for convergence to 

be biased.  

In conclusion it appears that the convergence of per capita CO2 emissions is highly 

spatial. Our findings point in the direction of (conditional) -convergence of emissions. 

However, we also find that the influence of initial per capita emissions is statistically less 

important than the spatial lag processes. The sign on the spatial lag indicates that the rate of 

growth of emissions is positively influenced by the emissions growth rate in neighboring 

countries. There is no support for the view that national reductions in per capita CO2 
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emissions lead to compensating increases in CO2 emissions elsewhere, a phenomenon referred 

to as ‘carbon leakage’. In fact, the results suggest that reductions in CO2 emissions would be 

largely matched by neighboring countries.  

The spatial interaction implies that anything that affecting the per capita emissions 

growth rate of a country will necessarily change the growth rate of the immediate neighbors. 

This will in turn result in a feedback effect making it difficult to calculate the full multiplier 

impact of changes in any of the explanatory variables. This substantive form of spatial 

relationship should be distinguished from one in which neighboring countries per capita 

emissions growth rates because of spatially autocorrelated omitted variables.  

Such effects might be caused by the geographical diffusion of technologies, products 

and lifestyles. Government officials and bureaucrats are also constantly assessing policy 

against those of their neighbors in order to reduce the costs of decision making and to 

legitimize their actions, particularly when there is uncertainty regarding the effects of these 

policies. This might result in countries mimicking each other’s environmental policies 

resulting in similar per capita emissions growth rates.  

We reject the idea that CO2 emissions per capita are converging because income per 

capita is converging. Per capita emissions growth rates appear unrelated to per capita income.  

The analysis of -convergence also points to the importance of accounting for spatial 

effects. Decomposing the sample variance into global dispersion and dispersion due to spatial 

autocorrelation suggests that globally per capita carbon emissions have been converging. But 

there is limited evidence of convergence on a regional basis with only Africa and Asia and 

China exhibiting sigma convergence.  

It is interesting to compare these findings with those on income per capita convergence. 

Studies on the convergence of income per capita indicate that such processes are slow and 

confined mainly to convergence within regions of a country rather than convergence across 

countries. The evidence on per capita CO2 emissions convergence is much more pronounced. 
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Appendix: Definitions of Country Groupings 
Western European countries: Austria; Belgium; Denmark; Finland; France; Germany; 

Greece; Iceland; Ireland; Italy; Luxembourg; Netherlands; Norway; Portugal; Spain; Sweden; 

Switzerland; Turkey; United Kingdom; Cyprus; Gibraltar; and Malta. 

 

Eastern European countries: Czech Republic; Hungary; Poland; Slovak Republic; Albania; 

Bulgaria; Romania; Bosnia and Herzegovina; Croatia; FYR of Macedonia; Slovenia; Serbia 

and Montenegro; Azerbaijan; Belarus; Estonia; Georgia; Kazakhstan; Kyrgyzstan; Latvia; 

Lithuania; Republic of Moldova; Russia; Tajikistan; Turkmenistan; Ukraine; and Uzbekistan. 

 

African countries: Algeria; Angola; Benin; Cameroon; Congo; Democratic Republic of 

Congo; Cote d’Ivoire; Egypt; Eritrea; Ethiopia; Gabon; Ghana; Kenya; Libya; Morocco; 

Mozambique; Namibia; Nigeria; Senegal; South Africa; Sudan; United Republic of Tanzania; 

Togo; Tunisia; Zambia; and Zimbabwe. 

 

Asian countries: Bangladesh; Brunei; Chinese Taipei; India; Indonesia; Democratic People’s 

Republic of Korea; Malaysia; Myanmar; Nepal; Pakistan; Philippines; Singapore; Sri Lanka; 

Thailand; Vietnam; People’s Republic of China; and Hong Kong. 

 

Middle Eastern countries: Bahrain; Islamic Republic of Iran; Iraq; Israel; Jordan; Kuwait; 

Lebanon; Oman; Qatar; Saudi Arabia; Syria; United Arab Emirates; and Yemen. 

 

Latin American countries: Argentina; Bolivia; Brazil; Chile; Colombia; Costa Rica; Cuba; 

Dominican Republic; Ecuador; El Salvador; Guatemala; Haiti; Honduras; Jamaica; Mexico; 

Netherlands Antilles; Nicaragua; Panama; Paraguay; Peru; Trinidad and Tobago; Uruguay; 

and Venezuela.  

 

North American countries: Canada and United States of America. 

 

Oceania countries: Australia and New Zealand. 
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Patrik Söderholm �, Fredrik Pettersson
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The purpose of this paper is to discuss how the design of climate policy in a small open economy may

affect the internalization of carbon-related external costs and ultimately the social choice between

different power generation technologies. Empirically we focus on the Swedish case and analyze three

climate policy regimes, out of which two represent different national goal formulations and thus

compliance strategies. The results show that the social choice between power generation technologies

in Sweden will be significantly influenced by the choice of climate policy regime. Most notably, if

Sweden would abandon its present national target for carbon dioxide emissions and instead make full

use of the country’s participation in international emissions trading, natural gas-fired power would

replace onshore wind power as the power generation source with the lowest social cost.

& 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Power generation is the focus of many policy initiatives aimed
at influencing technology and fuel choices. In European energy
and climate policy, the EU emissions trading system for carbon
dioxide (EU ETS) and different support schemes for renewable
electricity exert particularly important impacts on power genera-
tion choices in the Member Countries. From an economic
efficiency point-of-view such policies should be designed so as
to minimize the total social (i.e., private plus external) cost of
power generation. In this short paper we illustrate—using data for
the Swedish power generation sector—how different climate
policy goal formulations can influence the social choice between a
set of power generation technologies as well as how renewable
electricity support schemes affect climate policy.

Sweden is a small open economy, and the last two govern-
ments have promoted the country as a forerunner in the climate
policy field. In the early 1990s, prior to the advent of the Kyoto
agreement, Sweden implemented a comparatively high tax on

carbon dioxide emissions. This tax has, however, been heavily
differentiated across different sectors to avoid substantial carbon
leakage (e.g., Bergman, 1996). At present, in accordance with the
Kyoto Protocol and the EU Burden Sharing Agreement, Sweden is
committed to an Assigned Amount Unit (AAU) for the compliance
period 2008–2012 corresponding to an increase by 4 percent
compared with the 1990 emission level. Still, in an attempt to
precede stricter future requirements Sweden has decided on a
national emission target stating that during the same period the
country’s greenhouse gas emission level must not exceed five
times 96 percent of the 1990 level. Other than Germany and Great
Britain, Sweden is the only EU country that has decided to focus
on a national emissions target, thus addressing emissions made
on domestic soil.

The difference between a national emission target and the
option of fully utilizing the benefits of emissions trading lies in
how Sweden can meet the target, where reductions will be made,
and how it will affect the economy (e.g., Carlén, 2004, 2007; Hill
and Kriström, 2005). Since not all sectors of the economy take part
in EU ETS, the economy is divided into a trading and a non-trading
sector. The non-trading sector, e.g., the transportation sector and
non-energy-intense industries, is primarily regulated through the
carbon dioxide tax. An important implication of the national
emission target is that if a firm in the trading sector chooses to
buy permits, a corresponding reduction has to be made in the
non-trading sector (e.g., through adjustments in the carbon tax).

In this paper, we analyze how the national emission target
influences the assessment of the external cost of carbon emissions
and ultimately the social choice between different power
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generation technologies. Thus, the policy implications of the
results concern not the design of climate policy as such, but rather
how climate policy design in itself influences the social cost of
different power generation technologies and the extent to which
existing policy instruments internalize the external costs (includ-
ing the role of renewable electricity support schemes). Specifi-
cally, in the paper the present policy is compared with two
alternative policy regimes: (a) the absence of an international
climate agreement (i.e., the situation prior to the Kyoto Protocol);
and (b) the full use of carbon allowance trading within the realms
of the Protocol. In Section 2, we first assess the (net) generation
costs a Swedish investor faces when selecting between different
new power projects, and in a second stage we provide estimates of
the corresponding social costs for each of the three policy regimes.
Section 3 analyzes to what extent the technologies promoted by
the existing policy instruments also represent those with the
lowest social costs, and how this outcome is affected by the choice
of climate policy regime. The paper ends with Section 4, which
provides some concluding remarks.

2. The private and social costs of power generation in Sweden

This section focuses on the lifetime costs for new investments
in wind power (onshore and offshore), bio-fuelled power (in
combined heat and power plants) and power generation based on
natural gas.1 This focus is motivated for a number of reasons.
Natural gas plants, combined cycle gas turbines (CCGT), represent
one of the most attractive alternatives for power investors in
continental Europe and gas use for power generation purposes has
increased substantially during the last 15 years. The expansion of
CCGT plants in Sweden has, however, been modest. This is largely
due to the lack of extensive domestic natural gas grids, but there
exist plans to develop such infrastructure also in Sweden. The
capacities of bio-fuelled power and wind power (in particular
onshore capacity) have increased during the past decade due to
the support provided since 2003 through the Swedish green
certificate system. In addition, new investments in hydropower
and nuclear power are not realistic options at the present, mainly
due to the extensive governmental environmental protection that
the remaining unexploited rivers benefit from as well as the
decision to gradually phase out existing nuclear power stations.

Table 1 summarizes the results of the cost assessments. The
starting points of our analyses are the private generation costs for
the different technologies, i.e., the costs facing investors in the
absence of any policy instrument and excluding the external
environmental costs. The cost intervals indicate the variations in
costs that are due to different geographical conditions such as
wind conditions and fuel transportation costs or other site-
specific factors.2 Table 1 shows that the private lifetime costs
differ across the various technologies, and in the absence of any
policy instruments neither wind nor bio-fuelled power can
compete with natural gas-fired power. However, the existing
policy instruments have a decisive impact on the competitive
position of the different generation options.

The assumptions concerning the impact of policy instruments
can be summarized as follows (see Michanek and Söderholm
(2006) for details):

� Wind power: The green certificate revenues apply to wind
power, and these are assumed to yield a cost reduction of
US$21/MWh (about SEK 150).3 Wind power investments are
also entitled to a so-called ‘environmental bonus’. This
production subsidy is different for onshore and offshore wind
power and in the former case this provides a lifetime cost
reduction of some US$1/MWh (although this support is
currently being phased out). For an offshore wind power plant
the corresponding cost reduction is approximately US$4/MWh.

� Bio-fuelled CHP: The main policy instrument affecting this
technology is also the green certificate scheme, and as noted
above we assume a constant certificate price of US$21/MWh
for the total life length of the power plant (a negative cost that
is).

� Natural gas (CCGT): We assume that the EU ETS permit price
will be US$28/ton CO2 during the entire lifetime of the power
plant. Based on the carbon intensity of natural gas this
corresponds to a price of some US$10/MWh electricity
produced from gas. Moreover, the nitrogen oxide fee adds an
additional US$3/MWh to the lifetime cost of the CCGT
alternative (Bärring et al., 2003).

Table 1 displays that with these policy instruments in place the
renewable power sources gain considerable competitive strength,
and they become attractive for private investors. In order to assess
whether this shift in relative cost can be motivated from an
economic efficiency point of view we also need to estimate the
social cost of each technology. This implies adding to the private
cost of generation (excluding the impact of policy instruments)
the external cost of each power generation source. Table 2
presents these external cost estimates by source and the resulting
total social cost of each power generation option are summarized
in the last column of Table 1.

The environmental external cost of onshore wind power in
Scandinavia has been estimated at US$2–5/MWh (Schleisner and
Nielsen, 1998; Navrud, 1997). For offshore wind power research
has shown that the public’s perception of wind power as an
environmentally benign power source increases if the plants are
situated offshore (Ek, 2006), and based on this finding we assume
that the external costs associated with offshore wind power is
somewhat lower than for onshore wind and correspond to
US$1–3/MWh. In the case of the bio-fuelled CHP alternative we
consider a plant with wood-chips as input, and the external costs
associated with this technology include emissions in the form of
nitrogen oxides, sulfur oxides, carbon monoxide, and various
heavy metals (the net effect from the CO2 emissions is, however,
assumed to be zero). The total environmental external costs for
bio-fuelled CHP in Sweden have been estimated at US$11–34/
MWh (Miranda and Hale, 2001). The external costs of gas-fired
power plants stem from various regional and transboundary
emissions, e.g., nitrogen oxides and ground-level ozone, as well as
global emissions such as carbon dioxide. The regional external
environmental costs (thus excluding carbon) have been estimated
at US$1–11/MWh (Schleisner and Nielsen, 1998; Navrud, 1997).
The assessment of the global external costs, i.e., the cost of carbon,
will be affected by how the international climate policy is
formulated but also by how Sweden chooses to respond to these
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1 The lifetime costs represent all power generation costs—capital, operation

and maintenance, and fuel costs—discounted to a present value and then divided

by the total discounted output over the lifetime of the plant.
2 It is important to note that we here ignore the cost of grid extensions and

natural gas supply infrastructure (and therefore assume that these facilities are in

place). In addition, we focus only the environmental-related external costs, and

ignore, for instance, externalities of wind power on the stability of the electricity

system due to the insecurity of wind-generated electricity.

3 The certificate price has averaged about US$30/MWh during the 5-year

period since the scheme was implemented, but prices may go down in the future

with a large number of wind power projects in the pipeline.
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agreements. As was noted above, we here outline three different
policy regimes—A, B, and C—and it is illustrative to investigate
each of these in turn.

Under policy regime A, Sweden has not signed any international
climate agreement but we assume a domestic price (tax) on
carbon equaling US$28/ton CO2 emitted. There are no flexible
mechanisms available and an increase in the combustion of gas in
the power sector will therefore increase global CO2 emissions.
Stern et al. (2006) estimate a damage cost of US$85/ton CO2, but
in his meta-study Tol (2005) argues that it is rather unlikely that
the damage cost exceeds US$14/ton CO2 (or, alternatively, US$50/
ton C).4 Based on Tol (2005) the global external (damage) cost of
gas-fired power generation is here assumed to be US$1–95/ton
CO2, where the highest estimate is based on Tol’s upper 95
percentile.5 This implies that the external carbon cost from the
gas-fired plant would be in the range US$1–39/MWh (given the
assumption that 1MWh power produced from a gas-fired plant
gives rise to 0.4 ton of CO2 emitted).

Policy regime B represents the current Swedish policy. The
Kyoto Protocol is ratified, emission trading takes place within EU
ETS for the involved sectors, but Sweden has a national emission
target implying that any increase in the emissions in the trading
sector must be compensated by a reduction in the non-trading
sector. Even though an increase in gas use does not give rise to any
net (global) emissions of CO2 an extra cost can be incurred on
society due to the reductions taking place in the non-trading
sector. Given a well-functioning EU ETS we can assume that the

marginal cost for CO2 reductions in the trading sector is the same
as the permit price, US$28/ton CO2. Similarly, the marginal cost
for CO2 reduction in the non-trading sector can be estimated
based on the existing carbon tax, presently about US$130/ton CO2.
Thus, if CO2 emissions from the power sector increases with 1 ton
the power producer would avoid a cost of US$28 (the permit
price), but instead force an actor in the non-trading sector to
reduce emissions at a cost of US$130/ton. The difference, US$102/
ton CO2, would then represent the ‘external’ cost associated with
increased CO2 emissions from the Swedish power sector. In
addition, when emissions in the non-trading sector decreases
AAUs are freed and can be traded, saved or canceled. For
simplicity we assume that the value of one AAU corresponds to
the EU ETS permit price, US$28/ton CO2, and this needs to be
subtracted from our previous estimate of US$102/ton. Thus, with a
national Swedish emission goal the external cost of emitting 1 ton
carbon dioxide in the trading sector equals about US$74. Based on
the carbon intensity of natural gas this leaves us with a total
carbon-related external cost of US$29/MWh for the gas-fired
power station.

In the case of policy regime C, there exists an international
agreement such as the Kyoto Protocol, emissions trading within EU
ETS, but here Sweden makes full use of the flexible mechanisms,
i.e., EU ETS and international trade in AAUs. Under this propo-
sed—but so far not adopted—regime (SEA and SEPA, 2004) there is
no net increase in emissions of CO2 and adjustments in the non-
trading sector become redundant. The trading sector’s emissions
cannot exceed their initial permit allocation plus any net purchases
of permits from the trading sector in other EU countries. In this
case, any increase in emissions from the power sector will be
followed by reductions made elsewhere and no adjustments in the
non-trading sector are needed, implying that there are no negative
carbon-related external effects. The external carbon cost is thus
zero for any gas-fired power station built in Sweden.

The above generates the total social cost estimates reported in
Table 1; the table shows that the influence of climate policy
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Table 1
Lifetime costs for new power-generating capacity in Sweden (US$ 2003)

Technology Capacity (MW) Lifetime costs (US$/MWh)a

Private costs (without taxes

and subsidies)

Private costs+policy instruments (with

taxes and subsidies)

Social costs (private costs

plus external costs)

44–104 (A)

Natural gas—CCGT 400 42–54 55–67 72–94 (B)

43–65 (C)

Biofuel—CHP 80 54–68 33–47 65–102

Wind power—onshore 20 54–71 32–49 56–76

Wind power—offshore 90 68–81 43–56 69–84

Sources: Bärring et al. (2003), Barhelmie and Pryor (2001), and Miranda and Hale (2001) (see also Michanek and Söderholm, 2006).
a The cost estimates are based on a private discount rate of 6 percent and an economic lifetime of 20 years. A credit for the produced heat in CHP plants is assumed

based on the calculations presented in Bärring et al. (2003). US$1 corresponds to about SEK 7.

Table 2
External environmental costs by power generation soruce (US$ 2003)

Biofuel Wind (onshore) Wind (offshore) Natural gas—CCGT

Policy A Policy B Policy C

Non-carbon cost 11–34 2–5 1–3 1–11 1–11 1–11

Carbon costs 0 0 0 1–39 29 0

Total external costs 11–34 2–5 1–3 2–50 30–40 1–11

Sources: Schleisner and Nielsen (1998), Navrud (1997), Miranda and Hale (2001), Ek (2006), and Tol (2005).

4 The damage estimates reported in Stern et al. (2006) are based on a

comparatively low discount rate (1.4 percent) and critics of the Stern Review

therefore judge these estimates unrepresentative in the economics literature (e.g.,

Nordhaus, 2007; Weitzman, 2007).
5 The damage cost should be interpreted as the total global willingness-to-pay

to avoid the damages of climate change, and the considerable range of uncertainty

surrounding the estimates stems from the difficulties in assessing all future

damages as well as future generation’s valuation of these damages.
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regime on the external cost of carbon (and thus gas-fired power
generation) can be significant. In Section 3, we analyze the
implications for the social choice between the different power
generation technologies in more detail.

3. Social choice and the impact of climate policy regime

Fig. 1 builds on the data displayed in Table 1 and compares the
social costs associated with each technology to the private
lifetime costs (including policy) an investor faces. The results
show that onshore wind power generally represents the renew-
able power source with the lowest social cost (although at some
geographic locations costs may be high due to, for instance,
enforcement of the electricity grid), and the green certificate
scheme heavily reduces the lifetime costs facing investors in
renewable electricity. Still, on a social cost basis the relative
ranking between CCGT and the renewable alternatives differs
depending on the climate policy regime.

In the case of regime A it is difficult to rank the different
technologies based on the social cost estimates. The outcome is
heavily dependent on the magnitude of the external costs of
natural gas, and these are highly uncertain. Our results indicate
that the cost that a natural gas investor would face approximately
the same as the lower range of the social cost natural gas-fired
power generation gives rise to. It should be noted that here we
disregard the potential problems of unilateral carbon pricing. If a
(too high) price is imposed it could induce increased electricity
imports that in turn imply increased carbon emissions in the
exporting country. This carbon leakage impact implies that it may
be difficult to impose a national tax that fully internalizes the
social cost of gas-fired power, but it also suggests a potentially
important climate policy role for the Swedish green certificate
scheme. This scheme can be used as a second-best policy to
reduce CO2 emissions in the power sector without inducing
carbon leakage.

Under regime B, onshore wind power tends to be the cheapest
alternative from a social cost perspective. The social cost of gas-
fired power is significantly higher, and overall its external costs
are not particularly well internalized due to the adjustments that
need to take place in the non-trading sector. Additional carbon
taxation would be needed to achieve full internalization of the
carbon-related external costs, thus reflecting the difference in
marginal costs of carbon abatement in the two sectors of the
economy. Also under this regime there may exist a climate policy
role for the green certificate scheme. Even though no net
decreases in global CO2 emissions do take place following its
implementation, this scheme could be used to comply with the

national emission target by inducing comparatively cheap CO2

reductions in the Swedish power sector and thus reduce the
demand for more costly reductions in the non-trading sector
(Carlén et al., 2005; Söderholm, 2008).

Finally, if we examine regime C gas-fired power now stands out
as the alternative with the lowest social costs and its total external
costs are essentially fully internalized. This does not mean that
stricter international climate policy goals are not motivated: it
simply tells us that the role of other national climate policies—
such as green certificates—is very limited. If a stricter quota in the
green certificates scheme is implemented in this policy setting no
net CO2 reductions would be achieved (it would simply free
allowances that could be sold within the EU ETS) and no
adjustments in the non-trading sector would be necessary.

4. Concluding remarks

The analysis in this paper has—using rough cost estimates
drawn from the existing literature—illustrated that given the
current policy regime in Sweden, onshore wind power stands out
as an economically efficient alternative. However, the social costs
for natural gas vary significantly with climate policy design, and in
the case Sweden assumes full use of the flexible mechanisms
provided by the Kyoto Protocol (regime C) gas-fired power stands
out as the choice with the lowest social cost. Thus, if Sweden
would abandon its national emission target—something, which is
quite likely, at least if additional sectors are added to EU ETS—the
role of natural gas in the Swedish power mix should probably be
re-considered.6 Generally this illustrates the inflexibility in a goal
formulation that denies the flexibility in compliance strategies
offered by the Kyoto mechanisms, and the resulting division
between a trading and a non-trading sector with varying marginal
costs of carbon abatement. The paper has illustrated that in the
Swedish case the resulting impacts on the economic efficiency of
power generation choice may be significant. Similar shifts in the
relative social costs of energy production are likely to occur also in
other countries if their national climate policy regimes are altered.
The above also highlights the importance of general equilibrium
effects and inter-sector spillovers in the analysis of climate policy
impacts.

Finally, following the EU Directive (2001/77/EC) Sweden and
other EU Member States are currently constrained in their power
generation choices and obliged to increase the reliance on
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Fig. 1. Social costs and costs facing investors for selected power generation technologies.

6 It is worth noting that the abandonment of the national emission target does

not imply that Sweden cannot be a forerunner in the climate policy field. One

option would be the simple annulment of AAUs (Carlén, 2007).
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renewable electricity. Our analysis shows that the promotion of
onshore wind power may provide a cost-effective strategy to
comply with the goals set out in this Directive. Moreover, if the
present Swedish climate policy is maintained, the certificate
scheme and the resulting investments in renewable electricity
will function as means to avoid costly carbon abatement in the
non-trading sector. If Sweden instead relies fully on international
allowance trading, the certificate scheme would be abundant from
a pure climate policy point of view.
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Luleå University of Technology, Economics Unit, Luleå SE-971 87, Sweden
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Abstract

The purpose of this paper is to analyze the costs for reducing CO2 emissions in the power-generating sectors in Croatia, the European

part of Russia, Macedonia, Serbia and the Ukraine in 2020 by using a linear programming model. The model takes into account the

impact of technology learning and is based on the underlying assumptions of the so-called RAINS model frequently used to assess the

potential and the costs for reducing air pollution in Europe. The results based on an exogenously given 15 percent reduction target for

CO2 emissions show that the marginal cost for switching from a carbon-intense fuel to either a low-carbon or to a renewable energy

source differs significantly among the countries. The marginal costs range from 4 to 90h per ton CO2, and are mainly due to country

differences in the availability of renewables, existing technologies and costs. The results also indicate that although it is clear that the

Eastern European countries are not homogeneous in terms of CO2 abatement potential and costs, no general conclusions can be made of

the region. This may have important implications for future JI/CDM activities. For instance, risk factors such as policy uncertainty and

institutional obstacles may become crucial in determining the future allocation of JI/CDM projects across the region.

r 2006 Elsevier Ltd. All rights reserved.

Keywords: Climate policy; Power generation; Renewable energy

1. Introduction

The adoption of the Kyoto Protocol in 1997 marks an
important first step in the process of addressing the
problem of global carbon dioxide (CO2) emissions. A
significant step towards compliance with the Kyoto
Protocol will be the European Union’s emissions trading
scheme (EU ETS), which was implemented in the begin-
ning of 2005 and that will make it possible for selected
sectors of the European economies to trade CO2 emission
allowances within as well as across countries. Another
measure for fulfilling the commitment is another so-called
flexible mechanism, namely Joint Implementation (JI).1

JI implies that Annex I countries can engage in JI activities

where the country (or corporation) finances emissions
reduction activities in another Annex I country, most likely
in Eastern European countries. The rationale for JI is that
Annex I countries with high marginal costs of CO2

reduction will benefit from investing in other Annex I
countries with relatively low marginal costs. High marginal
cost countries such as Sweden can thus potentially make
use of this option at a relatively large scale since it is
unlikely that some of the low-cost countries will invest
since they de facto do not face any binding abatement
requirements.2 It is commonly accepted that the Eastern
European countries, or the so-called economies in transi-
tion, will be important host countries for future JI activities
and consequently important for other European countries
in order to fulfill the Protocol (e.g., Victor et al., 2001;
Fankhauser and Lavric, 2003). From a Western European
point of view it thus becomes important to assess the
correct costs for CO2 abatement in the power generation
sectors among the Eastern European countries.
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The purpose of this paper is to analyze the costs of
reducing CO2 emissions until 2020 in the power sectors in a
number of Eastern European countries and regions:
Croatia, Former Yugoslav Republic of Macedonia (Ma-
cedonia), European part of Russia, Serbia and Montenegro
(Serbia), and the Ukraine. Particular attention is paid to
how the pricing of carbon emissions may affect the
diffusion of renewable power technologies in these
countries. The study employs the underlying methodologi-
cal framework of the RAINS model, which has been used
to assess the potential and the costs for reducing air
pollution in Europe.3 Specifically, a linear programming
model is used to estimate the costs of complying with
pre-determined emission targets in each country given the
available potential for renewables and low carbon-content
fuels. The model takes into account the effect of technology
learning on power generation costs The results from the
analysis can be used to: (a) indicate how the diffusion of
renewable energy resources will be affected by the
combination of carbon pricing and an exogenously decided
emission reduction in each country and (b) assess the
overall economic conditions for JI activities in the selected
countries.

There are at least three reasons for studying the above
countries in the aforementioned context. First, there exists
a gap in previous research concerning the impact of climate
policy on the economics of power generation and
technology choice in Eastern Europe.4 Second, apart from
the potential for JI activities, these countries will become
important in a European perspective if they are incorpo-
rated in the EU emissions trading scheme. For instance, the
Eastern European countries can, to the extent that they can
offer low-cost carbon mitigation options, put a downward
pressure on allowance prices. Third, a comprehensive
assessment of the cost for utilization of renewable power
in these countries will be important for projecting the
future price on carbon and consequently facilitate invest-
ment decisions in the power sectors all over Europe.

In general, countries can comply with their reduction
targets through achieving a lower final demand for
energy, energy efficiency improvements and fuel switching.
This paper is limited to only consider the latter measure.
The focus lies on the potential to either switch to renewable
energy sources, e.g., hydro, wind and solar, or to low-
carbon intense technologies such as gas. The present
paper does not attempt to provide an economy-wide
analysis of carbon mitigation options, instead the focus
lies on the power sector. In 1990 the power sectors
accounted for some 36 percent of the total CO2 emissions
in Europe (Klaassen et al., 2004). Among the greenhouse
gases (GHG) covered in the Protocol, CO2 is the most
critical one from a global warming perspective, and
accounts for some 60 percent of the greenhouse effect

(Houghton et al., 2001).5 The power industry is a relatively
attractive target for mitigation actions since power
generation provides much flexibility in terms of fuel choices
and the different fuels have significantly different carbon
contents. Other sectors are often more difficult to target;
for instance, the transportation sector relies almost
exclusively on oil products and few substitute fuels exist.
The paper proceeds as follows. Section 2 briefly discusses

European climate policy and the importance of the Eastern
European countries. Section 3 describes the RAINS model
and the methodology underlying the linear programming
model used in this paper. Section 4 reviews the baseline
scenarios and the potentials for different power generation
sources in the selected countries. Section 5 presents the
results of the model simulations and, finally, Section 6
discusses some limitations of the results and sums up the
main findings.

2. Climate policy and the role of the Eastern European
countries

The Annexes to the Kyoto Protocol not only states the
amounts of reduction for each participating country, it also
allows for Annex B countries to form a bubble to trade
emission allowances. The bubble is given an aggregate
reduction target and the countries within the bubble can
thus reduce different amounts of emissions as long as the
total emissions in the bubble are below or just at the target.
The aforementioned EU trading scheme is one example of
such a bubble policy. The scheme implies that the EU
member countries listed in Annex B should together
decrease their emissions by eight percent compared to
their 1990 levels. Emissions trading prove its advantages
over many other policies since it gives firms an incentive to
reduce emissions cost-effectively but also provides contin-
uous incentives for innovations in the environmental
technology field. The latter is what Jaffe et al. (2005) refer
to as ‘‘policy instruments that induce technological
change’’. The EU emissions trading scheme can thus help
to stimulate the development of new technologies and
promote the diffusion of renewable energy technologies.
There is, however, no guarantee that emissions trading
alone will induce enough of technological change; one
important reason why this may be the case is the presence
of positive externalities related to technical development
(ibid.). For this reason it may be necessary with additional
polices that implicitly foster the diffusion of renewable
energy sources, such as for instance R & D support and
subsidy schemes targeted at infant energy technologies
such as wind and solar power.
The EU trading scheme will allow for Kyoto offsets such

as CDM and JI (EC, 2003b). Apart from the member states
other Eastern European countries are currently not
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included in the trading scheme but the latter countries
might be important for offsets such as CDM and JI. The
offsets available in the EU trading scheme will be of
uttermost importance for EU countries (del Rio et al.,
2005).6 In order for the offsets to make sense for the EU
countries the future costs for reducing emissions will
become important. If these costs are unknown the future
carbon price will be uncertain and this could potentially
hamper investments in the power generation sectors across
Europe. If the investment environment in general is
uncertain, also investments in Eastern Europe, and hence,
JI and CDM activities will become less frequent. This
suggests that the assessment of mitigation costs in
JI-countries will be important for the future development
of the power sectors in Europe. Finally, the carbon price is
not the only challenge for future JI activities, but so is also
the creation of reliable baseline projections as references
for future calculations as pointed out by Illum and Meyer
(2004).

The future implementation of the Protocol seems
currently not to cause any major economic side-effects
among the Eastern European countries. According to the
Protocol, GHG emissions will be frozen at their 1990 level
and future emissions will be reduced, on average, by 4
percent of the same base year, but this will necessarily not
imply a problem since most of the economies will not reach
the 1990 emissions level in the near future due to the
economic collapse in the early 1990s.7 The region is,
however, important in a longer perspective if the economies
develop and an increased energy demand where emissions
reduction, through the diffusion of renewable energy
resources as well as an increased utilization of gas and
nuclear power, becomes inevitable (Horn, 1999; Karasali-
hovic et al., 2003; Duic et al, 2005).

One of the targeted sectors in the Protocol, as well as in
European energy policies in general, is the power sector,
and in particular fossil fuel-based power plants. The
Eastern European countries show a vast potential for
renewable energy sources that can be utilized for generat-
ing heat and electricity and substitute for fossil fuel use
(e.g., Feretic et al., 1999; Martinot, 1999; Bartle, 2002).
Still, the information on power generation costs and future
potential in the region is meager. The future development
of the power sectors in Eastern Europe has been analyzed
in the past with different attention given to renewable
energy. For instance, Varadarajan and Kennedy (2003)
review the future demand and supply of electricity in a
number of countries in southeastern Europe, but their
analysis is based on the power generation sector in 2000
and they do not fully take into account a wider use of
renewables. The CO2 mitigation costs and the attractive-
ness of a country with respect to JI activities have been

analyzed by Fankhauser and Lavric (2003). The authors
analyze not only the cost advantages in certain countries
but also the institutional conditions and conclude that
there seems to be a positive correlation between cheap JI
opportunities on the one hand and a shaky business climate
on the other. The implication is thus that Western
European countries should strive to find the country that
best combines cheap reductions opportunities with a
friendly business climate. Other studies have dealt with
the potential for renewable energy in individual countries
and the prospects for utilizing renewable energy sources for
power generation purposes (e.g., Martinot, 1999).
Another approach for the analysis of the potential use of

renewables is that employed by the International Institute
for Applied Systems Analysis (IIASA) and their Regional
Air Pollution Information and Simulation (RAINS) model.
The connection between traditional air pollution and GHGs
and the impacts on both human health and climate change
have been acknowledged in a number of studies (see e.g.,
Syri et al., 2001; Klaassen et al., 2004). These studies indicate
that future policies could be formed in a way to
simultaneously deal with both health and climate issues.
The RAINS model has been extended to assess optimal
strategies for controlling different types of pollutants and
GHGs simultaneously in order to reach the synergy effects.
In a first stage the RAINS model has been used to explore
the costs of climate policies and GHG reduction in the 25
member states and the five acceding countries of the EU
(EU 30), but the model has not yet incorporated the
remaining European countries. In 1990, the Eastern
European countries accounted for some 30 percent of the
overall CO2 emissions in Europe, and projections show that
these countries will continue to account for a substantial
part of the emissions in 2030 (Klaassen et al., 2004). The
assessment of the potential and costs for CO2 reduction
through increased use of renewable energy in these countries
could become important for the future work of including
Eastern Europe in the RAINS model.

3. Methodology

In order to analyze the costs for future emissions
reductions in Eastern Europe information on projections
of emissions, power generation costs and fuel switching
potentials are needed. In this study the underlying
assumptions represented in the RAINS model are used
to: (a) calculate the costs and emissions associated with the
generation of power; and (b) minimize the cost of reducing
CO2 emissions given quantitative constraints on the
aggregate emission level. This section begins by briefly
presenting the RAINS model while the remaining part
outlines the structure of the linear programming model.

3.1. The RAINS model

The RAINS model was developed in the 1980s for the
purpose of assessing optimal control strategies for reducing
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6JI operations are directed towards Annex I countries such as Russia,

Croatia and the Ukraine and the remaining countries in this analysis are

listed as non-Annex I countries and thus of interest for CDM activities.
7See also Table 3.

F. Pettersson / Energy Policy 35 (2007) 2412–24252414



health impacts stemming from air pollution. The model
combines the development of energy demand and econom-
ic growth, costs and potential for emissions control,
atmospheric characterization, and environmental effects
from air pollutants.8

The RAINS model makes it possible to estimate a
minimum cost alternative for restricting pollutants under a
given energy and agricultural scenario and estimate the
effects from controlling several pollutants simultaneously,
both for several economic actives and for several (Eur-
opean) countries. When controlling pollutants positive side
effects can occur since many of the sources for pollution
are also major sources of GHG emissions. For instance,
consider a coal-fired power plant that emits large amounts
of CO2 and NOx at the same time. In this case
simultaneous reductions of both substances can be
achieved by lowering the use of coal. In the same way
climate change measures that are directly targeted towards
GHG reduction can have positive side effects on regional
air pollutants (Syri et al., 2001). Given the insight of the
potential effects of GHG emissions into the atmosphere
and the connection between regional air pollutants and
GHGs the RAINS model has been extended to also include
GHG reduction. For a thorough description of the RAINS
model, see Klimont et al. (2002).

The scope of this study is the power sector and,
therefore, only the methodology for calculating costs
associated to this sector will be described and no other
sectors included in RAINS such as industrial activities,
transport, and dwelling will be discussed. For the power
sector the RAINS model can be used to assess the
replacement of fossil fuel-based technologies for less fossil
fuel-intense technologies or renewable energy sources as
displayed in Table 1. For instance, brown coal can be
replaced by all other alternative technologies with less
carbon contents. The potential for carbon capture, both
pre- and post-combustion, is not included in the analysis
due to lack of regional and national data on the potentials
and costs for this option.

Another important measure for reducing CO2 emissions
is energy efficiency improvements implying that the same
power generation levels can be attained with fewer fuel
inputs. In this study no explicit efficiency measure is

considered. However, the energy system models upon
which the country energy projections are built, assume that
fuel efficiencies improve (exogenously) over time. This
means that a power plant built in 2020 would be more
energy efficient than the same plant built in 2010 due to
general technological progress. Yet another important
measure not explicitly included in this study is cogeneration
of heat and power.

3.2. A linear programming model for CO2 reduction costs in

the power sector

In order to assess the potential for CO2 reduction at
minimum cost a linear programming model is used. The
purpose of the mathematical programming problem is to
minimize the total cost of power generation in a single
country subject to the projected demand for electricity, the
supply constraints, CO2 emission targets, and existing
technologies. The optimization problem can thus be
expressed as

MinC ¼
Xn

i¼1

ðIani þOM
fix
i þOMvar

i Þ=pf i; i ¼ 1 ; . . . ; n,

(1)

subject to:

Xn

i¼1

qi ¼ Q� 8i (2)

qjpq̄j 8j (3)

Xn

i¼1

EipĒ 8i (4)

qfiXbqfi Baseline 8 fi, (5)

where C is the total cost of power generation in a given
country and n represents the number of available power
technologies (i ¼ 1,y, n). The costs for producing electric
power from a given power generating technology i can be
divided into three categories; viz. Iani the annualized
investment costs, OM

fix
i the fixed operations and main-

tenance costs, and OMvar
i the corresponding variable

(including fuel) costs where the underlying parameters are
either generic or country specific. The generic parameters
common to all countries comprise technology data such as
removal efficiencies and unit investment costs. Country-
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Table 1

Options for power generation fuel substitution considered in RAINS

Original fuel Gas Nuclear Hydro-power Biomass Wind on shore Wind off shore Solar Other renewables

Brown coal x x x x x x x x

Hard coal x x x x x x x x

Heavy fuel oil x x x x x x x x

Natural gas x x x x x x x

Source: RAINS (2005).

8These include sulphur dioxide (SO2), nitrogen oxides (NOx), ammonia

(NH3), non-methane volatile organic compounds (VOC), and fine (PM2.5)

and coarse (PM10—PM2.5) particles.
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specific parameters include, for instance, operating hours,
annual fuel consumption, and the price of labor and fuel.
The Iani costs are calculated from the total investment costs,
I, over the technical lifetime, lt, of a power plant using a
real discount rate, r, of four percent (i.e., r ¼ 0:04):

Iani ¼ I
ð1þ rÞltr

ð1þ rÞlt � 1
. (6)

While investment costs represent all costs associated with
the construction of the plant, variable operation and
maintenance costs, OMvar

i (measured per kWhel), include
costs related to the actual operation of the plant such as
fuel use, cf (cost per unit in h/GJ), annual operating hours
at full load, pf, and electricity generation efficiency in
percent, Ze. Converting from kWh to GJ is made by using
the ratio 3.6/1000:

OMvar
i ¼ cf pf ð100=ZeÞð3:6=1000Þ. (7)

The fixed operation and maintenance costs, OM
fix
i ,

include costs for repairs, maintenance and administrative
overhead not related to the actual usage of the plant. An
approximate estimate of the fixed costs can be expressed as
a standard percentage a of the total investment I so that:

OM
fix
i ¼ Ia. (8)

The demand constraint in Eq. (2) should be interpreted
so that domestic electricity demand, Q*, is met no matter
which mix of technologies is used to generate electricity.
The supply constraint in Eq. (3) simply implies that the
power generated from a specific technology, qj, cannot
exceed the maximum potential of this option, q̄j ; available
within the country. It should be noted that fuel availability
potential applies both to the quantity of, for instance, wind
and solar energy generation, and fossil fueled generation
such as gas or coal. In this analysis it is assumed that
renewable energy resources can neither be imported nor
exported, but fossil fuels, however, can be traded. The
constraint in Eq. (4) specifies the maximum level of
aggregated CO2 emissions, Ē, that are allowed to be
emitted from the power sector in a certain country.9 Each
technology, i.e., power plant, is assumed to emit CO2

according to emission factors as used in the RAINS model
(RAINS, 2005), measured in kg per energy input, the
emission factors are displayed in Table 2.

In the model some restrictions on the utilization of
renewables are implemented. It is assumed that each
country continues to utilize at least a given share of their
existing power technologies, this since it is not plausible to
envisage that a country can, for instance, fully switch to
coal from wind power. The constraint in Eq. (5) implies
that countries with fossil-fueled generation, qfi, must
continue to utilize at least b percent of the existing capacity
of their technologies, qfi Baseline, during the life length of the
plant, hence only allowing renewables and other low-
carbon technologies to cover the residual supply. In this

analysis the capacity constraint is set to 40 percent
(i.e., b ¼ 0.4). The choice of capacity constraint could have
a large impact on the results since it specifies to what extent
the existing technologies can be substituted for renewables.
The choice of 40 percent is arbitrary but reflects a
trustworthy situation where at least part of the existing
technologies must remain in use.10 The validity of this
approach is confirmed in other studies, where for instance
Söderholm and Strömberg (2003) point out that in the
presence of climate policy and the uncertainties concerning
the future economics of different power technologies some
countries are likely to invest in existing capacity, rather than
in new, more expensive, technologies such as wind power.
Such behavior implies, for instance, that coal-fired plants
are converted to also burn gas, the life-times of existing
nuclear capacity are extended, and old inefficient coal-fired
plants are replaced by more efficient gas or coal-fired units
at existing sites (so called repowering).
The model outcome is the cost minimizing mix of

different technologies that will achieve a pre-determined
CO2 reduction in 2020. In order to measure the potential
usage of renewable energy technologies baseline projec-
tions from the RAINS model of energy usage will be used
together with the potential levels of renewable energy.
Section 4 describes the baseline projections and the
potential utilization of renewable resources.

4. CO2 Emissions and the role of renewables in the power
sector: model input assumptions

4.1. Baseline projections

Table 3 displays estimates of the historical and projected
CO2 emissions from the power sectors in the selected
countries for various years. In 1990, the power sectors in
Eastern Europe accounted for some 38 percent of the total
CO2 emissions from power generation in Europe. Initial
results from the RAINS model suggest that after a drop in
emissions until 2010, mainly due to a decrease in economic
activities, an increase is expected in Eastern Europe and the
region will account for some 26 percent of total European
CO2 emissions from power generation in 2030. Noteworthy
is that the results suggest that Croatia, Russia remaining
and Serbia will experience a higher level of emissions in
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Table 2

Reference emission factors for CO2

Fuel Energy (kg CO2/GJ)

Brown coal 99.5

Hard coal 94.3

Heavy fuel oil 76.7

Natural gas 55.8

Source: Klaassen et al. (2004).

9See Section 5.1 for details on the emissions cap.

10See Section 5.2 for a discussion of the effect from this assumption on

the results.
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2030 compared to the 1990 levels. The CO2 projections in
the RAINS model are based on the future activity levels
reported from the National Communications to the
UNFCCC and baseline projections from the PRIMES
model used for the Clean Air for Europe (CAFE) baseline
scenario (RAINS, 2005; UNFCCC, 2004).

The estimated baseline projections for power gene-
ration from renewable energy sources are displayed in
Table 4. The term small-scale hydro power applies
for hydro power plants with a capacity of less than 10
MW in line with the definitions used by the Inter-
national Energy Agency and the EU (EC, 2003a;
IEA, 2003). In the analysis below wind power includes
solely on-shore wind, this since off-shore wind is not
expected to be as cheap as on-shore wind power in 2020
(Klaassen et al., 2004).11 Geothermal, tidal and other
renewable sources are bundled up in the category other
renewables. In comparison to hydro, solar and wind power
the potential for this category is generally considered to be
low in 2020.

Russia is divided into four regions according to the
traditional division in the RAINS model (primarily due to
characteristics of air pollutants). The four regions are
Kaliningrad (Kali), Kola-Karelia (Kali), St. Petersburg
(Spet) and the remaining European part (Remr). Kalinin-
grad is the smallest part and comprises an area of
13,513 km2 and it is followed by St. Petersburg
(197,856 km2); Kola-Karelia (313,627 km2); and the re-
maining European part (4,349,084 km2). As can be seen by
the respective sizes of the areas Russia Remaining is
considerably larger than the other three Russian regions
and accounts for some 73 percent of the total area of all
countries and regions included in Table 4.

In all cases presented here, baseline projections under a
business-as-usual scenario have been used. That is to say,
there is a slow introduction of renewables but there is,
however, no introduction of additional climate policies that
support renewable energy penetration. The development of
nuclear power is assumed to stay on the same level as in the
baseline scenario, unless the data material has explicitly
indicated that such new capacity is projected. This implies,
as mentioned before, that nuclear power generation is
included in the model as an exogenous variable and that
the countries cannot alter the baseline levels.

4.2. Potential diffusion of renewables and low-carbon fuels

When it comes to the potential levels of renewable
resources available, the situation for economies in transi-
tion might be more uncertain than is the case for most EU
countries due to the often uncertain political and economic
circumstances within the former countries. The potential
levels reported in this section are the ones that have been
presented by national authorities in the respective countries
and that are used in National Communications to the
UNFCCC and other institutions.
The availability of renewable energy for the power

sectors in the different regions differs heavily due to
geographic characteristics. Potential use of renewables
means here the economic potential available in terms of
what could be utilized with respect to electricity markets,
technology and grids. In the case of Russia, for instance,
the technical potential of wind power is considerable and
could theoretically almost solely meet the total electricity
demand, but the economic potential is restricted by where
markets can be created and how the electricity could be
distributed, and of course of what can be used for peak and
base load purposes. The technical potential does not thus
reflect the real plausible conditions and opportunities for
using a specific fuel source for power generation purposes.
Table 5 displays the potential of utilizable renewable

energy in the respective power sectors.
Martinot (1999) and IEA (2003) report that there exists a

large potential for small-scale hydro in Russia; however,
the definition of small-scale hydro in Russia applies for
plants with a capacity of less than 30MW. None of objects
reported here have a capacity of less than 10MW and the
potential for small-scale is thus zero in Russia and the
plants are, therefore, reported as large-scale hydro. The
wind power potential in Russia builds on the assumption
that 25 percent of the technical potential is economically
available (Martinot, 1999). The major part of the renew-
able potential in all countries lies foremost in the use of
more hydro power and biomass, and in some cases wind
power. Wind power should, however, be possible to utilize
to a wider extent, but the numbers here are as reported by
each country and energy model. Solar power and other
renewable power such as geothermal and tidal power are
overall not considered to be economically feasible within
the coming 15 years.
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Table 3

Historical and estimated baseline CO2 emissions from the power sectors

(Mt CO2)

Country 1990 2000 2010 2020 2030

Croatia 5 5 7 7 9

Macedonia 7 6 6 5 6

Russia Kaliningrad 5 3 4 4 4

Russia Kola-Karelia 15 9 11 11 15

Russia Remaining 371 288 351 344 393

Russia St. Petersburg 43 28 32 30 34

Serbia 40 30 35 39 51

Ukraine 303 163 168 154 186

Total 788 532 613 596 699

Share of total Europe 38% 27% 30% 26% 26%

EU-25 1020 1219 1223 1395 1610

Total Europe 2050 1959 2073 2280 2660

Source: RAINS (2005).

11This assumption holds for the strict engineering costs of wind power.

There are, however, additional factors that influence the site specific costs

and hence the total costs for wind power. These include, for instance,

public attitudes, permitting processes and grid connections but these

factors are not included in the model.
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4.3. Power generation costs

Due to data limitations the cost figures used in this study
are country specific only for Ukraine and Croatia and
generic for the remaining countries and regions. Table 6
displays the generic power generation costs as presented in
RAINS, and Table 7 displays the country specific power
generation cost estimates for Croatia and the Ukraine. The
country-specific data for Croatia and Ukraine are drawn
from WEC (2000) and Kulik (2004), respectively. Data for
the generic and country-specific cost not mentioned
otherwise originate from the RAINS model; for a
description of data sources see Klaassen et al. (2004).
Country-specific operating hours have been used for hydro
and wind power since it is assumed that the parameters for
the traditional technologies such as coal and heavy fuel oil
are relatively homogeneous across the selected countries.
All costs are expressed in constant Euros (h) in prices of the
year 2000.

The effect of experience and learning on the unit cost for
most products and services is a well-known fact. The model
in this paper assumes that there is an exogenous global
learning effect which means that the unit costs decrease
over time the more the total global installed capacity of a
certain technology increases. In our case, the learning effect
on each technology has been derived through a step-wise
process. First, the learning rates for each technology
reported in the economic literature have been collected.
The learning rates can be interpreted so that for each
doubling of the global installed capacity the unit cost
decreases with a certain percentage. Second, since the
learning rate tells us that the cost will decrease each time
the installed capacity is doubled we can calculate the cost
decrease between any given years when capacity changes.
In this paper ,baseline projections from the EC (2003a) and
IEA (2005) have been used to derive the cost decrease that
is due to the change in European installed capacity between
2000 and 2020. Preferable, the global installed capacities
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Table 4

Renewable energy power generation baseline projections (PJ)

Country Hydro power Biomass power Wind power Small-scale hydro power Solar power Other renewables

2010 2020 2010 2020 2010 2020 2010 2020 2010 2020 2010 2020

Croatia 0.3 1 0 0 0.1 0,3 24 27 0 0 0 2

Macedonia 0 0 0 0 0 0 6 7 0 0 0 0

Russia Kali 0 0 0 0 0 0 0 0 0 0 0 0

Russia Kolk 0 0 0 0 0 0 28 28 5 5 0 0

Russia Remr 0 0 0 0 0 0 120 117 80 80 0 0

Russia Spet 0 0 0 0 0 0 15 14 9 9 0 0

Serbia 0.2 0.2 0 0 0 0 28 32 0 0 0 0

Ukraine 0 0 0.01 0.4 0 0 34 37 2 17 2 10

Total 28 29 0.01 0.4 0 0 254 264 96 111 2 12

Sources: EBRD (2004), EPS (2003), IEA (2003), Jelic et al. (2000), Kulik (2004), Martinot (1999), RAINS (2005), UNFCCC (2004), WEC (2000).

Table 5

Estimates of the potential availability of renewable energy for power generation in a number of eastern European countries (PJ)

Country Hydro power Biomass power Wind power Small-scale hydro power Solar power Other renewables

2010 2020 2010 2020 2010 2020 2010 2020 2010 2020 2010 2020

Croatia 32 32 4 5 1 2 0 0 2 5 2 5

Macedonia 12 12 2 2 0 0 7 7 0 0 0 0

Russia Kali 0 0 0,3 0,3 0 0 0 0 0 0 0 0

Russia Kolk 66 66 3 3 36 36 0 0 0 0 0 0

Russia Remr 132 132 262 262 869 869 0 0 0 0 0 0

Russia Spet 0 0 10 10 0 0 0 0 0 0 0 0

Serbia 54 97 10 0 0 0 6 6 0 0 0 0

Ukraine 34 68 86 86 2 12 0 0 0,02 1 0 0

Total 430 508 401 393 907 918 13 13 2 6 2 5

Sources: The data for 2010 and 2020 are based on a number on sources: the Croatian data stem from their National Communications (UNFCCC, 2004)

and Jelic et al. (2000), Ukraine from Kulik (2004), Russia from IEA (2003) and Martinot (1999), and Serbia from EPS (2003). Data for the remaining

countries are from the respective National Communications (UNFCCC, 2004), the European Bank of Reconstruction (EBRD, 2004) and the World

Energy Council (WEC, 2000). The biomass potential for all countries rests on the assumed productivity of biomass in general combined with data on

agricultural land in the RAINS model (RAINS, 2005), in which it is assumed that each country can utilize a given percentage of the total biomass supply in

the country for power generation (see e.g., Hall et al., 1994 for a description of the methodology underlying this assumption). The data on the potential for

large-scale hydro power originate from WEC (2000).
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should have been used. However, in our case, the installed
capacities in Europe have been used as proxies for the
global capacities due to difficulties finding appropriate
data. Given that there will be a change in (projected)
installed capacity between 2000 and 2020 we can calculate
how many times the capacity is assumed to be doubled.
Third, given that we have appropriate learning rates and
use those with the capacity increase we can calculate how
much the unit cost for a certain technology will decrease
during a 20-year period. For a detailed description of the
methodology, see Appendix in where we investigate the
impact of technology learning on the costs for the various
technologies by drawing on previous estimates of the
learning rates for these technologies. In the Eastern
European case it is reasonable to assume that the lion
share of technological development for these power sources
take place abroad; this implies that any cost reductions will
be independent of East European investments in these
technologies. They will instead be determined by world
growth in the various technologies power capacities, and

thus also by the implementation of climate policies outside
Eastern Europe. Given the effect of technology learning,
the costs will in general become lower than our previous
cost estimate. Table 8 displays the technology costs when
technology learning is included.
The baseline projections for CO2 emissions, the projec-

tions of fuel and technology potential for each country as
described here, and the power generation cost estimates,
are implemented in the linear programming model. Section
5 presents the results based on two different scenarios,
including the marginal cost of CO2 avoidance in the
respective country.

5. Scenarios and simulation results

This section presents the scenarios that are used for
estimating the abatement costs through the optimization
routine presented in Section 3.2 as well as the results from
the simulations. The results are used to discuss the future
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Table 6

Generic costs of new power generation used for calculating cost of fuel substitution

Technology Investment

(h /kWe)

Fixed O&M per

year (h/kWe)

Capacity

utilization

(hours/year)

Net electricity

production

efficiency (%)

Lifetime (years) Fuel costs (h/

GJ)

Typical unit cost

(hcts/Kwh)

(Ian) (OMfix) (pf) (Ze) (lt) (cf)

Brown coal 1010 34 4978 33 30 1.6 4.2

Hard coal 970 26 4503 35 30 1.6 3.8

Heavy fuel oil 708 48 3850 35 30 4 6.8

Natural gas 550 48 4700 50 30 3.5 4.4

Hydro large 3000 49 3153 100 30 0 6.3

Nuclear 2010 90 4503 100 30 2 4.4

Biomass 1455 76 4700 33 30 3.2 7.6

Wind onshore 1000 25 2283 100 15 0 4.2

Wind offshore 1750 30 2500 100 15 0 6.2

Solar 4000 92 1080 100 30 0 29.9

Hydro small 3000 49 3153 100 30 0 6.3

Other

renewables

3500 140 5000 15 25 0 3.8–7.3

Source: Klaassen et al. (2004).

Table 7

Plant data and costs, Croatia and Ukraine

Technology Fuel costs (h/GJ) (cf) Capacity utilization (hours/year) (pf) Unit cost (hcts/Kwh)

Croatia Ukraine Croatia Ukraine Croatia Ukraine

Brown coal 2.0 1.3 4978 6380 4 2.9

Hard coal 1.6 1.1 4503 6050 3.5 2.5

Heavy fuel oil 3.8 2.2 3850 6050 6.2 3.7

Natural gas 5.2 1.7 4700 4700 5.5 3.2

Hydro large 0 0 3500 2000 6.3 11.1

Biomass 6.1 4.7 4700 4700 10.1 8.5

Wind 0 0 2000 2000 5.7 5.7

Solar 0 0 1080 550 29.9 58.8

Hydro small 0 0 3500 3500 6.3 6.3

Other renewables 0 0 5000 5000 7.3 7.3

Sources: Klaassen et al. (2004), Kulik (2004), and WEC (2000).
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diffusion of renewable power generation in Eastern Europe
in the presence of a carbon policy.

5.1. Scenarios

In order to assess the possibilities for emissions reduction
in the selected countries some insight of how the future
might develop is needed. Scenarios should not be seen as
predictions or forecasts of the future, but rather as
alternatives of how the future could unfold. The potential
for reducing CO2 emissions, from our baseline case
(Scenario 0) presented in Section 4.1, are analyzed in the
context of two illustrative scenarios.

In Scenario 1 a hypothetical 15 percent reduction in CO2

emissions, compared to the baseline projections in 2020
(see Table 3), is introduced. The scenario is the same as the
baseline scenario reported by the European Commission
with the only difference that an exogenously environmental
target for CO2 is set (EC, 2003a). In the European
Commission scenario it is assumed that there will be an
increased carbon intensity of some 16 percent in the power
industry and setting an emissions reduction target of 15
percent would to some extent compensate for this increase.

Scenario 2 employs the maximum feasibility reduction
(MFR) and assesses the maximum level of CO2 reduction
that is available in the countries, given the assumptions in
Section 4. This measure does not take into consideration
the likelihood of such a measure, it is simply used to
display how much renewable energy that exists within the
country, and that could be utilized for power generation.
The results are found by iteration of the lowest reduction
level possible given the constraints in Eqs. (2)–(4) in
Section 3.2. Note that the fossil fuel-specific capacity
constraint in Eq. (5) does not apply to this scenario.

Yet another interesting scenario would have been to
analyze how the selected countries would comply with the
Kyoto Protocol if it would be ratified by all countries
and with similar obligations as for the EU countries,
this since the Protocol implies that the countries must
reduce their emissions in 2008–12 to a given percent of the

level in 1990.12 Projections of economic activity, energy
demand and thus CO2 emissions suggest, however, that the
implementation of the Protocol would not imply any
difficulties in achieving the reductions for the countries.
Instead almost all countries, except perhaps Croatia, will
have a CO2 surplus (so called hot-air) to sell in a trading
situation. Estimates show that even scenarios with high
economic growth would not propel high CO2 levels for the
largest economies, Ukraine and Russia (e.g., Victor et al.,
2001).
In our first simulations all countries have been optimized

independently to one another. In a second run, the
countries have also been bundled up and treated as a
region and optimized under the assumptions that electricity
and CO2 allowances can be traded freely between the
countries without transmission losses. A situation where
the countries meet the reduction target together as a region,
without consideration of costs and that it is indifferent
where reductions take place, might be farfetched, but the
main purpose of this latter exercise is, however, to present
the overall potential of renewable energy use in the power
sector in the region as a whole.

5.2. Empirical results

The simulation results from the different scenarios are
displayed in Tables 9 and 10. The optimization routine was
solved using the Frontline Systems Premium Solver in
Microsoft Excel.
In Scenario 1, where a 15 percent decrease in CO2

emissions is applied, the results suggest that in all cases,
except for Kaliningrad, the power industry can reduce the
emissions and still meet the electricity demand. The result
for Kaliningrad is due to the fact that the region lacks
sufficient renewable resources for meeting the reduction
target. Among the countries, the cost of removing the last
unit of CO2 ranges from 4 to 90 h/ton. The results suggest
that the marginal reduction costs are somewhat homo-
geneous in all countries except for Kola-Karelia and the
Ukraine where the marginal reduction costs are signifi-
cantly lower and higher, respectively. Noteworthy is that
Kola-Karelia can reduce emissions at very low cost. This
indicates that the power industry in Kola-Karelia is
currently using relatively expensive and coal-intensive
technologies and that a substitution to renewables such
as wind power could achieve.
The higher costs in the Ukraine are partly due to a lower

potential of renewable energy (at the same time as the
industry relies heavily on fossil fuel-based technologies),
which means that it is costly to switch to the more
expensive renewable alternatives. The increase in marginal
costs is thus dependent on existing technologies. Fig. 1
illustrates the respective marginal cost curves for CO2
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Table 8

Generic and country specific unit cost with technology learning (hcts/

Kwh) in 2020

Technology Generic cost Croatia Ukraine

Brown coal 3.2 4.0 2.8

Hard coal 3.4 3.4 2.4

Heavy fuel oil 6.3 6.3 3.7

Natural gas 5.4 5.3 3.0

Hydro large 7.0 6.3 11.1

Nuclear 4.4 — 4.4

Biomass 8.7 9.9 8.3

Wind onshore 4.4 3.8 3.8

Wind offshore 6.2 6.2 6.2

Solar 21.7 27.5 42.7

Hydro small 6.8 6.2 6.2

Other renewables 3.8–7.3 3.8–7.3 3.8–7.3

12Croatia has agreed to a reduction target of 5 percent compared to the

base year while Russia and Ukraine are allowed to remain on the same

emission level as their base year.
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emission reduction up to 15 percent in Ukraine and
Croatia (the only two countries for which we have access
to country-specific cost data). In terms of cost impacts
these countries also represent two extremes. In Ukraine the
existing technologies are fossil fuel-based and reductions
are made by substituting the use of coal and heavy fuels to
gas. Between 3 and 6 percent reduction wind is added to
the fuel mix and from 6 to 13 percent fossil fuel use, i.e.,
gas, coal and heavy fuel, is substituted for wind power. The
last percentages (413 percent) is obtained by adding more
hydro power while the fossil fuel usage declines. In Croatia
the first 6 percent are reduced by increasing the use of wind
power and decreasing the use of gas power. This is done at
almost at no cost since wind power in Croatia is relatively
cheap compared to the fossil fuels. Along the curve, gas use
increases steadily and the use of coal decreases In order to
meet the final reduction target (414 percent) large scale
hydro is used. The curves in Fig. 1 indicate the fact that the
combination of power generation costs for available
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Table 9

CO2 emissions (kt) and marginal costs (h/CO2) in 2020

Scenario 0: Scenario 1: Scenario 2:

Baseline �15% MFR

CO2 CO2 MC CO2 MC Reduction (%)

Croatia 4664 3964 19 140 551 97

Macedonia 3247 2760 22 487 84 85

Russia Kaliningrad 4065 n.f. n.f. 3903 56 4

Russia Kola/Karelia 11439 9723 4 3889 82 66

Russia Remaining 344312 292665 19 216917 117 37

Russia St. Petersburg 30289 25746 12 23020 117 24

Serbia 39286 33393 26 16893 102 57

Ukraine 101811 86540 90 80940 415 20

Region 539114 458247 4 285730 608 47

Region without

Russia remaining 194802 165582 26 112985 415 42

Notes: Percentage reduction compared to baseline, n.f. ¼ not feasible.

Table 10

Power generation unit costs (h cents/kWh) and total costs (Mh/year) in 2020

Scenario 0: Scenario 1: Scenario 2:

Baseline �15% MFR

Unit cost Total cost Unit cost Total cost Change (%) Unit cost Total cost Change (%)

Croatia 5.5 799 5.5 796 0 8.1 1165 46

Macedonia 5.0 301 5.1 310 3 6.1 372 24

Russia Kaliningrad 3.1 264 n.f. n.f. n.f. 3.1 264 0

Russia Kola/Karelia 4.3 1013 4.3 1019 1 4.7 1112 10

Russia Remaining 3.3 26150 3.3 26554 2 3.6 28534 9

Russia St.Petersburg 3.3 2188 3.3 2202 1 3.4 2260 3

Serbia 4.5 2323 4.7 2442 5 5.6 2923 26

Ukraine 3.3 5498 3.6 5954 8 4.0 6602 20

Region 3.4 38535 3.4 38496 0 3.9 43930 14

Region without Russia remaining 3.7 12385 3.7 12328 0 4.6 15396 24

Notes: Percentage change compared to baseline, n.f. ¼ not feasible.
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Fig. 1. Marginal cost for CO2 reduction in Ukraine and Croatia (h/tCO2).
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options and the existing power generating mix largely
determine the CO2 compliance costs.

The effect of technology learning in the optimization
requires a number of remarks. First, the learning rate for
wind power used here, four percent, can be considered to
be low compared to some previous studies (see, e.g.
Junginger et al., 2005, where a learning rate of 8–9 percent
is derived). The optimization was also run by using a
learning rate of eight percent for wind power and it proved
to alter the results in that sense that wind power obviously
becomes cheaper and that wind power is added earlier to
the fuel mix. Different learning rates for the other
technologies will of course affect the results in a similar
manner. Second, the cost decrease is also subject to change
if different scenarios for the installed capacities would be
used. As mentioned earlier, in this paper a baseline scenario
is used for analyzing installed capacity in Europe. Other
scenarios assume different development for some of
technologies in which, for instance, wind capacity will
increase even further and gas-use would decrease, or stay
the same. If such a scenario would be used for assessing the
effect of technology learning on our costs calculations the
cost for wind power would fall even further and the cost for
gas power would increase. This would have significantly
effects on the overall results and most likely lower the
countries’ costs for switching to carbon-free technologies.
The potential levels of renewables in each country are still
fixed but the fuel switch could be made at lower cost,
implying that responding to climate change would become
cheaper. This proves the point that technological change
and the effect of technological learning is an important
factor when modeling the energy sector, and not the least,
for countries aiming at curbing climate change (e.g.,
Köhler et al. 2006). It is further more also evident that
different countries will gain differently depending on which
technology they choose to invest in. For instance, countries
that choose to install gas-fired power plants will gain since
the unit cost for gas-fired power will decrease in the future,
given that the effect of learning remains and that the
increase in installed capacity will take place.

Fuel shifts in power generation turn out differently for
the different countries due to the attractiveness of a certain
fuel, which in turn depends on existing technologies.
Countries that have a fossil fuel-based power sector require
cheaper renewables since the carbon-free technologies must
compete with, in some cases, much cheaper fossil fuel
technologies. The regional optimization shows that a 15
percent overall reduction in the region, regardless of where
the reduction is made, is theoretically possible given the
constraints in the model. Noteworthy is that Russia
Remaining has a vast potential for renewable energy in
wind and hydro power at the same time as it accounts for
some 80 percent of the total CO2 emissions. If Russia
Remaining is excluded from the regional optimization, the
region still manages to meet the reduction target with a
higher marginal cost, 26 compared to 4 h/tCO2. The power
generation costs, as displayed in Table 9, show both the

annual total cost as well as the average annual unit cost of
producing 1 kWh of electricity. The increase in power
generation costs lies in the range 0–10 percent, where the
results for Croatia and Ukraine display the lowest and
highest positive changes, respectively. In Ukraine the
increase in costs is caused by that in this country it is
fairly expensive to generate renewable power in compar-
ison with the costs of generating power from fossil fuels.
As mentioned earlier, the constraint in Eq. (5) implies that

the countries are restricted to continue to utilize a certain
amount of their existing technologies, in this case 40 percent.
This constraint turned out not to affect the results in the first
scenario; the countries meet their reduction target without
the constraint being binding. As a contrast, if using twice as
high capacity constraint, 80 percent, the results turned out
to remain the same in all cases except for Kola-Karelia
where the constraint became binding. Given the results, it is
safe to assume that the capacity constraint do not have any
significant impact on the results. In Scenario 2 the capacity
assumption was relaxed and the countries were optimized
without any restrictions of this nature.
The maximum feasible reduction scenario (Scenario 2) is,

as mentioned above, used to illustrate the maximum
potential use of renewable energy regardless of costs. The
results show that Croatia and Macedonia have large
potentials to reduce their emissions considerably by switch-
ing to low-carbon and carbon-free technologies. The
utilization of relatively expensive technologies is maximized
in order to fully switch from fossil fuels consequently
causing the marginal costs to increase dramatically. How-
ever, the probability of such a scenario is low due to the fact
that no consideration is given to the cost of the technologies.
It is also questionable to what extent some of the power
sources can be utilized for both base and peak load
situations since wind power, for instance, can be difficult
to use for base load purposes. It is although difficult to draw
any general conclusions of whether the renewables in this
case can be used for base load purposes since it depends
heavily on the structure of the technologies in the existing
energy sector. The highest marginal costs reported in Table
9 primarily correspond to countries with a low potential for
renewable or low-carbon options and hence little ability to
meet the electricity demand unless relying on coal or other
fossil fuels. The high marginal cost in Croatia for the MFR
scenario can be interpreted such that the country already
generates power using fuels with low carbon content and
that a further reduction, more than 15 percent that is, would
be relatively expensive. In Ukraine the high marginal cost in
the MFR scenario is partly due to the present cheap fossil
fuel-based power generation and that a switch from this low-
cost power mix would be expensive in order to meet the
electricity demand.

6. Discussion and concluding remarks

This paper has presented an analysis of the costs for
reducing CO2 emissions from the power sector in 2020 in a
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number of Eastern European countries by using the
underlying methodological framework of the RAINS
model. The results show that given a 15 percent quantita-
tive reduction the marginal cost for reducing emissions
range between 4 and 90 h/ton CO2 in the studied countries.
The highest costs can be found in Ukraine and Serbia. One
of the reasons for the high compliance costs is that the
fossil fuel-intense power sector would experience increased
costs if generation would be switched from low-cost
alternatives to high-costs such as wind and biomass power.
A maximum feasible reduction scenario was also used in
the study, and the results from this show the marginal cost
for a situation where the countries would use all possible
resources available in order to minimize the CO2 emissions.
The results show that the marginal costs for such a scenario
range between 56 and 551 h/ton CO2.

The combined results from the two scenarios implies that
some countries experience a more dramatic increase in the
marginal cost the more reduction that is required, hence
creating a steeper marginal cost curve. Overall in the
countries and regions, CO2 reductions from the power
sector would be possible but the costs differ significantly.
This implies that there is a wide potential for future JI
projects in the region where CO2 reductions could be
financed by other European countries. It is, however, also
clear that the Eastern European countries are not homo-
geneous in terms of CO2 abatement potential and costs.
This implies that risk factors such as policy uncertainties
and institutional obstacles may be crucial in determining
the actual allocation of JI/CDM activities across the
region. The uncertainty regarding costs will also become
important for implementing these countries in an EU
emissions trading scheme.

This paper has not intended to provide an entirely
comprehensive analysis of the potential for CO2 reductions
in the Eastern European region; instead it should be
seen as a first attempt to model the costs for such
reductions. Not all countries considered to be Eastern
European were included in the model due to difficulties to
access the necessary data. In future research efforts
country-specific data are needed that better illustrate the
potentials and costs for renewable energy resources in the
region. The economic feasibility of renewable resources
such as wind, solar and biomass has to be assessed for these
countries in order to make robust assumptions of the
overall capacity in future time periods. It is important to
also bear in mind that fuel switching is not the only, or
maybe not always the most efficient, measure to cope with
climate objectives since in, for instance, Russia energy
efficiency measure could be a key factor in reducing
emissions.
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Appendix: technology learning

An important factor when it comes to determining
the cost development of renewable energy technologies
is the effect of technology learning. The concept of
learning is well established in the economics literature
(e.g., Arrow, 1962). A learning curve for a technology
shows the relationship between costs and accum-
ulated production or capacity where the costs decline
as experience, or learning, is gained. The simplest – and
most common – formulation of the learning curve is the so
called single factor learning curve, which can be expressed
as

C ¼ ACCb, (A1)

where C is the unit investment cost for a technology, A the
corresponding cost at unit cumulative capacity, CC the
cumulative capacity and b the learning elasticity. Taking
the natural logarithm of the expression in Eq. (A.1) and
performing a linear regression yields an estimate of b that
represents the b percent cost reduction if experience (e.g.,
capacity) increases with 1 percent, commonly referred to as
the learning index. The learning index can be used to derive
the progress ratio (PR) where, PR ¼ 2b, and the learning
rate (LR), LR ¼ 1�PR. Consider, for instance, a
b ¼ �0.15 that in turn gives a PR equal to 0.9 (or 90
percent). This implies that the unit cost is reduced to 90
percent of its initial value after each doubling of capacity.
The corresponding LR is 0.1, which implies that a doubling
of capacity reduces costs by 10 percent.
Estimated learning rates and installed capacity in Europe

2000 and 2020 for all technologies included in this analysis
is presented in Table A.1. The numbers for installed
capacities stems from the baseline scenario in EU Energy
and Transport: Trends to 2030 and the IEA Electricity
Information 2005. Consider for instance natural gas. It is
suggested that the installed capacity of natural gas-fired
power plants will increase from 47.4 to 313.8GW in a
business as usual case. This means that the installed
capacity will be doubled 6.6 times. Given this doubling of
capacity and the corresponding learning rate of 15.5, the
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unit cost for gas-fired power generation in 2020 will
be 77 percent of the cost in 2000. In a similar manner,
the installed capacity of wind power is expected to
increase from 12 to 103GW, implying that capacity is
doubled 8.1 times. Given a learning rate of 4 the unit cost
for wind power in 2020 will be 88 percent of the cost in
2000.
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Abstract

The overall objective of this paper is to analyze the impact of climate policy and technology 
learning on future investments in the Swedish power sector. Methodologically we assess the 
lifetime engineering costs of different power generation technologies in Sweden, and analyze 
the impact of carbon pricing on the competitive cost position of these technologies under 
varying rate-of-return requirements. We also argue that technological learning in the Swedish 
power sector – not the least in the case of wind power – is strongly related to the presence of 
international learning and R&D spillovers, and for this reason capacity expansions abroad 
have important influences of the future cost of power generation in Sweden. The results 
suggest that renewable power will benefit from existing EU climate policy measures, but 
overall additional policy instruments (e.g., green certificate schemes) are also needed to 
stimulate the diffusion of renewable power. Moreover, under a recent European Commission 
scenario and using estimated learning rates for wind power and CCGT, wind power gains 
considerable competitive ground due to international technology learning impacts. These 
latter results are however very sensitive to the assumed learning-by-doing rates for wind 
power and CCGT, respectively. 
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1. Introduction 
New investments in the Swedish electric power sector are affected by a number of energy and 

climate policy measures at the European Union level. The major goals of the most recent 

policy proposals are to reduce greenhouse gas emissions by 20 percent, increase energy 

efficiency by 20 percent and increase the amount of renewable energy to 20 percent, each of 

these three until the year 2020. These targets complement previous commitments made at the 

Kyoto and Rio meetings. In order to comply with the Kyoto Protocol as well as strive towards 

these long-term targets for carbon dioxide reduction, the EU has introduced a system of 

emissions trading (EU ETS) for CO2 for selected sectors of the European economies. As a 

consequence of the introduction of the EU ETS in 2005 a number of Swedish industry sectors 

can now trade emission allowances. The energy industries that are affected at this stage are 

heat and power plants with a capacity of more than 20 MW. 

In 2006 the nuclear- and hydro-dominated power sector in Sweden accounted for only 

about 2 percent of total CO2 emissions in the country. It could therefore be comfortable to say 

that a carbon policy does not affect the power sector in Sweden. This is, however, not true 

since future power demand in Sweden is likely not to be met by new investments in nuclear 

and hydropower,1 but instead by either thermal energy from coal, gas or biomass or by 

renewable energy sources such as wind or solar. The expected annual increase in electric 

power demand in Sweden is approximately 0.6-1.6 percent. This implies that new investments 

in power capacity will be necessary in the coming 10-20 years (Bergman and Radetzki, 2003; 

Swedish Energy Markets Inspectorate, 2007), and a carbon policy – such as emissions trading 

through EU ETS – is likely to affect future power generation technology choices. However, it 

still remains unclear whether the policies that form part of the commitments will be ambitious 

enough to fundamentally change the Swedish power generation portfolio. 

The overall objective of this study is to analyze how future investments in the Swedish 

power sector can be affected by carbon pricing policies following climate policy. Carbon-free 

power technologies, such as wind power, will have to compete with more mature technologies 

(e.g., fossil-fueled technologies such as gas and coal power). In recent years plants with the 

combined-cycle gas turbine technology (CCGT) has increased their competitiveness and often 

they represent attractive alternatives for new investment in power generation (e.g., Hansson et 

al., 2007). Still, what happens when a carbon pricing policy is implemented? What level of 

1 The Swedish Government has decided that nuclear power should be decommissioned (although substantial 
investments in existing nuclear power stations do take place), and new investments in hydropower are in large 
restricted by law.  
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the price of carbon will be required to equalize the generation costs of different renewable 

energy technologies with that of CCGT? The answers to these questions will depend on a 

number of uncertain factors, and the present paper highlights a number of factors that condi-

tion future power generation technology choices in Sweden in the presence of carbon pricing. 

In the first part we focus on the price of carbon following current and future climate policies 

and to what extent this will affect the relative competitiveness of the available investment 

alternatives. The second part pays special attention to the possible impacts of technology 

learning – and the resulting cost decreases – on the economics of power generation in the 

presence of climate policy. While the first part considers the majority of power generation 

technologies available in Sweden, the second part focuses solely on the competition between 

CCGT and the cheapest renewable power alternative, onshore wind power.

Methodologically, we approach the above issues from the perspective of a power 

generator who considers investing in new generation capacity. This implies that we first of all 

assess the lifetime engineering costs of different power generation technologies in Sweden, 

and analyze the impact of carbon pricing on the competitive cost position of these 

technologies under varying rate-of-return requirements. This is achieved by employing the 

levelized cost methodology, a variant of the discounted cash-flow methodology (DCF) often 

used by electricity companies for investment decisions (see section 2). The cost calculations 

are performed both with and without existing policy instruments (e.g., investment subsidies, 

environmental taxes and fees, etc.). In addition, in the case of wind and gas-fired power we 

also include technological learning in the analysis and the effect of international learning-by-

doing on the life-time costs. This power generator eye-view of the investment decision 

permits us to make a number of remarks about, for instance, how the diffusion of renewable 

energy in the Swedish power sector will be influenced by carbon emission pricing and how 

sensitive these conclusions are to changes in the price of carbon as well as to different future 

cost developments for the most important power technologies.  

The paper differs from past research efforts and contributions to the energy economics 

literature in a number of ways. The focus on the Swedish case will allow us to draw specific 

conclusions about how an international carbon policy may affect the power sector in a small 

open economy, providing thus a context-rich analysis of policy impacts and implications. 

Earlier studies have often focused on power generation in general and on other geographical 

areas (e.g., Steen, 2000; Pena-Torres and Pearson, 2000). Söderholm and Strömberg (2003) 

analyze how the power sector in Europe will comply with a mandatory emission reduction 

program, and conclude that many generators will consider investments in existing technolo-
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gies (i.e., fuel conversions, lifetime extensions, efficiency improvements etc.) in the case of a 

carbon pricing policy. Following another research tradition, Unger (2003), Unger and Ahlgren 

(2005) and Rydén (2003) employ the bottom-up energy systems model MARKAL and analy-

ze the future development of the Nordic energy system in the presence of different climate 

and renewable energy policies. While this type of model work is very useful for studying 

technology choice under different policy scenarios – not the least given its detailed represent-

tation of available energy technologies and their costs – it is limited in its characterization of 

institutional obstacles to new investment and perfect foresight in the investment decision 

process is typically assumed. This suggests that the adopted power generator eye-view of the 

investment decision process – with its focus on policy and technology cost uncertainties – 

should be able to complement much of this previous work.

The paper proceeds as follows. Section 2 presents our methodological approach for 

performing the cost simulations, as well as how technology learning affects the economics of 

power generation. We also discuss the cost data used in the simulations. Section 3 provides 

simulation results of the power generation costs in the presence of a carbon price; account is 

taken of different carbon price scenarios as well as of varying technology learning effects. 

Finally, section 4 provides some concluding remarks and implications.  

2. Methodological Approach and Data
2.1 The Assessment of Generation Costs for New Power Generation  

As a first step towards analyzing the impact of carbon prices on the Swedish power sector we 

assess the project costs for the different investment alternatives and use these to simulate what 

level of carbon pricing that will equalize the generation cost for each alternative with our 

benchmark alternative, CCGT. Second, our cost simulations are rather meaningless unless put 

into a relevant policy context. We therefore make use of previous model estimates of the 

marginal abatement cost if attaining future emission targets (caps) in EU ETS. Given the 

levelized power generation cost estimates and the resulting break-even carbon prices we can 

analyze the impacts on investment behavior of anticipated climate policy measures.  

In order to compare the economics of different power generating technologies we use an 

extension of traditional discounted cash flow analysis (DCF) and calculate the levelized costs 

LCi for each technology i.2 This approach generates the net present value (NPV) of all power 

generation costs divided by the present value of the power plant’s lifetime output. We get: 

2 See also, for instance, Corey (1982), Bemis and DeAngleis (1990) and Söderholm and Strömberg (2003). 
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where Iit represents total investment costs in time period t (t = 1,…,T), Mit operation and 

main-tenance costs, Fit fuel costs, Cit the total costs of purchased CO2 emission allowances, 

and Oit is the net electrical output. The discount factor  equals tr 100/1  and r represents 

the private discount rate. The total costs of CO2 emission allowances are in turn determined 

by the product:
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where C
tP represents the emission allowance price measured in US$ per ton CO2, and i is the 

emission factor expressed in ton CO2 per kWh electricity generated.3 The LC model generates 

thus an internal average lifetime cost per unit electricity generated, expressed in US$/kWh.  

Given that we are interested in analyzing what carbon price will equalize the generation 

costs for our benchmark alternative (CCGT) and its competitors (e.g., wind power), we set 

LCwind = LCCCGT and solve for the break-even carbon price, Pt
C*, given a certain rate-of-return 

requirement, r. We have:  
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In a similar manner, the left hand side of equation (3) can be replaced by the corresponding 

variables for the remaining technologies in our comparison. We can thus simulate the level of 

the carbon price that is required to put the different power sources on equal footing compared 

to the CCGT alternative.  

We conduct the analysis for different discount rates, and use a private discount rate 

ranging from 4 to 15 percent and an average lifetime of 20 years. With an interval discount 

rate we cover a wide range of rate-of-return requirements, partly because electricity compa-
                                                
3 We assume emission factors of 0.65 and 0.22 kg CO2 per kWh for coal and gas, respectively (IEA, 2008a). 
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nies are unwilling to reveal their discount rates but not the least since this exercise permits us 

to analyze how future uncertainties in general (e.g., about costs and policy) affect the relative 

economics of different technologies. Finally, the ‘break-even’ carbon prices can then be 

compared to estimates of the carbon prices required to ensure compliance with given climate 

policy targets.  

Before proceeding it is worth mentioning that the DCF methodology can be questioned 

for its simplicity and one important shortcoming of the model is that it does not explicitly 

address the presence of flexibility and irreversible investments (Dixit and Pindyck, 1994). In a 

typical investment situation the firm has the option, or the opportunity, not to invest. This 

option can include the ability to delay investments, expand or contract a project, and to shut 

down operations. In our case this could imply the opportunity for a power company to apply a 

different fuel mix or postpone an investment decision. Investing exercises this option and 

hence creates an opportunity cost that ideally should be included in the decision-making 

process. Real-option value techniques take this opportunity cost into consideration and assign 

a value to the option. The result from a DCF technique could therefore overstate the value of 

irreversible investments. Real-option techniques are however complex to employ due to the 

complex variety of options present in real-life situations, and are thus more suitable for direct 

investment decision-support rather than for the type of generic economic assessments presen-

ted in this paper.  

2.2 Modeling the Impact of Technology Learning 

An important determinant of future power generation costs is technology learning. The 

concept of learning-by-doing is well established in the economics literature starting with the 

seminal study by Arrow (1962). It has been suggested that cost reductions for a certain 

technology will be closely related to the installed cumulative capacity (i.e., a proxy for 

learning) of that same technology (e.g., Argote and Epple, 1990). The corresponding learning 

curve concept has been studied for a number of energy technologies; see Klaassen et al. 

(2005) and Söderholm and Klaassen (2007) for recent examples of technology learning 

studies in the wind power sector and Claeson-Colpier and Cornland (2002) for an empirical 

analysis of learning in CCGT.

One way of incorporating the effect of technology learning on cost trajectories for the 

chosen technologies is thus to assume that the investment costs are a function of the installed 

cumulative capacity so that, for instance: 
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where A is the cost measured in US$ per MW at unit cumulative capacity, CIt the cumulative 

capacity and L the so-called learning elasticity. This is the most common formulation of the 

learning curve concept and thus rests on the assumption that investment costs are only 

reduced with the diffusion of new capacity. By taking the natural logarithm of the expression 

in equation (4) and running a linear regression we obtain an estimate of L, which represents 

the percentage cost reduction if cumulative capacity increases by percent. This is commonly 

referred to as the learning elasticity (or learning index). The learning elasticity can be used to 

derive the learning-by-doing rate, which equals L21 . For instance, if L = – 0.15 this yields 

a learning-by-doing rate of 0.1, implying that a doubling of the cumulative capacity will 

reduce costs by 10 percent. A review of estimated learning rates for a number of energy 

technologies can be found in IEA (2000) and McDonald and Schrattenholzer (2001).

The traditional learning curve concept has been extended to also take into account the 

impact of cumulative R&D expenses, often referred to as learning-by-searching (e.g., Kouva-

ritakis el al., 2000; Söderholm and Klaassen, 2007). These expenses accumulate over time to 

generate a R&D-based knowledge stock, Kt, so that: 

)()1()1( xttt RDKK           (5) 

where RDt are the annual R&D expenditures, x the number of years before R&D expenditures 

add to the knowledge stock and  the annual depreciation rate of the knowledge stock. This 

means that we can restate our investment cost equation so that: 

KL
ttt KCIAI )(            (6) 

where K is the learning-by-searching elasticity and the corresponding learning-by-searching 

rate is calculated accordingly )21( K  indicating how a doubling of accumulated knowledge  

would propel a decrease in technology costs. 

In the empirical part of this paper we investigate the impact of technology learning on 

the competitive positions of CCGT and wind power, respectively, by partly drawing on 

previous estimates of the learning rates for these technologies and partly on own preliminary 

estimates of the learning rate for Swedish wind power (see Appendix). Some of the previous 
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studies do control for the impact of domestic R&D expenses, while rather many however use 

the simple learning curve relationship outlined in equation (4). Overall, it is however impor-

tant to acknowledge the specific context in which technology learning affects power genera-

tion costs in Sweden.  

In the Swedish case it is reasonable to assume that the lion share of technological 

learning for domestic power sources such as wind energy and CCGT take place abroad; this 

implies that any cost reductions will be largely independent of domestic investments in these 

technologies. Cost reductions are instead determined by world growth in, for instance, CCGT 

and wind power capacities, and thus also by the implementation of climate and energy 

policies outside Sweden. Moreover, since the large majority of the wind turbines installed in 

Sweden are manufactured in Denmark it is also plausible to assume that future cost reductions 

in Swedish wind power are determined by cumulative Danish R&D efforts that ‘spill over’ to 

Sweden when imported (e.g., Coe and Helpman, 2005).4 This type of international influence 

is largely ignored in previous empirical research on energy technology learning rates. Still, in 

the Appendix to this paper we present some very preliminary econometric results, which 

show that both international learning and the Danish R&D-based knowledge stock5 do play 

important roles in influencing the cost of installed wind power mills in Sweden. However, 

domestic public R&D support does not appear to have a statistically significant impact on 

investment costs. Overall this implies that the future development of Swedish wind power 

costs can essentially be treated as an exogenous variable in the cost simulations.  

In section 3.2 of this paper we make use of existing projections of international capacity 

expansions in gas-fired power and wind energy as well as estimates of the respective learning-

by-doing rates to assess the future costs of these power sources. Due to data availability the 

impact of R&D spillovers from Denmark and/or other future wind turbine suppliers to 

Sweden are however ignored in the estimations. Put differently, the latter implies that we 

assume that the annual public R&D expenses in Denmark will be just about high enough to 

maintain a constant knowledge stock over time given a certain rate of annual knowledge 

depreciation ( ).

                                                
4 In the microeconomic literature on technological spillovers it is common to identify a metric, in many cases 
‘technological closeness’ (e.g., Jaffe, 1986), as a way of measuring the intensity of these spillovers. Given that 
most wind turbines are imported into Sweden it makes sense to use import shares as measures of intensity (Coe 
and Helpman, 1995). Thus, the foreign R&D-based knowledge stock would equal the import-share-weighted 
average of the domestic R&D stocks of the relevant trade partners. In our empirical estimation (see Appendix) 
we implicitly assume a 100 percent import share for Danish wind turbines into Sweden.  
5 This knowledge stock has been computed as in equation (4). See the Appendix for details.  
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2.3 Data Inputs: Power Generation Costs and Carbon Allowance Prices 

The data for the cost simulations originate from Hansson et al. (2007), and involve the ave-

rage lifetime costs for representative power plants, although in practice investment costs and 

operation and maintenance cost can be highly site-specific. Table 1 presents project data and 

engineering cost estimates for a number of Swedish power generation alternatives assuming 5 

and 10 percent private discount rates. We present both the private generation costs (i.e., 

excluding any policy instruments) and the costs in the presence of existing policies. These 

policies include the Swedish green certificate scheme, a sulfur tax and a nitrogen oxide fee for 

fossil-based power, a CO2 tax for heat generation in combined heat and power generation 

plants, a tax on the thermal heat from nuclear power generation, and an ‘environmental 

bonus’ for wind power.6 However, we do not here include the price on carbon emissions in 

the EU ETS as these impacts are analyzed below in this paper.  

Although hydropower accounts for about half of power generation output in Sweden it 

is not included in the comparison as new investments in large-scale hydro are prohibited by 

law in Sweden and since the cost of hydropower differs substantially across different sites, 

making it difficult to present generic cost estimates. Overall the cost figures show that in the 

absence of taxes and subsidies, nuclear and gas-fired power are the cheapest alternatives 

given a discount rate of ten percent. The cheapest renewable alternatives, except waste power, 

are the two onshore wind power projects. At low discount rates the economics of waste 

incineration appears favorable, but since the technology is so capital-intense its competitive 

position is highly sensitive to the use of higher rate-of-return requirements.  

Table 1: Power Generation Project Data and Costs 
Plant type Capacity (MW) Levelized Cost (US$/kWh) 

Without existing 
policy instruments 

With existing  
policy instruments 

   r = 5% r = 10% r = 5% r = 10%
Combined cycle gas turbine (CCGT)  400 5.8 6.3 6.0 6.5
Biomass combined heat and power (CHP) 80 9 11.6 5.1 7.9
Coal steam cycle  400 8.1 7.1 3.9 6.3
Coal carbon capture and storage (CCS) 400 9.8 11.1 7.4 11.3
Waste CHP 30 2.6 7.1 8.6 12.9
Wind onshore  4.25 7.6 10.4 8.6 7.6
Wind onshore  40 6.4 8.8 10.7 12.0
Wind offshore 150 9.9 13.8 6.4 9.0
Wind offshore 750 11.1 15.4 5.5 10.0
Nuclear 1,600 3.5 4.7 4.3 5.5
Source: Authors’ estimates based on Hansson et al. (2007). 

                                                
6 The ‘environmental bonus’ is essentially a production subsidy for wind power generation. It is currently being 
phased out, but may be replaced by other policy instruments in the case of offshore wind power. 
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When it comes to the fossil-fuel based technologies, on a private cost basis gas-fired 

power is likely to be favored over coal. The combined cycle gas turbine possesses – in 

contrast to nuclear energy and coal-fired power – many of the characteristics suitable in times 

of deregulation and slow demand growth. Most importantly, low capital costs, short lead 

times, and the possibility of adding small capacity increments, enable power producers to 

follow demand developments more closely, and reduce uncertainties and costs (e.g., 

Söderholm, 2001). In addition, coal carbon capture and storage (CCS) is still a fairly ‘new’ 

technology and its costs are currently considerably higher compared to the alternative 

technologies.7 The recent construction of a gas-fired power station in the south of Sweden 

using Norwegian gas illustrates the favorable economics of the gas alternative – at least when 

the infrastructure for transporting the gas is at place (Bull-Gjertsen, 2004). The above largely 

motivates the use of gas-fired power as a benchmark towards which the economics of 

renewable energy sources and coal CCS can be assessed. 

In the recent past no carbon tax was paid for fuels used in the Swedish power sector. 

However, with the introduction of the EU-wide emissions trading scheme in 2005 carbon 

emissions have begun to carry a price also in this sector (SOU, 2003). The trading system 

increases the technology costs for carbon intense technologies and possibly rules out a 

number of them for future investments. If the price on carbon is low new investments in gas-

fired technology could be preferable to investments in, say, wind and/or biomass-generated 

power. The competitiveness of the different power technologies will also be determined by 

future cost developments (i.e., technology learning effects). In the Swedish case it is 

reasonable to assume that both the allowance price of carbon as well as technology learning 

will (primarily) be external to investment decisions taken in the Swedish power sector, i.e., 

these impacts can essentially be treated as exogenous variables in the empirical analysis.

Finally, our cost estimates must be related to specific carbon prices following climate 

policy agreements. The carbon prices used in the following analysis build on model 

estimations in which the economic consequences of pre-determined abatement or 

concentration targets are analyzed. These models assume that an exogenous reduction goal is 

set (e.g., the Kyoto commitment or a certain maximum CO2 ppm level) and then calculates 

the price of carbon that is required to meet this obligation. The estimates that we use stems 

from Edenhofer et al. (2006) in which the results from ten climate-economy models are 

                                                
7 Although the technology of pumping CO2 into oil-fields, i.e., enhanced oil recovery, has been known and used 
for some time, the technology is fairly new and still not yet used on a commercially basis in the European power 
sector.
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reported. The numbers are reported for several atmospheric concentration targets, but we 

focus on the 450 and 550 ppm CO2 scenarios, and the corresponding marginal abatement cost 

between 2020 and 2030. Although these studies calculate the abatement cost and/or carbon 

tax that is needed to meet the target in 2100, we limit our analysis to the costs facing an 

investor in the coming decades. Following the mean value from these studies we base our 

empirical analysis on a price of carbon emissions of 20 and 40 US$/tCO2, respectively. These 

numbers also fall well in line with similar projections of the mid-term EU ETS permit price. 

3. Empirical Results
3.1 Estimates of Break-Even Carbon Prices 

Table 2 presents the cost-equalizing carbon prices (with and without any policy instruments) 

of different technologies compared to the benchmark technology CCGT. Carbon prices for a 

wide range of rate-of-return requirements are presented, and the estimates in parentheses 

include the impact of policy instruments 

Table 2: Carbon Prices (US$/tCO2) Required to Equalize the Levelized Unit Cost of Different 
Alternative Power Sources with the Cost of CCGT (simulation results including the impact of 
policy instruments in parenthesis) 
Discount 

rate
Wind 4.25 

onshore 
Wind 40 
onshore 

Wind 150 
offshore 

Wind 750 
offshore 

Coal 400 CCS Biomass 80 

4 35 (-58) 7 (-86) 88 (-6) 117 (24) 98 (98) 73 (-23) 
5 45 (-48) 15 (-77) 103 (10) 134 (41) 101 (102) 82 (-14) 
6 56 (-37) 24 (-69) 119 (26) 151 (58) 105 (105) 91 (-5) 
7 67 (-26) 33 (-60) 136 (42) 170 (77) 109 (109) 101 (5) 
8 78 (-15) 42 (-50) 153 (60) 188 (95) 113 (113) 111 (15) 
9 90 (-3) 52 (-41) 170 (77) 208 (115) 117 (117) 122 (26) 

10 102 (9) 62 (-31) 189 (95) 228 (135) 121 (121) 132 (36) 
11 114 (21) 72 (-21) 207 (114) 248 (155) 124 (125) 143 (47) 
12 126 (34) 82 (-10) 226 (133) 269 (176) 128 (129) 154 (58) 
13 139 (46) 93 (0) 246 (153) 290 (197) 132 (133) 166 (70) 
14 152 (60) 104 (11) 266 (172) 312 (219) 136 (136) 178 (81) 
15 166 (73) 115 (22) 286 (193) 334 (241) 140 (140) 189 (93) 

The results show, for instance, that in order to make onshore wind power (40 MW) and 

CCGT equally expensive on a private cost basis the carbon price has to be between 7 and 115 

US$/tCO2 depending on the discount rate used. However, if existing policy instruments are 

accounted for only low carbon prices are needed in the case of high discount rates. The 

offshore wind alternatives are considerably more expensive and require carbon prices in the 

range of US$ 88 to 334 per ton CO2 on private cost basis, and even in the presence of existing 

policies relatively high carbon prices are needed to make offshore wind profitable.  
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Figure 1 displays the results from Table 3 in four different diagrams. From these we see 

that when the discount rate increases the policy support needed for biomass and wind power 

increases due to the high capital intensity associated with these types of plants. In general, the 

steeper the slope the relatively more capital intense the relevant power technology is, and the 

CCGT option gains in competitiveness as higher discount rates are used. It is also clear that 

both wind power and biomass are relatively dependent on existing policy instruments (e.g., 

green certificates) in order for them to be equally expensive with CCGT power. If carbon 

pricing in EU ETS would be the only policy instrument in force, high prices (often above US$ 

100 per ton CO2) would be needed to stimulate the diffusion of renewable energy sources at 

the expense of CCGT.
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Figure 1: Carbon Prices Required to Equalize the Cost of Different Power Sources  
with the Cost of CCGT (US$/tCO2)

We now turn to the question of which carbon prices are the most compatible with 

predictions of the carbon prices following from future climate policies. Tables 4 and 5 

summarize which investment alternatives that will be the cheapest under two different carbon 

prices, 20 and 40 US$/tCO2, respectively. As was noted above, these estimates correspond to 

typical projections of EU ETS prices over the coming decade.  
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With a price of US$ 20 and a 5 percent discount rate, the results show that all 

technologies are more expensive on a private cost basis than CCGT except the largest onshore 

wind power project. With a higher rate-of-return requirement that project also fails to be 

competitive against gas power. Even at a higher carbon price (US$ 40), CCGT turns out to be 

favored over the alternatives. If on the other hand we include existing policy instruments we 

see that the renewable alternatives increase their competitiveness substantially, and this 

confirms the above conclusion that the green certificate scheme in Sweden is critical for 

stimulating increased use of renewable electricity in the country.  

Table 4: The Economics of Power Generation Technologies under Kyoto Scenarios (No Policy 
Instruments, No Technological Learning)  
 US$20 US$40 

r = 5 r = 10 r = 5 r = 10 
Wind 4.25 Gas cheaper Gas cheaper Gas cheaper Gas cheaper 
Wind 40 Wind cheaper Gas cheaper Wind cheaper Gas cheaper 
Wind 150 Gas cheaper Gas cheaper Gas cheaper Gas cheaper 
Wind 750 Gas cheaper Gas cheaper Gas cheaper Gas cheaper 
Coal 400 CCS Gas cheaper Gas cheaper Gas cheaper Gas cheaper 
Bio 80 Gas cheaper Gas cheaper Gas cheaper Gas cheaper 

Table 5: The Economics of Power Generation Technologies under Kyoto Scenarios (Policy 
Instruments, No Technological Learning) 
 US$20 US$40 

r = 5 r = 10 r = 5 r = 10 
Wind 4.25 Wind cheaper Wind cheaper Wind cheaper Wind cheaper 
Wind 40 Wind cheaper Wind cheaper Wind cheaper Wind cheaper 
Wind 150 Wind cheaper Gas cheaper Wind cheaper Gas cheaper 
Wind 750 Gas cheaper Gas cheaper Gas cheaper Gas cheaper 
Coal 400 CCS Gas cheaper Gas cheaper Gas cheaper Gas cheaper 
Bio 80 Bio cheaper Bio cheaper Bio cheaper Bio cheaper 

Wind will thus benefit from planned climate policies but perhaps not as much as one 

could expect. Costs vary considerably between different sites and projects, both onshore and 

offshore, and the development can be constrained in the future by difficulties in finding 

appropriate sites. Both wind and biomass are heavily dependent on the existing policy instru-

ments if these should be favored over CCGT. Biomass also gains from carbon policy but 

considering the intense competition for biomass, additional utilization in the energy sector can 

be difficult to achieve. This implies that gas may grow in importance in the future even in the 

presence of climate policy (unless there is a revival for nuclear power generation). Recent 

model estimations show that any future growth of wind power in Scandinavia affects both 

nuclear and gas technologies; Holttinen and Thukanen (2003) suggest that if the use of wind 
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power increases to about 8-12 percent of total power generation, it will primarily replace 

nuclear power. An important result of the analysis is also that the CCGT option gains substan-

tial competitive ground from the use of higher rate-of-return requirements. This suggests that 

one of the most effective means of promoting renewable energy sources such as wind power 

is to reduce the uncertainties about future policies.

3.2 Empirical Results in the Presence of Technology Learning 

The cost simulations in the previous section did not address the potential effect of technolo-

gical learning on power generation costs. Learning or experience curve methodology can be 

used when analyzing the future cost developments for new and existing power generation 

technologies (e.g., Neij et al., 2003; Rasmussen, 2001). Hence, an analysis of future cost 

reductions must be based on a projection or scenario on how the future could unfold. 

Numerous projections of future energy supply patterns exist, all based on various assumptions 

regarding e.g., population and economic growth levels. In this paper we follow the baseline 

scenario in EU Energy and Transport – Trends to 2030 (EC, 2008), and make use of the 

projected installed capacities of wind power and CCGT and the projected gas prices until 

2030. This means that we can use learning rates in combination with projections of installed 

capacity and calculate the corresponding cost reductions due to technology learning. The 

baseline scenario projects that the installed capacity of wind power and gas power will 

increase by 258 percent and 73 percent, respectively, between 2005 and 2030, and that the gas 

price will increase by 38 percent during the same period. 

In order to assess future cost reductions for wind and CCGT technologies we rely on the 

average estimated learning rates for investment costs in these technologies as reported in 

Pettersson (2005); these are 0.11 for wind power and 0.10 for gas power.8 A learning rate for 

wind power of 0.11 could be considered relatively low compared to the global learning curve 

estimates derived in, for instance, Junginger et al. (2005) where the authors argue that a 

learning rate ranging between 0.15 and 0.23 is a likely rate for wind. In order to complement 

previous estimates of learning rates for wind power, we estimate a learning curve for Sweden 

(see Appendix for details). The learning-by-doing rate for wind power in Sweden is here 

estimated at 0.23 and thus corresponds well to previous studies, which assume essentially glo-

bal (rather than national) learning. The combination of the learning rates and the projections 

                                                
8 These numbers are based on the average learning rates estimated in a wide range of previous studies. See 
Pettersson (2005) for details. 
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of installed capacity of wind power and CCGT internationally and the corresponding cost 

decreases has thereafter been implemented in the levelized cost routine described in section 2.  

We use both the average and the Swedish learning rates for wind power as well as the 

average rate for CCGT in the model simulations and calculate the new carbon price levels that 

are needed in order to make wind power as attractive as CCGT given the EU energy scenario 

described above. Our focus is on CCGT and two wind power options, onshore wind 40 MW 

and offshore wind 150 MW. The new results thus build on the assumption that the investment 

costs change over time; i.e., the learning effect takes place in building the plants and not in 

operating them. In addition, we also present the results for the carbon price levels with 

constant and increasing gas prices, respectively. Overall we only use the private generation 

costs in the simulations.  

Figure 2 displays the carbon prices that are required to equalize the costs of wind power 

with those of CCGT when learning is taken into consideration but with constant future gas 

prices. The results suggest that under current scenarios wind becomes considerably cheaper in 

the future – for both the high and low learning rates – and overall lower carbon prices are 

needed to make wind power as attractive as CCGT (compared to the zero-learning case). The 

results, though, also show that the outcome is very sensitive to the choice of learning rate for 

wind power. For instance, at a 10 percent discount rate the carbon price needed to make the 

offshore wind alternative equally expensive as CCGT equals about 50 US$/tCO2 in the case 

of a 23 percent learning rate, but the corresponding price increases to well above 100 

US$/tCO2 if the learning rate is 11 percent. This suggests that reliable estimates of these 

learning rates become important, but so far the empirical literature has failed in generating 

robust estimates (Söderholm and Sundqvist, 2007; Kolev and Riess, 2007).
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Figure 2: Carbon Prices Required to Equalize the Cost of Wind Power with 
the Cost of CCGT (Technology Learning Included, Constant Gas Prices) (US$/tCO2)
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Table 6 shows the technology choice outcomes when either a US$ 20 or a US$ 40 

carbon price is assumed. Overall these results are in stark contrast to those presented in Table 

4. The impact of technology learning is profound and makes wind power a very attractive 

option even in the absence of other policy instruments (although, as noted above, the results 

are sensitive to the specific learning rate estimate used). It should be noted of course that the 

estimated cost reductions for wind power will be realized only in the case where wind power 

capacity increases substantially. Still, from a Swedish domestic policy perspective the pre-

sence of strong international learning spillovers may provide incentives to free-ride on R&D 

and policy efforts pursued in other countries (see also Barreto and Klaassen, 2004). Our 

results confirm that the economic incentive to pursue such a ‘wait-and-see’ strategy may be 

significant, and this thus strengthens the argument for international commitments in the 

renewable power field to ensure efficient diffusion patterns across countries.

Table 6: The Economics of CCGT and Wind Power Generation in the Presence of Climate 
Policy, Technology Learning and Constant Gas Prices 
 US$20 US$40 US$20 US$40 

r = 5% r = 10% 

 Learning rates: Wind 0.23; Gas 0.10 
Wind 40 Wind cheaper Wind cheaper Wind cheaper Wind cheaper 
Wind 150 Wind cheaper Wind cheaper Gas cheaper Gas cheaper 
     
 Learning rates: Wind 0.11; Gas 0.10 
Wind 40 Wind cheaper Wind cheaper Equally expensive Gas cheaper 
Wind 150 Gas cheaper Gas cheaper Gas cheaper Gas cheaper 

Table 7 and Figure 3 present the same type of cost simulation but now assuming that 

natural gas prices increase by 38 percent (as indicated in the European Commission scenario). 

Increasing gas price of course causes CCGT to become more expensive over time, hence 

increasing its life time generation cost. Still, overall the impact of this gas price increase does 

not appear as profound as the impact of technology learning in the wind power sector.

The above exercise shows that the estimated cost reduction for wind power is heavily 

dependent on the exogenously given capacity increase that is assumed to take place and the 

associated learning rate. This is also true for CCGT but here the learning rate is lower since it 

is a more mature technology, and therefore the cost reduction could be relatively modest. 

Still, these factors are difficult to forecast. Some studies show that there is a risk that the 

introduction of renewable energy will be delayed. McVeigh et al. (2000) suggest that the 

renewable energy technologies have often failed to penetrate market segments and that the 
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expected penetration levels have typically been much higher than the realized levels. The rea-

son is not necessarily that renewable electricity have failed in itself; the cost reductions for re-

newable energy sources have often exceeded the initial expectations but cost reductions for 

the traditional power technologies have been just as (or even more) impressive and institut-

ional obstacles (e.g., time-demanding permitting processes) have also added to the limited di-

ffusion of renewable energy technologies. 
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Figure 3: Carbon Prices Required to Equalize the Cost of Wind Power with 
the Cost of CCGT (Technology Learning and Gas Price Increase included) (US$/tCO2) 

Table 7: The Economics of CCGT and Wind Power Generation in the Presence of Climate 
Policy, Technology Learning and Increasing Gas Prices 
 US$20 US$40 US$20 US$40 

r = 5% r = 10% 
   
 Learning rates: Wind 0.23; Gas 0.10 
Wind 40 Wind cheaper Wind cheaper Wind cheaper Wind cheaper 
Wind 150 Wind cheaper Wind cheaper Gas cheaper Wind cheaper 
     
 Learning rates: Wind 0.11; Gas 0.10 
Wind 40 Wind cheaper Wind cheaper Gas cheaper Wind cheaper 
Wind 150 Gas cheaper Wind cheaper Gas cheaper Gas cheaper 

4. Concluding Remarks 
This paper has presented an analysis of how future investment in different power technologies 

in Sweden could develop under a carbon pricing policy. The results suggest that renewable 

power will benefit from existing climate policy measures since these imply that cheap techno-

logies such as CCGT will become relatively more expensive, but overall additional policy 

instruments are also needed to stimulate the diffusion of renewable power. For instance, base-
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line projections from the European Commission (EC, 2008) suggest that the EU ETS price 

will not exceed US$ 40 until 2030. With such a price on carbon only onshore wind power 

could compete with CCGT, and this only in the case of a low discount rate (e.g., 5 percent). 

Renewable power (and in particular wind power) looses competitive ground with the use of 

higher rate-of-return requirements, and an effective way of promoting renewable electricity is 

therefore to reduce future uncertainties about policies and regulations. Wind power expan-

sion in particular requires new investment on new sites, while the current economic environ-

ment tends to favor investments in – and intensified use of – existing capacity at existing sites 

(such as nuclear and hydropower lifetime extension). This introduces a large degree of path 

dependence in the energy system, and harms all new investments in power generation 

technologies in Sweden (including also CCGT).

The above outcomes will however be strongly dependent on the assumptions made 

about technology learning. In the paper we argue that technological learning in Swedish wind 

power is strongly related to the presence of international learning and R&D spillovers, and for 

this reason capacity expansions abroad have important influences on the future cost of wind 

power in the country. The results show that under the European Commission scenario, and 

using estimated learning rates for wind power and CCGT, wind power gains considerable 

competitive ground due to technology learning impacts, and the simulations even indicate that 

as of 2030 onshore wind power will be in no need of explicit policy support. These results are 

however very sensitive to the assumed learning-by-doing rates for wind power and CCGT, 

respectively.  

The importance of international learning and R&D spillovers for a small open economy 

as the Swedish one may induce national governments to free-ride on foreign R&D and deve-

lopment efforts, thus undermining the objective of large-scale deployment of renewable 

electricity. Our results confirm that such incentives may exist, thus motivating international 

agreements to stimulate such a development.  
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Appendix: Learning Rate Estimates 
In order to estimate the learning rate for Swedish wind power we begin by taking the natural 

logarithm of equation (4) in section 2 and we obtain an econometric specification of the 

learning curve equation: 

tttt eKbCIbbI lnlnln 210          (A1) 

where b0, b1 and b2 are parameters to be estimated and e an error term.   

The data used to estimate the learning curve for Swedish wind power consist of 

windmill investment costs in Sweden (in SEK per KWh), cumulative installed capacity of 

windmills in the world (in MW) and the cumulative wind power R&D expenses in Denmark 

(in SEK). The Swedish investment cost data have been collected from Ek (2005). Cumulative 

capacity stems from IEA/OECD Net Electrical Capacity (IEA, 2008a). Annual R&D data 

have been collected from IEA Energy Technology R&D Budgets and used to construct the 

R&D expenses (IEA, 2008b). The time lag between R&D expenses and their addition to the 

knowledge stock and the depreciation rate of the knowledge stock follows findings in 

previous studies (e.g., Klaassen et al., 2005). Thus, the time lag is set to two years and the 

depreciation rate to three percent. Descriptive statistics for the variables used in the 

econometric analysis are displayed in Table A1. 

Table A1: Descriptive Statistics 
Variable Obs. Mean Std. Dev. Min Max
Investment cost Sweden (It) 12 1175.5 195.7 869.6 1446.4
World Capacity (CIt) 12 9352.2 8398.3 2624.0 28378.0
R&D Stock Denmark (Kt) 12 122.0 23.1 87.3 157.1

The results for our learning curve equation are displayed in Table A2. We tested for the 

null hypothesis of no serial correlation by performing a LM test against its alternative of serial 

correlation (Greene, 2007). The test statistics indicated that we could reject the null hypo-

thesis of zero autocorrelation and for that reason the estimates were corrected for auto-

correlation applying the Prais-Winsten procedure. In order to test for general technological 

progress not captured by any of the other variables (or other time-varying factors) we include 

a linear time trend in the regression.  

The overall fit of the model is good with a R2 value of 0.86. The parameter estimates for 

world capacity, the knowledge stock in Denmark and the linear time trend are all statistically 
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significant and in the case of the learning-by-doing and learning-by-searching impacts, the 

signs are as expected. In our case the time trend coefficient turns out to be positive. The 

parameter estimates imply that the learning-by-doing rate is 0.23 and the spill-over effect 

from learning-by-searching in Denmark is estimated at a rate of 0.74. This implies that a 

doubling of installed international capacity and R&D knowledge stock in Denmark would 

propel capitals cost to decrease by 23 and 74 percent, respectively. While our estimate of the 

learning-by-doing rate is in line with previous research the corresponding rate for learning-by-

searching must be considered high. In the analysis in section 3 of this paper we only make use 

of the learning-by-doing rate, with the caveat that most other studies have focused on 

domestic R&D impacts. Simulations based on the Danish R&D impacts would also require 

future projections of how this knowledge stock will develop our time (and given that Sweden 

still would import a majority of the wind turbines from Denmark).  

Table A2: Parameter Estimates for Learning Curve Equation 
Dependent variable: Investment cost Sweden (It)

Variables Estimates t-ratios
Constant 18.835 ***3.640
World Capacity (CIt) -0.377 **-2.584
R&D Stock Denmark (Kt) -1.965 *-1.965
Time 0.147 *1.875
R2 0.86  

Note: ***, **, * indicate statistical significance at the one, five and ten percent level. 

Overall the results – although preliminary given the short time series – show that both 

international technology learning as well as Danish R&D spillovers have historically played 

roles in influencing the investments costs for wind power in Sweden. We also attempted to 

include a Swedish R&D-based knowledge stock in the estimation, but this turned out to be 

statistically insignificant. 
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1. Introduction 
Benjamin Franklin once said “Nothing is certain but death and taxes”; a statement that can be 

applied to numerous situations and phenomenon. In economics, accurately predicting market 

outcomes as well as assessing the dynamics of affecting policies, is a notoriously difficult and 

complex task. The interaction of countless firms and individuals, all with different 

characteristics and subject to various policy changes, creates future market situations that are 

complicated to predict but nevertheless important to assess. For instance, future market 

outcomes and policy dynamics conceal the future return of investments in a shroud of 

uncertainty. The presence of uncertainties of future returns and costs are amongst the more 

critical factors affecting the willingness to invest, and it is important to understand how the 

implementation of a specific policy affects the behavior of the investor. Usually, investment 

levels can be used as a long term indicator of the future structure and production of an 

industry sector, further motivating the rationale for analyzing investments behavior. 

The power sector is currently undergoing major restructuring. It is not only subject to 

market uncertainties (e.g., fuel prices) but also governed by a number of international and 

national policies (e.g., emission allowance schemes, green certificate schemes and permitting 

processes). Many of these policies are explicitly designed to stimulate emission reductions as 

well as investments in renewable energy sources. Even so, they may also introduce additional 

uncertainties in terms of the timing and choice of technology for investments in the power 

sector. For instance, how will the European Union Emissions Trading Scheme (EU ETS) 

change in the future; will new sectors be included and will the allocation system be reformed? 

These types of uncertainties are important to assess for investors in the power sector, but it is 

equally important for policy-makers to understand that the uncertainties associated with new 

policy might drive the power sector in an unintentional direction than the desired one. 

Based on the above, the purpose of this study is to analyze how market and policy 

uncertainties affect the timing and choice of technology for new investments in the Swedish 

power sector. In order to achieve this objective, we develop a simple investment model that 

incorporates uncertainty in the form of stochastic prices. This model permits an assessment of 

how the economics of power generation technology choice is affected by moving from a 

deterministic to a stochastic investment environment. 

Our choice of studying the Swedish power sector rests on a number of reasons. Firstly, 

the Swedish power market was deregulated in 1996. This changed the market incentives for 

new investment and created new and, in many aspects, unfamiliar uncertainties for the owner 
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of power generation equipment. For instance, in connection to the deregulation a power spot 

market was established (Nord Pool).1 Moreover, from having excess capacity in terms of 

power generation capability electricity companies closed down marginal power plants prior to 

1996 in anticipation of the deregulation and reduced the level of investments to reflect the 

new market conditions (see Figure 1). Secondly, new investments in large-scale hydro and 

nuclear power are not realistic options in Sweden, mainly due to extensive legal protection of 

unexploited rivers, and the governmental decision to gradually phase out nuclear power. 

Increasing the capacity of existing nuclear and hydro power plants and/or extending their life 

length is however possible. This means that new investments in the Swedish power sector will 

most likely be directed towards technologies such as gas- and bio-fuelled power as well as 

wind energy, thus implying direct competition between fossil-fuelled and renewable electric 

power.
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Figure 1: Annual Investment Levels in Power Generation Capacity in  
Sweden 1993-2006 (in 2000 values) 

Source: SCB (2007). 

Finally, in the context of energy and climate policy, it is important to facilitate long 

term and credible market conditions. Sweden participates in the EU ETS and has, in addition, 

set CO2 emission goals above its allotment according to the EU burden sharing agreement. 

Sweden has also introduced a green certificate scheme supporting electricity generated from 

renewable energy sources. The green certificate scheme is a specific feature of the Swedish 

power market, and it is explicitly included in the investment model outlined in this paper. 

1 The wholesale power market in Sweden is part of a Nordic market due to the trade through Nord Pool. This has 
increased the geographical scope of where new investments can be located, and still be connected to the Swedish 
power grid. However, given the importance of national policy instruments (e.g., the green certificate scheme) we 
focus our analysis solely on the Swedish case. 
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There is little consensus in the economic literature on how and to what extent policy 

uncertainty connected to carbon pricing (e.g., emissions trading schemes) will affect 

investment behavior in the power sector (e.g., Laurikka and Koljonen, 2006; Madlener et al., 

2005; Pettersson, 2005; Venetsanos et al., 2002) (see also section 2). IEA (2007) suggests that 

climate policy will not add any significant uncertainties for electricity investors in the future, 

and even stimulate firms’ investment incentives, at least if the policy is consistent over a 

longer time scale. The main obstacle for investors is instead the fuel price. Other studies point 

out that the set-up of an emission allowance scheme (allocation and allowance prices) could 

affect fuel prices, which in turn could decrease investments in various technologies (e.g., gas-

fired power as pointed out in Laurikka and Koljonen, 2006).

In Sweden, renewable power generation such as wind power and bio-fuelled power are 

affected by various polices. The introduction of the EU ETS in the beginning of 2005 meant 

that the cost of CO2 emissions from the power sector became internalized by creating a permit 

market in which the emission permit price is determined by supply and demand (the 

incentives for a firm to reduce its emissions depend on its abatement cost compared to the 

permit price and, to some extent, on how the permits are allotted initially). The EU ETS 

affects investments directly, i.e., making it more costly to invest in certain technologies.2

The second market-based policy instrument currently in place in Sweden is the green 

certificate scheme that was introduced in May 2003 as a consequence of the EU Directive for 

the support of renewable energy sources in the power sector (EC, 2001). Sweden has 

currently a goal of increasing the amount of renewable power by 17 TWh until the year 2016 

and the certificate scheme works explicitly at achieving this goal. The principle behind the 

green certificates is that the power producers receive certificates in proportion to their 

production of ‘green’ electricity creating a supply of certificates. The energy technologies 

entitled to certificates include wind power, solar energy, geothermal energy, tidal energy, 

peat, bio fuels, and hydro power. On the certificate demand side, the electricity distributors 

must purchase a given amount of certificates depending on their electricity consumption. This 

creates a supply and a demand for certificates and provides – given a well-functioning market 

– a technology-neutral support for renewable power. The policy variable for the green 

certificate scheme is the quota obligation that affects the demand side of the market. By 

changing the quota obligation the policymakers can affect the certificate price. 

2 Another aspect of the trading scheme that may affect investment behaviour is how trading periods are set. As 
Åhman et al. (2007) point out, if the periods would be set for ten instead of the current five-year interval, this 
would decrease the perceived uncertainty and thus stimulate new investments. 
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The remainder of this paper is organized as follows: Section 2 provides a brief review of 

previous studies that have dealt with market and policy uncertainties in the electric power 

sector. Section 3 outlines the investment model used in this paper as well as the data needed 

to implement the model empirically. Section 4 presents the results from the model 

simulations, while section 5 concludes the analysis. 

2. Investment Decisions in the Power Sector: A Brief Review of Previous 

Research 
Economic theory predicts that spot market pricing, such as Nord Pool, is a sufficient condition 

for an efficient level of investments. Caramanis et al. (1982; 1986) conclude that optimal spot 

pricing always give higher welfare than regulated prices, and that spot prices should provide 

sufficient incentives for investments. Still, uncertainties about future price levels and policies 

may reduce the investment incentives (e.g., Neuhoff and de Vries, 2004). The importance of 

the spot price to secure supply has rendered interest in the previous literature. For instance, 

Green and Newberry (1992) analyse the British market; Borenstein et al. (2000) the 

Californian market; and Garcia-Diaz and Marin-Uribe (2000) the Spanish market. However, 

these studies mostly focus on short-term supply and inadequately address long-term issues. A 

serious limitation of adopting a short-run perspective is that capacity is determined 

exogenously. A long-run perspective is used by von der Fehr and Harbord (1997) and Castro-

Rodriguez et al. (2001). The results from these studies support the notion that spot pricing in 

power markets is important. In addition, von der Fehr and Harbord (1997) suggest that 

investment incentives and the level of investments are directly dependent on how prices are 

determined. In general, the price determination and its development, together with the market 

structure, are important variables for understanding the level and the timing of investments as 

well as the choice of technology. 

Other than the price signal, important investment determinants are policies and 

regulations.3 Policies affecting investments in renewable energy are analyzed by Bird et al. 

(2004). Even though it is difficult to pinpoint the exact drivers, the authors suggest that 

investment in wind power in the USA is driven by favorable policies and a growing market. 

In Europe, favorable investment conditions can be found through schemes that aim at 

3 The introduction of various policies does not necessarily result in a higher level of uncertainty. This depends 
instead on whether the policy is considered volatile or not. In other words, if a potential investor perceives that it 
is likely that a policy will change in the future, the level of uncertainty will increase. There is thus a trade-off 
between creating stable market conditions and maintaining flexibility in the policy formulation. 
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promoting renewable alternatives such as the German feed-in tariffs, the UK Renewable 

Obligation, and the already mentioned Swedish green certificate scheme. It is, however, 

important to keep in mind that there are significant barriers to entry in the power market and 

that policy and regulations affect also these barriers. For instance, the power market is 

characterized by high capital costs of constructing a competitive plant, long lead-time to bring 

the plant in operation and sometimes long site approval processes for certain renewable 

technologies (Moody, 2004; Söderholm et al., 2007). Currently, there is little consensus in the 

economic literature on how a market should be designed in order to promote investments 

(e.g., Roques et al., 2004). For instance, Takizawa and Suzuki (2004) analyze investments in 

the power sector in a regulated market and conclude that the possibilities to invest are better 

when the electricity price is regulated, at least for projects requiring large capital investments 

per unit of output such as wind power. Then again, a deregulated market could result in a 

higher market price, but the higher price is necessary for investments to take place (Grobman 

and Carey, 2001; Finon et al., 2004). 

Based on the discussion above it is possible to distinguish between ‘ordinary’ market 

uncertainties and uncertainties that to some extent are induced by policy. Market and other 

external uncertainties such as fluctuations in fuel prices and reservoir levels can to some 

degree be perceived as easier to manage than the uncertainties that stem from various policies. 

In the present paper, market uncertainties are fuel prices and the electricity price while non-

market uncertainties are modeled through permit and green certificate prices. It should be 

noted that the permit and certificate prices are set on markets but the policy-makers can affect 

the market prices by e.g., adjusting the cap, changing the number of permits issued or their 

distribution or changing the quota obligation. Even though policymakers could affect the 

permit and certificate markets, the time-frame has proven to be important when it comes to 

how firms perceive stability and certainty. There exists also a relationship between the 

certificate scheme and the EU ETS. For example, if the price of permits increases at the same 

time as the marginal power in the Nordic electricity system is fossil fuel-based, the electricity 

price will increase. A higher electricity price would stimulate investments in renewable power 

by itself and thus reduce the investment effect of the certificate system. With a higher 

electricity price the certificate price that is needed to reach the quota for renewable production 

becomes lower. Nordleden (2003) analyses the underlying driving forces for investments in 

the energy market in Sweden. They found that one of the crucial variables is policy stability 

since fluctuations in policies reduce the investment incentives. In the absence of policy 
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stability the uncertainty increases and thereby also the cost for the investment since a higher 

uncertainty requires a higher rate-of-return requirement for the investment to take place. 

3. A Power Generation Investment Model 
3.1 The Model Set-Up 

In modeling investment decisions under uncertainty we follow the seminal work of Dixit and 

Pindyck (1994), and acknowledge three general investment characteristics that can be 

identified for the power sector. Firstly, investments are partially or completely irreversible 

and once made the capital cost can be considered sunk. Secondly, uncertainty is always 

present for future returns and costs. Thirdly, the investment can take place at flexible timing. 

That is, the investment can take place today if the returns are expected to be high enough to 

recover all the costs or it can be postponed in order to get better information. The investors 

have the opportunity or option but not the obligation to invest in a project in a specific period 

of time. In addition to the characteristics mentioned above, several different technologies can 

be used to generate power, thus making the investment decision depend on the available 

technologies and their associated uncertainties (Lundmark and Pettersson, 2007).  

Before proceeding, it should be noted that the model used in this paper is related to real-

option models used for studying the electricity sector. However, we are not interested in 

explicitly deriving any option values that an investor might face. Instead, we focus on the 

technology choice and investment timing of investments in the Swedish power sector and how 

they are affected by policy and market uncertainties. Uncertainty in the power sector 

propelled by market conditions and climate policy has been modeled before by e.g., Laurikka 

(2006) and Laurikka and Koljonen (2006), and more recently by Abadie and Chamorro 

(2008), Fuss et al. (2008), Szolgayova et al. (2008) and Yang et al. (2008). While these 

studies analyze power markets in general and how they are affected by uncertainties, our 

approach focuses more specifically on the Swedish power market and its characteristics. 

The investment model outlined below is similar to Roques et al. (2006) in that we 

assume that investment decisions are made in five year intervals. This assumption makes the 

model more tractable and reflects the usually long lead times associated with large 

investments in the power sector. In order to calculate and compare various investment options 

we first consider the net cash flow NCF associated with a given investment: 

ititit VCTRNCF ,,, BioWindGasi ,, , Tt ,...,0      (1) 
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where TR and VC are total revenues and total variable costs, respectively, for time period t

and technology i. As was noted in the introduction to this paper, we consider the choice 

between three power generating technologies: natural gas, biopower and offshore wind. The 

variable costs are a function of several economic variables:  

),,,( ,,,,,
2 OM

it
NO
it

CO
it

fuel
itit ccppfVC x          (2) 

where fuel
itp , is the price of input fuels such as gas or biomass, 2

,
CO

itp is the EU ETS permit price, 

xNO
itc , the cost for emitting NOX gases, and OM

itc , represents the operation and maintenance costs. 

We include the Swedish fee for NOX emissions that is applicable for both power and 

combined heat and power generators using natural gas and biofuel as inputs. For wind power, 

the only variable cost is OM
itc , . The total revenues can be expressed as: 

),,( ,,,,
Cert
it

heat
it

el
itit rrrfTR           (3) 

which is composed of electricity sales el
itr , , heat sales heat

itr , (for combined heat and power 

stations) and, in the case of bio power and wind power, the green certificate revenues Cert
itr , .

The technology-specific revenues from electricity, heat and certificate sales are calculated as: 

k
i

k
i

k
it

k
it HCappr ,, certheatelk ,,         (4) 

where k
itp ,  is the price for electricity, heat and certificates, k

iCap  is the capacity and k
iH  is the 

maximum annual utilization of the plant. 

Some of the revenues and costs are in various degrees treated as stochastic (see section 

3.2). Following the costs and revenues associated with a project, the technology and timing 

decision is then based on the net present value NPV per unit of output and is calculated as: 

I
NCF

NCFNPV
T

t
t
it

ii
1

,
,0 1

         (5) 
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where I is the investment cost and  is the discount rate. The expression in (5) does not 

explicitly address any aspects of uncertainty; instead uncertainty enters the model through the 

future development of prices (see section 3.2). 

The model structure is a general description of the costs and revenues facing new 

investments in the power sector. However, in order to assess the investment timing and 

technology choices in the presence of price uncertainties additional assumptions are needed. 

For this reason, by comparing the results from two different simulations we can illustrate how 

uncertainty could affect investment timing and technology choices:  

Simulation 1: First-best investment. Investments are made in the first time period 

where NPVi > 0.

Simulation 2: Optimal investment timing. Investments are made in the time period 

with the highest NPVi > 0. 

Consider first simulation 1. If the NPV for all technologies is negative in the first period 

another evaluation takes place in the next time period. If a positive NPV never occurs it is 

assumed that no investment is done. This approach results, foremost, in an instant technology 

choice pattern, but, it can not be used to find the optimal investment timing. Figure 2 depicts 

how decisions and technology choices are made under simulation 1. Consider an investment 

decision in time  for 20,15,10,5,0 . If the investment model yields a positive NPV for any 

of the technologies the investor chooses to invest in the technology with the highest positive 

NPV. If no technology has a positive NPV in the first time period the investor instead waits 

until next time period ( +5) in which the same evaluation takes place. This procedure 

continues until an investment is made or until the end of the last time period ( +20) in which 

case no investment occurs. 

NPV ,i>0

NPV
,i<0 NPV +5,i>0

NPV
+5,i<0

NPV +20,i>0

NPV
+20,i<0

Figure 2: Technology Choices in Simulation 1 
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The results from this first model simulation can then be compared to the results from 

simulation 2 where we search for the most profitable time period to invest in, and also what 

technology that is best to invest in given that investments can be made throughout the entire 

time frame. Specifically, we search for the maximum NPV for all technologies in all time 

periods. In other words, the investment takes place in the time period and in the technology 

that has the highest positive NPV so that: 

investmentno
Gas
Wind
Bio

NPV

0

max 20,15,10,5,0       (6) 

Figure 3 illustrates how the investment timing and technology choice are derived in 

simulation 2. In this simulation we are interested in when the most favorable condition occurs 

and how the corresponding technology choices are influenced by uncertainties.
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Figure 3: Investment Timing and Choice of Technology in Simulation 2 

As Figure 3 indicates, an investment can be made in offshore wind power, gas-fired 

power and biomass power. Offshore wind power instead of onshore wind power is chosen in 

order to permit a comparison of future investments of similar size and due to the favorable 

potential for offshore investments in Sweden (Swedish Energy Agency, 2007). The three 

power generation technologies represent the likely new investment choices presently available 

during the coming 20 years in Sweden (Bärring et al., 2003). Other investment options, such 

as capacity expansions of existing nuclear- and hydropower plants, are not included. Even 
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though it has been possible to increase the capacity of existing nuclear and hydro plants, 

continuous capacity expansions in the future are unlikely since the existing plants approach 

the end of their lifetimes. 

3.2 Modeling the Presence of Investment Uncertainties 

In order to address the uncertainties associated with future prices a stochastic process is used 

for the electricity, fuel, carbon permits and certificate prices. The stochastic process is 

assumed to be one-factor mean reverting (sometimes referred to as Ornstein-Uhlenbeck 

process) except for the certificate price, cert
itp , ; the latter modeled as an independent random 

variable which is log-normally distributed with a mean of SEK 205 and a standard deviation 

of SEK 10. These numbers have been derived from the historical certificate price data. The 

mean reverting assumption is supported by several studies that suggest that long-run 

commodity prices exhibit a mean-reverting behavior (e.g., Frayer and Uludere, 2001; Lucia 

and Schwartz, 2002; Slade, 2001). Furthermore, several studies have used a mean-reverting 

process when analyzing the electricity market (Abadie and Chamorro, 2006; Fuss et al., 2008; 

Frayer and Uludere, 2001; Hahn and Dyer, 2007; Laurikka, 2006; Spangardt et al., 2006). 

However, there are studies suggesting other stochastic processes, especially when modelling 

electricity prices. For instance, Fleten et al. (2007) argue that a geometric Brownian motion 

(GBM) is more suitable for modeling short-term fluctuations but, as Laurikka (2006) 

suggests, mean reverting processes yield a more conservative value than other processes 

where the probability distributions are wider. In this case, as the interest is not in short-term 

price fluctuations, a mean-reverting process is chosen. This implies that prices, x, can be 

modeled in the following way: 

)( 1
*

1 ttt xxxx           (7) 

where  is the speed of reversion, *x  the long-term mean – or the ‘normal’ – value of x,  the 

variance and  a random normally distributed variable. The parameters , *x and  have been 

estimated through regression analyses based on historical market prices. The parameters used 

for the mean reverting stochastic processes are presented in Table 1. 
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Table 1: Stochastic Parameters  
Variable (xi) Mean reversion rate 

( )
Volatility 

( )
Long run mean = 
start price (x*=x0)

(SEK 2005) 
Electricity price 0.22 0.31 % 368 
Natural gas price 0.2 0.2 % 110 
Biomass price 0.4 0.2 % 109 
CO2 permit price 0.1 0.2 % 95 
Green certificate price - SEK 10 205 

Sources: Bärring et al. (2003); IEA (2006); Laurikka (2006); Nord Pool (2006); Spangardt et al. (2006); SVK 
(2008). 

The long run mean in the stochastic process mimics a business-as-usual case, that is, it 

reflects the situation with ’normal’ price movements. Other movements that are due to 

external events (e.g., political instabilities in oil-producing countries) are reflected in the 

movements of the stochastic process. Figure 4 exemplifies sample paths for the electricity 

price and includes the long-run mean (x*) and a high and a low electricity price sample path.  

Time

Pr
ic

e

xt

High

Low

x* = x0

Figure 4: Sample Paths for the Simulated Electricity Price 

 We use the stochastic prices in a probabilistic setting and simulate several price paths 

that are used to construct probability distributions for the technology-specific NPV’s. This 

allows us to assess the investment returns when prices are both at a low and a high level, and 

the technology that yields the highest returns given our two alternative model simulations. 

3.3 Data Inputs 

Technology-specific costs and technical parameter assumptions for the different technologies 

are presented in Table 2. All prices used in the simulations are in SEK (2005 value).4 The 

                                                
4 EUR 1 corresponds roughly to SEK 9. 
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technology data concern commercially available alternatives in Sweden and includes: a 400 

MW CCGT power plant, a 80 MW biomass CHP plant, and a park of 30 offshore windmills 

with a total generation capacity of 90 MW. Availability means annual utilization of the plant 

measured in hours. The revenues from selling heat are computed assuming a heat price of 

SEK 320,000 per installed MW. The effects of different climate and energy policies currently 

in place in Sweden are modeled in two ways; permit pricing through EU ETS (for fossil fuel-

based power generation) and green certificates (for renewable energy).5

Table 2: Technology-Specific Costs and Technical Parameters 
 Unit Gas (CCGT) Wind power Bio CHP 

Investment cost (I) SEK/kW 5,300 11,500 12,000 
Output capacity (Cap) MW 400 90 80 
Heat capacity MW - - 175 
Availability (H) Hours/year 6,000 3,200 4,500 
CO2 emission factor g/kWh 350 - - 
Lifetime Years 30 20 30 
NOX emission factor mg/MJ fuel 30 - 50 
Operation and maintenance costs SEK/kWh 0.08 0.8 0.23 
Source: Bärring et al. (2003). 

4. Results 
4.1 Model Simulation Results 

The model is run 60,000 times for the stochastic variables and the corresponding NPVs,

something which yields various probability distributions for the different NPVs. Such Monte 

Carlo simulation models have proven to be useful when evaluating technology choices with 

various uncertainties in the electricity sector (Spinney and Watkins, 1996; Rode et al., 2001; 

Green, 2008; Williams, 2007). Furthermore, the simulations are done using different discount 

rates, ranging from 5 to 15 percent, thus representing different rate-of-return requirements. 

We start by presenting the results from simulation 1 (i.e., the case where investments 

occur in the first time period provided that at least one of the technologies has a positive 

NPV). Figure 5 summarizes the distribution of chosen technologies in different time periods 

using a discount rate of ten percent. The pie charts represent the technology choices that are 

made in each period and the results indicate that in 88 percent of the simulations a positive 

investment decision is made in the first time period, predominantly in biopower. In nine 

percent of the simulations no investment at all takes place. Note that the lion share of 

                                                
5 Bio-fuelled power is assumed to be carbon-free since the net effect from the corresponding CO2 emissions is 
zero since the biomass used for combustion sequestrates emissions in its growing phase and offsets any future 
emissions. 
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investments yield a positive NPV in the first period. The small share of investments that 

instead are made in later time periods are evenly distributed between the time periods +10,

+15 and +20. Surprisingly, no investment occurs in time period +5. This can, at least 

partly, be explained by the fact that the majority of the investments should be made in the first 

time period even though it could be better (more profitable) to invest in a later time period. 

This possibility is further analyzed in simulation 2. If we consider the resulting technology 

choices in the time periods following the first, the technology distributions are in general the 

same. The results indicate that the biopower option is the most profitable regardless of 

whether the investment is made in the first or last time period. Both wind- and biopower 

investments are positively affected by the green certificate scheme increasing the revenue side 

of the net cash flow, thus increasing the probability of yielding an overall positive NPV.

However, biopower also produces significant amounts of heat that makes it a more attractive 

investment choice compared to wind. Then again, wind power is not affected by stochastic 

fuel prices like gas- and biopower, something which increases the uncertainty for the latter 

technologies.

Figure 5: Technology Choices in Simulation 1 (10 percent discount rate) 

The results for simulation 2 (i.e., the investment occurs in the time period and 

technology that yields the highest possible NPV) are presented in Figure 6, and these suggest 

that the chosen timing of investments is more evenly distributed across the time periods 

compared to the outcome in simulation 1. Overall, this suggests that forcing electricity 

companies to invest early imposes a positive economic cost; postponing investments is often a 

profitably strategy. Compared to the results from simulation 1, the investments are overall 

more profitable in the last time period ( +20) instead of the first. Figure 6 indicates that in 34 

percent of the simulations the investment is more likely to occur in the last time period 

compared to 23, 12, 11 and 11 percent in the time periods , +5, +10 and +15, respectively. 

In nine percent of the simulations no investment at all occurs. Similar to simulation 1, the 
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most attractive technology is biopower which is the chosen technology in around 60 percent 

of the cases regardless of investment timing.  

Technology choice Technology choice +5 Technology choice +10 Technology choice +15 Technology choice +20

23 % 12 % 11 % 11 % 34 %

Bio Bio Bio Bio BioWind Wind Wind Wind Wind

Gas Gas Gas GasGas

No investment 9 %

Figure 6: Optimal Investment Timing and Technology Choices  
in Simulation 2 (10 percent discount rate) 

In addition, concerning the chosen technology the following pattern can be observed: 

(1) the likelihood of wind power being chosen decreases over time and (2) the likelihood of 

gas power being chosen increases over time, whilst the choice of biopower remains fairly 

stable. One explanation for gas being chosen more frequently over time is that in some late 

time periods, gas investors face situations with relatively high electricity prices in 

combination with low permit- and fuel prices. In a similar fashion, over time wind investors 

end up in a situation where low levels of the stochastic output prices cannot be compensated 

from fluctuations in other prices. The results depend thus on how sensitive each technology is 

for revenue volatility, and gas-fired power has the most to gain from flexible investment 

timing opportunities. As we approach the end of the planning horizon, the advantage of wind 

having less volatile revenues diminishes, at the same time as the waiting option for gas power 

is less exercised and that investment option is chosen more frequently. This implies that the 

waiting option increases the distribution of the investment timing, i.e., there is a wider spread 

of investments seen over the whole planning horizon under simulation 2 compared to 

simulation 1. The results suggest that it may be optimal to postpone an investment depending 

on the development of the stochastic variables because of the value of information about 

future profitability gained by waiting. In addition, the relative higher capital requirements for 

wind in comparison with gas power also propel wind power to be chosen less frequently over 

time. 

When it comes to the effect of the EU ETS and the green certificate scheme, the results 

suggest that the relative competitiveness of gas and biomass changes, making biomass a more 

attractive investment option. Since biomass can be considered a carbon neutral fuel, the 
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permit system stimulates more investments in biomass at the expense of gas. However, the 

improved competitiveness of biomass will most likely change its long term price trend 

reducing the effect of the permit system. Furthermore, Laurikka and Koljonen (2006) argue 

that the permit system can cause a pressure to modify existing energy taxes, an action that 

also might reduce the effect of the relative competitiveness between gas and biomass. The 

dominant choice of technology early on is biomass followed closely by wind power. As time 

passes, gas power increases its attractiveness whilst wind power becomes less attractive. 

Overall, the presence of stochastic prices does not promote wind power as much as could 

have been expected. 

4.2 Sensitivity Analysis 

Two major drivers to the results can be identified; the discount rate and the parameter values 

in the stochastic processes. In traditional investment analysis where deterministic NPV

calculations are used, uncertainties are captured in the discount rate. In order to account for 

uncertainties not explicitly modeled, various discount rates are tested. By applying different 

discount rates to the two simulations we can test how sensitive the results are to various rate-

of-return requirements. The results from simulation 1 using a reduced discount rate ( =0.05)

suggest that roughly all investment occur in the first time period, distributed between 

biopower (69 percent) and wind power (31 percent). No gas power projects are initiated. With 

a higher discount rate ( =0.15) the investment timing changes and it is distributed across 

several time periods. In addition, it is more likely that no investment at all occurs due to the 

higher rate-of-return requirement. There is a 50 percent chance that the investment occurs in 

the first time period and a 34 percent chance that no investment at all occurs. The remaining 

investment probabilities are distributed between the +10, +15 and +20 time periods with 

eight, four and three percent probabilities, respectively. The choice of technology also 

changes with a higher discount rate. In this case the most likely technology is gas power 

(approximately 62 percent) followed by biopower (approximately 35 percent) and wind power 

(approximately 3 percent). This distribution of technology choice holds for every time period 

except the first in which gas power has 88, bio power 12 percent and no investments in wind 

power occur. When the rate-of-return requirement increases wind power looses competitive 

ground due to the relatively high capital costs.

The results from simulation 2 using the same variation in the discount rate suggest that 

the likelihood for an investment to occur is more evenly distributed across the time periods as 

well as over the different technologies. Figure 7 presents the result using alternative discount 
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rates where the investor can postpone an investment even if it is profitable to invest in the 

current time period in order to ascertain an even higher profitability in the future. With a five 

percent discount rate most of the investments occur in either time period  or in time period 

+20. There is roughly a ten percent probability that the investment occurs in either of the 

periods +5, +10 and +15, respectively. The choice of technology is similar to the results 

using simulation 1 (with a five percent discount rate) in that biopower and wind power are the 

dominating technology choices. However, in the first time period wind power is the preferred 

technology and as time passes the choice of biopower increases. The use of a higher discount 

rate indicates a tendency for late investments, if any investment at all occurs. Furthermore, the 

preferred technology has switched from bio to gas power being the dominating choice of 

technology.
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Figure 7: Investment Timing and Technology Choice with  
5 and 15 percent discount rate in Simulation 2 

The choice of wind power increases with a lower discount rate, since it has a higher 

capital requirement per unit of output. Changing the discount rate reveals the sensitivity of the 

results. Not surprisingly, using a higher discount rate suggests that it is more likely that the 

investment will not take place and if it occurs it is more likely that the chosen technology is 

gas power instead of biopower that was the dominating technology using a ten percent 

discount rate. Using a lower discount rate still suggests that biopower is the most profitable 

technology.

The assumptions made for the stochastic processes are also assessed. In order to analyze 

the robustness of the model, the mean-reverting process has been replaced with a Geometric 

Brownian Motion process and the estimated NPVs became relatively similar. More interesting 

is to assess how different parameters in the mean-reverting process would change the result. 
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Consider, for instance, the volatility parameter ( ). If a higher volatility is chosen the variance 

on the stochastic variables would increase but most likely not change the relative merits of the 

chosen technologies. Analogously, a higher start-up price (xo) would not alter the relative 

merits of the technologies since the estimated price series applies for all technologies 

simultaneously. However, if the stochastic parameters for the permit price are changed the 

competitive position between gas and the renewable alternatives would change. 

5. Conclusions 
The purpose of this paper has been to analyze how increased uncertainty affects investment 

projects in the power sector with a focus on technology choice and timing. The model 

developed in the paper helps to shed some light on the investment pattern and the flexibility 

of investment timing when the power generators face uncertainties expressed in input and 

output prices. For large-scale new investments in power generation, we have analyzed the 

impact of stochastic electricity prices, input prices on the investment decision problem 

considering the joint determination of technology choice and investment timing. Thus, for 

policy making, our model suggests that the interrelation between policy measures and 

uncertainties should be taken into account for at least two reasons: (1) Policies could directly 

affect the electricity price and thus increase the level of uncertainties and (2) they could affect 

the input price, changing the optimal choice of technology.  

The results indicate favorable economics for biopower in Sweden. These results are 

foremost driven by the certificate scheme, EU ETS and the expected operational lifetime of 

the various power plant technologies, and also since biopower gains from heat sales. It is 

though worth noting that the Swedish climate polices are not explicitly designed to promote 

any specific technology. 

Investment timing and technology choice are of principal interest to not only policy-

makers but also to the various market participants. Due to the non-storage characteristics of 

electricity, investments are crucial in order to balance supply with future demand expectations 

and its timing can therefore strongly affect the electricity price. Furthermore, there exist a 

limited number of alternative technologies available for power generation. In Sweden, for 

which the model is applied, there is a prohibition to invest in large-scale hydro and nuclear 

power reducing the available technologies to wind-, gas- and biopower. This might force 

power generators to invest in more expensive technologies that require higher electricity 

prices in order to make them financially attractive. Each technology is associated with 
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different cost structures and uncertainties in input prices and policy formulations, which 

together with the irreversibility of the investment affect the optimal timing of investments. 

 The results in this paper are similar to, for instance, Fuss et al. (2008) who analyzed 

how investments in coal-based power and carbon capture and storage (CCS) technologies are 

affected by policy- and market-based uncertainties. Their results suggest that uncertainty – up 

to a certain degree – could be benign for investments in carbon capture technologies but that 

uncertainty beyond a certain threshold serves as a driver for investors to postpone 

environmental friendly investments. Investors simply wait and accumulate information on the 

final governmental decision about climate policy. As a consequence, climate policies might 

indirectly put an upward pressure on the electricity price through the absence of investments 

in the power sector. This could furthermore cause a situation where power generators and 

investors respond to uncertain policy by investing in existing capacity and prolonging the 

lifetime of the existing plants (Söderholm and Strömberg, 2003).  

Finally, the results in this paper suggest that there is a higher probability for investments 

in renewable energy power to be made in later time periods. By increasing the quota 

obligation in the Swedish green certificate scheme, the Government can stimulate investors to 

invest early, and this would work in favor of reaching the goal of 17 TWh of renewable power 

capacity in 2016. However, increasing the quota obligation also increases the electricity price 

and the overall cost increases could cause a lower acceptance for long-term policies in the 

power industry. 
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1. Introduction 
It is widely recognized that electric power provides much more flexibility in terms of fuel 

choices than do most other energy uses. This is not only a result of the fact that electric power 

can be generated with the help of a large number of diverse technologies (e.g., steam-electric, 

hydro, nuclear, wind, solar etc.), but also since fuel switching can take place within existing 

power plants. This flexibility makes the electric power sector a major target for policy 

makers, who aim at achieving, for instance, carbon dioxide reductions and increases in the use 

of renewable energy sources. In the past public policy in the form of environmental 

regulations (e.g., limits on sulfur dioxide emissions) and market liberalizations has played an 

important role in influencing fuel choices. The introduction of the European Emissions 

Trading Scheme (EU ETS) for carbon dioxide represents a more recent example of such 

policy ambitions.  

 The electric power sector plays an important role in EU ETS, not the least since nearly 

50 percent of the carbon emissions in the scheme stems from fossil fuel-fired power 

generation. Changes in the relative prices are thus important for estimating baseline emission 

scenarios and for analyzing carbon abatement behavior in the power sector (e.g., Ellerman 

and Buchner, 2008). Fuel switching behavior may also have profound impacts on the short-

run movements of carbon allowance prices in EU ETS.  

 The purpose of this paper is to analyze the role and the nature of price-induced 

switching behavior between fossil fuels (i.e., coal, oil, and natural gas) in the western 

European power sector. In doing this we also address the fuel choice impacts of a number of 

public policies implemented during the last 20 years. The analysis is conducted within a 

Generalized Leontief cost function framework, and employs pooled data across eight 

countries over the time period 1978-2004. We present short-run own- and cross-price 

elasticities of fossil fuel demand, and an assessment of the impacts of a set of public policies 

in the electric power sector. The latter include: (a) policies regulating the emissions of sulfur 

dioxide from the electric power sector since the early 1980s; (b) the continuous deregulation 

of the electricity markets in specific countries since the 1990s; (c) the abandonment of the 

German coal subsidies in the mid-1990s; and (d) the short-run fossil fuel use impacts of 

increases in the price of carbon emission allowances.  

 Interfuel substitution in the electric power market has been studied in several earlier 

studies during the last three decades. Nevertheless, this paper provides an updated empirical 

analysis and the model analysis differs from most other studies in three important respects.  
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 First, the distinction between short-run (ex post) and long-run (ex ante) substitution is 

often neglected in previous research, and many of the alleged long-run studies rely heavily on 

ad hoc interpretations rather than on explicit long-run formulations (e.g., Griffin, 1977; Uri, 

1978; Ball and Loncar, 1991). The degree of ex post interfuel substitution has often been 

assumed to be zero. Hudson and Jorgensen (1974), Atkinson and Halvorsen (1976), Bopp and 

Costello (1990), Dahl and Ko (1998), Söderholm (2000), Ko and Dahl (2001) and Lee (2002), 

represent exceptions, but they generally pay little attention to the way in which short-run fuel 

substitution takes place. Our paper focuses on the extent of ex post interfuel substitution; we 

identify three circumstances that make such substitution possible, and the empirical results are 

confronted with these potentials.  

The first of these circumstances is that some (dual- or multi-fired) plants are able to use 

a variety of fuels and switch between them. The amount of dual- and multi-fired capacity 

differs considerably across different western European countries but has remained very high 

in some and generally increased over time. For example, out of a 52 GW net increase in 

western Europe’s fossil-fired power capacity between 1974 and 1990, 43 GW (83 percent) 

was dual- or multi-fired (IEA, annual). Furthermore, there is also the flexibility permitted by 

variations in the use of single-fired capacity. A firm generally owns several generating plants 

and units, and these are brought on-line according to their variable costs of production. 

Changes in fossil fuel prices can thus change the merit order of plants using different fuels, 

thereby affecting the fuel mix in the short run. Finally, some conversions of electric plants are 

relatively inexpensive. An oil-fired plant that is converted to burn gas, or a coal to oil/gas 

conversion are examples of this. In response to the oil crises in the 1970s, many European 

utilities converted their oil-fired plants to be able to burn gas or gas/oil (Söderholm, 2000). 

The reversal, conversion from oil or gas to coal-firing, however, normally requires expensive 

investments and is therefore to be regarded as an intermediate-term response (IEA, 1987). 

Second, methodologically previous studies of interfuel substitution have rested on either 

Translog cost function approaches (e.g., Griffin, 1977; Uri, 1977, 1978; Mountain, 1982; 

Bopp and Costello, 1990; Ball and Loncar, 1991; Söderholm, 2001) or on different discrete 

choice (e.g., logit) models (e.g., Joskow and Mishkin, 1977; Seifi and McDonald, 1986; 

Moxnes, 1990; Tauchmann, 2006). In this paper we choose instead to specify a Marshallian 

Generalized Leontief cost function. If certain parameter restrictions are imposed this function 

collapses into the traditional Leontief cost function with a fixed coefficient technology, and 

the null hypothesis of zero ex post interfuel substitution can therefore be tested explicitly.  
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Third and finally, the impacts of different public policies have often been more or less 

neglected in previous research on power generation fuel choice (Söderholm, 1998). Still, 

failing to incorporate these influences into the model as testable hypotheses is not a neutral 

position, but rather represents a specific assumption, which, if incorrect, may bias the results.1 

As was noted above, in this paper we highlight the impact of a number of policies during the 

last 30 years, and test whether these have fundamentally altered the power generation fuel 

mix.  

Before proceeding some important limitations of the paper need to be outlined. Since 

short-run fuel substitution and the impact of, for instance, sulfur dioxide regulations and coal 

subsidies on fuel choice are some of the key issues to be analyzed in this paper, the model 

outlined only addresses the degree of interfuel substitution among fossil fuels; coal, oil and 

gas. This implies that we focus on those western European countries for which these three 

fuels represent important inputs for power generation purposes; i.e., Austria, Belgium, Ger-

many, Ireland, Italy, Netherlands, Spain, and United Kingdom. There exists few substitution 

possibilities in the case of existing plants designed to utilize either uranium or hydropower. It 

is therefore assumed that a country’s choice between hydropower and nuclear energy is 

independent of the choice made between different fossil fuels to be burnt in electric plants. In 

addition, the results reported in this paper only address aggregate (average) fuel choice 

behavior. Thus, we do not show that all power generators who can actively do switch between 

fossil fuels when relative prices change. In the 1970s and the early 1980s many utilities 

converted their oil-fired plants to be able to burn coal as well, and since then many of these 

have never burnt oil even if the ability still exists. However, fuel switching capacity not only 

makes it possible to take advantage of price changes, but it also improves the ability to 

respond to problems of fuel availability. In this sense the use of oil in power generation 

provides an important source of energy security if disruptions in the supply of other fuels 

occur (IEA, 1995). This is in heavy contrast to the attitude towards oil use 30 years ago. 

The paper proceeds as follows. In the next section we specify a short-run Generalized 

Leontief cost function, and discuss how this can be used to estimate price responses and 

policy impacts. Section 3 discusses model estimation and data issues, while the empirical 

results are reported and analyzed in section 4. Finally, section 5 provides some concluding 

remarks and implications.  

                                                 
1 For instance, drawing on experimental evidence, Kopp and Smith (1980) and Tran and Smith (1983) conclude 
that neoclassical cost models, which ignore environmental constraints and regulations, may provide seriously 
misleading descriptions of the role of factor inputs in the underlying production technology.  
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2. A Generalized Leontief Model of Fossil Fuel choice in the Power Sector 
The standard approach in economic theory to interfuel substitution problems is to specify a 

neoclassical cost function. Duality theory implies that if producers minimize costs, there 

exists a dual cost function that contains sufficient information to completely describe the 

underlying production technology. Given our interest in short-run fuel demand behavior we 

follow the Marshallian tradition and assume the existence of a variable cost function, in which 

the capital input is fixed at a level other than its full-equilibrium value. It is therefore assumed 

that fossil-fueled power production technology can be represented by the following general 

cost function:  

 

),,,,,,,,( tRQKPPPPPPVCVC MLGOCE         (1) 
 

where VC is the variable cost of producing fossil-fueled electric power, and LGOC PPPP ,,, and 

MP are the input prices of the respective factor inputs: coal, oil, gas, labor and material. EP is 

thus a function that aggregates the different fossil fuel prices, i.e., an aggregate price index of 

energy inputs. Q and K denote fossil-fueled electric power output and power-generating 

capacity, respectively. In this model the capital stock, K, is accounted for but changes in it are 

not explained. We also introduce a variable R, which reflects the stringency of sulfur dioxide 

regulations facing the electric power industry. Finally, t denotes a time trend that reflects the 

impacts of exogenous technical change. 

Since reliable data on labor and material inputs and prices are difficult to obtain we 

assume that the energy and capital inputs are as a group weakly separable from labor and 

material inputs. In other words, given fixed capital, the mix of fossil fuel inputs is assumed to 

be independent of the non-energy inputs.2 This assumption permits us to analyze a separate 

variable cost function, EVC , for the energy and capital inputs alone. We have:  

 

),,,,,,( tRQKPPPVCVC GOCEE          (2) 
 

Empirical economic research have applied a number of different flexible cost functions 

when analyzing energy demand, e.g., the Translog model (Christensen et al., 1973) and the 

cost-share linear logit model (Considine and Mount, 1984). For our purposes we specify a 
                                                 
2 Technically weak separability in E implies, for instance, that 0/)

/
/

( L
EQ
EQ

j

i , i.e., the marginal rate of 

substitution between two fossil fuels i and j (i, j = C, O, and G) is independent of labor inputs. 
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Generalized Leontief (GL) cost function, suggested in its original form by Diewert (1971). An 

important benefit of this specification is that if certain parameter restrictions are imposed on 

the GL cost function, it reduces to the traditional Leontief cost function with a fixed 

coefficient technology. This means that we can explicitly test the null hypothesis of no ex post 

(short-run) interfuel substitution in fossil-fueled power generation (Chung, 1994). 

The GL specification employed in this paper builds on Morrison (1988), who extends 

the work of Diewert and specifies a GL cost function that permits the inclusion of two quasi-

fixed inputs (labor and capital). In the specification outlined below only capital is assumed to 

be fixed, and the following variable cost function is postulated:  
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  (3) 

 

where GOC PPPP ,,  is the vector of prices for the three variable fuel inputs, coal, oil and 

gas. mB  refer to the two other exogenous arguments of the cost function, the time trend t and 

the sulfur dioxide regulation intensity variable, R. The cost function in (3) is continuous and 

homogenous of degree 1 in the vector of (input) fuel prices, the latter implying that if all 

prices iP  increase by the same proportion , EVC must also increase by , output held fixed. 

Similar to other flexible functional forms the GL model outlined above does however not 

ensure global concavity in P, but the curvature at each sample point can however be checked 

by using the estimated coefficients. Finally, ij  are parameters such that the symmetry 

condition jiij  holds. 

The individual fuel demand equations can be derived by applying Shephard’s Lemma, 

i.e., by partially differentiating (3) with respect to the fuel prices. As shown by Parks (1971), 

dividing these functions by output Q reduces the problem of heteroskedasticity. This yields 

the following input-output coefficient equations:  
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where iE represents power generation use of the ith fossil fuel. It can be noted that when ji , 

2/1)/( ij PP equals one and ii is thus the base intercept term in the ith input-output equation. 

By estimating the coefficients in (4) and comparing these to the estimates of a restricted 

version where the coefficients are fixed such that jijiij ,,    0 , we can test the null 

hypothesis that there is no ex post interfuel substitution. This test will thus indicate whether or 

not the GL variable cost function collapses into the traditional Leontief cost function or not.  

By using the estimated parameters it is also straightforward to calculate the short-run 

cross-price elasticities of fuel demand, SR
ij  (Morrison, 1988). These are defined and 

expressed as follows: 
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The short-run own-price elasticities are calculated in a similar manner. All own- and cross 

price elasticities will differ at each data point, and normally they are computed at the means of 

the data sample. The elasticities are partial in that they only account for the substitution 

between the fossil fuels under the constraint that the aggregate quantity of fossil fuels remains 

constant. Moreover, they are only valid for the levels of capital at which they are evaluated, 

and do therefore not provide any information about the substitution between capital 

equipment and the energy inputs.  

Equation (4) can also be used to assess how exogenous technical progress and the 

introduction of more stringent sulfur dioxide regulations affect fossil fuel demand. First, the 

regulation intensity elasticity of fuel demand iR  is calculated as:  
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i
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i

i
iR E

RKRQQRQRQ
E
R

R
E 5.05.05.05.05.0 5.05.0   (6) 

 

These elasticities indicate the percentage change in fossil fuel demand as a result of a one-

percentage change in the regulatory intensity variable. In section 3 we discuss how this 

variable can be measured empirically. In the empirical section we also estimate a restricted 

version of the GL fuel demand system in which 0RKtRRRiR , i . This permits us 

to perform a likelihood ratio test of the null hypothesis that the western European sulfur 

dioxide regulations have had no impact on fossil fuel demand. The corresponding time trend 

elasticities it  can be written as:  

 

i
tKtttRit

i

i
it E

tKtQQRtQtQ
E
t

t
E 5.05.05.05.05.05.0 5.05.0    (7) 

 

Since these elasticities are based on simple time trends they do not lend themselves to any 

meaningful interpretations. Nevertheless, a positive (negative) elasticity will indicate that 

exogenous technical change over the time period has been ith fuel using (saving). All t- and 

R-elasticity estimates that are reported below are based on the mean estimates over all 

observations.  

 

3. Model Estimation and Data Issues 
3.1 Data Sources and Definitions 

In this paper the GL fuel demand system is estimated by pooling time-series data across eight 

western European countries – Austria, Belgium, Germany, Ireland, Italy, Netherlands, Spain 

and the UK – over the time period 1980-2004. Since a few annual data points are missing for 

Austria, Belgium and Ireland we have an unbalanced data set consisting of 191 observations.  

The fossil fuel prices ),,( GOC PPP  that are charged to power generators in each country 

are measured in US$/toe and include any taxes or subsidies. The price data have been 

collected from the International Energy Agency (IEA) (2007a). For Netherlands and Spain the 

price of coal was not reported for some of the more recent years; in these cases the power 

generation coal price has been assumed to follow the same trend as steam coal prices charged 

to the entire domestic industry sectors. The data from the IEA do not report the relevant oil 

and gas prices over the entire time period, but in these cases price data from Eurostat (2008) 

could fill in the gaps. The data on output (Q) concern total fossil-fueled electric power 
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generated; it is measured in TWh and collected from IEA (2007b). The fuel input 

),,( GOC EEE  data have been collected from IEA (2007c) and are measured in Mtoe. The 

capital stock (K) is measured as net maximum thermal electricity generating capacity (GW) 

and the corresponding data have been collected from IEA (2007d).  

Sulfur emissions from the western European power sector, and other sectors as well, 

have been subject to a number of regulations and international agreements. The first major 

agreement was the 1985 Helsinki Protocol that required its signatories to reduce their sulfur 

emissions by 30 percent until 1993, compared to a 1980 baseline (UNECE, 2004). In order to 

pursue stricter reductions, the European Communities Directive on the limitation of emissions 

of certain pollutants into the air from large combustion plants was launched and required that 

among its members, 60 percent of sulfur emissions would be reduced until 2003 compared to 

1980 levels (EC, 1988). The Directive was later updated and replaced by Council Directive 

94/66/EC (EC, 1994). The next international treaty came with the second sulfur protocol, the 

1994 Oslo Protocol on Further Reduction of Sulfur Emissions, which entered into force in 

1998 and set new country-specific targets that would decrease emissions (UNECE, 2004). 

The most recent agreement is the 1999 Gothenburg Protocol in which even further reductions 

by 2010 where set (Ibid.). It should be noted that these environmental restrictions differ in 

terms on how abatement is supposed to be made. The sulfur regulations in use range from 

setting emissions standards and enforcing requirements on percentage removal of emissions, 

fuel quality, and technologies (so called best available technology). 

In order to account for the impact of the above mentioned sulfur dioxide regulations on 

fossil fuel choice behavior in the western European power sector, we use the approach 

developed in Gollop and Roberts (1983) (also applied in, for instance, Brännlund and Liljas, 

1993; Söderholm, 2000 and Lee, 2002). Specifically, the regulatory intensity variable, R, can 

be defined as:  

 

0*

*

*

0

zz
zz

z
zzR           (8) 

 

where z*, z0, and z all represent emission rates (measured in tons of sulfur dioxide per GJ 

input) and are, respectively, the unconstrained (no-policy) emission rate, the legal emission 

standard and the actual emission rate. The first part of the expression measures the 

proportional reduction in unconstrained emissions required by the authorities; it is bounded 
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from below by zero when *0 zz and it takes the value of one (1) when 00z . The second 

part of (8) reflects the level of enforcement. It is set to unity if 0zz (thus reflecting complete 

enforcement) and it equals zero if *zz (i.e., no enforcement). Since both terms are bounded 

by zero and unity this also holds for the product R. For econometric purposes, since the 

denominator in the first part of R and the nominator of the second part cancel out a reduced 

form of (8) becomes: 

 

*

*

z
zzR             (9) 

 

which is also bounded by zero and unity. Consequently, in the empirical investigation we 

desire data on actual emissions and unconstrained emission levels. 

The above measure of regulatory stringency acknowledges that the level of legal 

enforcement can vary and that electric power generators may be emitting below the emission 

standard even though they are constrained by that same standard. A common alternative is to 

include the actual emission level as the independent variable (e.g., Tran and Smith, 1983; 

Fuller, 1987), but this approach assumes that this level equals the legal standard.3 This is 

however not necessarily the case; generators are not able to exactly control their emission due 

to stochastic fluctuations with regard to their production and emission levels. Still, even 

though our approach recognizes that sulfur dioxide emissions can be subject to stochastic 

variations, this is not explicitly incorporated into the cost minimization problem. For a 

stochastic analysis where such consideration is taken, see Brännlund and Löfgren (1996). 

Data for the period 1980-2002 on the actual emission levels for each country and year – 

measured as the number of tons of sulfur dioxide per input of coal and oil (in energy units, 

GJ) – have been collected from OECD (1985-2004). For the time period 2002-2004 data from 

Eurelectric (2008) have been used. The data for Belgium over the time period 1980-1989 

stem from Verbruggen and Couder (1991). The unconstrained emission levels are assumed to 

be the highest level of actual emissions per energy input in the individual country during the 

time period under study. Based on the data available, Table A1 in Appendix displays the 

resulting annual estimates of regulation stringency in the countries included in this study.  

                                                 
3 To see this, consider a utility that minimizes costs subject to an emission constraint. The Lagrangian multiplier 
in this cost minimization problem will then equal the shadow price of the emission constraint. This price will be 
positive only as long as the emission constraint is satisfied exactly.  
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A number of external events also need to be addressed in the model. First, the additive 

dummy variables STIRD  and STUKD  (and the corresponding coefficients iSTUK  and iSTIR ) have 

been added to the input-output equations in (4) to address the impacts of an Irish gas conflict 

and the British coal strike in the mid-1980s, respectively. An increase in power generation oil 

use appeared in Ireland from 1985 to 1987 when the supply of gas to the Irish Electricity 

Board ceased due to a conflict involving the gas supply companies (IEA, 1997). The British 

coal miners’ strike in 1984/85 forced the electric power sector to substitute oil for coal.  

 Furthermore, the cancellation of the German so-called Kohlenpfennig in 1995 implied 

significantly lower subsidy levels to domestic coal use in the country (Storchmann, 2005). 

This subsidy was introduced in 1975 and has since then had a profound impact on power 

generation coal use in Germany.4 For this reason a dummy variable, SUBD , has been added to 

the German sub-sample for the time period 1996-2004. Finally, the deregulations of some of 

the European electricity sectors during the 1990s could also have important impacts on fossil 

fuel choices. Increased competition and privatization imply that plant owners will require 

higher returns on their investments, and there is often a stronger pressure on owners to reduce 

fuel costs. In practice this has favored the advent of the combined cycle gas turbine (CCGT) 

with its low capital costs and short lead times, as well as more intense use of existing electric 

power capacities with low avoidable costs (Söderholm, 1999). In order to account for the 

possible impacts of electricity deregulation on fossil fuel choice we introduce an additional 

additive dummy variable, LIBD , to the input-output equations in (4). This variable equals one 

for the post-liberalization years in each country.5 

 

3.2 Econometric Issues 

In order to implement the model empirically, the stochastic framework needs to be specified. 

We add a disturbance term )( iuv to each input-output equation i where u and v represent an 

index over the country-time observations. We assume that the error term can be decomposed 

into three elements so that: 

 

iuviuiviuv            (10) 

                                                 
4 In 1995 the removal of the German ‘coal penny’ resulted in a total € 3500 million decrease of subsidies. The 
subsidy constituted a fairly large share of the electricity price (about 8.5 percent in 1995) (Storchmann, 2005). 
5 The start dates are given in parenthesis: Austria (1998), Belgium (1999), Germany (1998), Ireland (1999), Italy 
(1999), Netherlands (1998), Spain (1994) and United Kingdom (1989). For a discussion of the development of 
the electricity industry deregulation process in Europe, see e.g., Al-Sunaidy and Green (2006). 
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where iv  is a country-specific error term, iu captures intra-equation inter-temporal effects 

by following an AR(1) process (but it exhibits no error autocorrelation across equations), and 

iuv  is a term that may be contemporaneously correlated across equations. The country-

specific errors may be interpreted as unobserved fundamental differences influencing fossil 

fuel choices among the eight countries. By assuming that these differences are fixed over time 

we are able to eliminate the country-specific error component by introducing separate 

intercept terms for each country. Specifically, we add country dummy variables so that:  

 
7

1v
viv D  where 1vD  for country v and 0 otherwise      (11) 

 

This approach is normally referred to as the fixed-effects model, and it overcomes the bias of 

the estimation results that can occur in the presence of unobserved country-specific effects 

that are correlated with the regressors (e.g., Friedlander et al., 1993). Our purpose is to 

estimate the short-run behavior of power plants, and the country dummy procedure in (11) is 

in line with these intentions since all cross-country variance in the input-output equations are 

removed and we rely solely on within-country variations (Baltagi, 2005). Furthermore, since 

cross-equation contemporaneous correlation of the iuv  terms is expected we assume that the 

resulting disturbance vector is multivariate normally distributed with mean zero and a 

constant (non-singular) covariance matrix tv . The system of input-output equations in (4) 

(including the dummy variables outlined above) was estimated by the full information 

Maximum Likelihood method using the TSP software.  

 

4. Empirical Results and Discussion 
Table 1 reports the parameter estimates, with the corresponding t-statistics given in 

parentheses, for the unrestricted (UR) fuel demand model as well as for two restricted 

versions of this model. RP refers to the traditional fixed-coefficient Leontief model in which 

jijiij ,,    0 , and RR to the version in which all six R-parameters are held to be zero, 

i.e., 0RKtRRRiR . Initially in this section we focus on the UR model estimates, but 

later turn our attention also to the two restricted models.  
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Table 1: Parameter Estimates for Three Generalized Leontief Models 

 Unrestricted (UR) Restricted (RP) Restricted (RR)

Parameters Estimates t-statistics Estimates t-statistics Estimates t-statistics

CO, OC  -0.009 -0.949 - - -0.006 -0.618
CG, GC 0.015 1.216 - - 0.014 1.114
OG, GO 0.054 ***4.959 - - 0.053 ***4.982

CR -0.118 ***-3.728 -0.118 ***-3.740 - -
OR -0.099 ***-3.250 -0.103 ***-3.397 - -
GR -0.073 **-2.383 -0.065 **-2.130 - -
tR 0.007 ***3.191 0.007 ***3.190 - -
RR -0.037 ***-3.567 -0.036 ***-3.568 - -
RK 0.160 ***3.412 0.156 ***3.374 - -
Ct 0.027 ***3.235 0.025 ***3.011 0.004 0.688
Gt 0.024 ***3.031 0.022 ***2.696 0.010 **2.117
Ot -0.002 -0.271 -0.004 -0.455 -0.022 ***-4.516
CK 0.202 1.526 0.189 1.434 0.047 0.385
OK 0.046 0.360 0.057 0.447 -0.106 -0.917
GK 0.263 **2.053 0.230 1.809 0.128 1.096
tt -0.002 **-2.100 -0.001 -1.862 0.000 -0.476
tK -0.031 **-2.467 -0.030 **-2.343 0.001 0.177
KK -0.157 -1.533 -0.145 -1.430 -0.020 -0.225

CSTUK -0.016 -0.888 -0.018 -0.975 -0.015 -0.838
OSTUK 0.048 ***3.196 0.038 ***2.578 0.050 ***3.322
GSTUK -0.033 **-2.293 -0.023 -1.545 -0.033 **-2.233
CSTIR 0.030 0.182 0.004 0.193 -0.001 -0.003
OSTIR 0.022 1.474 0.023 1.566 0.020 1.364
GSTIR -0.029 **-2.031 -0.031 **-2.058 -0.028 -1.908
CSUB -0.013 -0.965 -0.007 -0.575 -0.018 -1.340
OSUB 0.023 **2.236 0.033 ***3.520 0.021 **2.132
GSUB -0.010 -0.962 -0.024 **-2.542 -0.010 -0.917
CLIB -0.029 ***-4.663 -0.030 ***-4.929 -0.027 ***-4.341
OLIB 0.011 **2.070 0.008 1.575 0.012 **2.460
GLIB 0.013 **2.557 0.015 ***2.937 0.012 **2.407

       
Log-likelihood 1553.43 1541.42 1540.75  

R2 0.828-0.857 0.824-0.854 0.818-0.854  
N 191 191 191  

Notes: the separate country intercepts for each model are not reported in the table but are available from the 
authors upon request; R2 refers to three input/output equations; ***, **, * indicate statistical significance at the 
one, five and ten percent level, respectively, using a two-tailed test.  

 

Conventional R-square measures range between 0.83 and 0.86 for the respective input-

output equations, thus indicating a relatively good fit for the UR model. Before proceeding it 

is also necessary to establish whether the estimated underlying GL cost function is well-

behaved or not. Monotonicity can be checked by inspecting if the fitted values of the input-

output coefficients are positive. In our case only 13 out of 191 estimates were less than zero. 

The concavity condition holds if the bordered Hessian is negative semi-definite, and this is 
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checked by examining the signs of the principal minors at each observation. It turns out that 

all principal minors have the expected (negative) sign. Thus, the estimated GL fuel demand 

system is overall consistent with its theoretical restrictions. In the remainder of this section we 

first discuss the existence – and the estimated magnitudes – of short-run price-induced fuel 

substitution (section 4.1), while the section ends by analyzing the impacts of a set of policy 

measures on fossil fuel demand behavior (section 4.2). 

 

4.1 Price-induced Interfuel Substitution 

As was noted above the GL specification permits a test of the extreme situation in which the 

input-output coefficients are independent of fuel prices, indicating that the elasticities of 

substitution between fuels are all zero. We thus test the three restrictions: 

0OGCGCO . Specifically, this restricted version of the model (RP) is tested against 

the unrestricted one (UR) by means of a likelihood ratio (LR) test. The LR test statistics are 

computed as )ln(ln2 URRP LL , where L is the log-likelihood value (calculated from the 

residual covariance matrix). The LR test statistic is distributed asymptotically as a chi-squared 

( 2) random variable with degrees of freedom equal to the number of restrictions being tested 

(Berndt, 1991). The result from this test is presented in Table 2, and indicates a rejection of 

the null hypothesis of zero ex post interfuel substitution. In other words, once the power 

plant’s design is fixed in terms of a specific capital equipment, the scope for substitution is 

substantially reduced but far from insignificant. For this reason it is also useful to investigate 

the magnitudes of the estimated cross-price effects.  

 

Table 2: Likelihood Ratio Test for Leontief Technology 

Null hypothesis (H0) Degrees 
of freedom 

Test statistics 
for LR test 

Critical value 
2 (0.05) 

Critical value  
2 (0.01) 

     

0OGCGCO  3 25.36 12.59 16.81 
     

 

Table 3 presents the estimated short-run partial fossil fuel elasticities; these are 

computed using the mean values of prices, output, and capital over the entire time period.6 

Table A3 in the Appendix presents country-specific elasticity estimates. Still, it should be 

                                                 
6 The standard errors were calculated using the ANALYZ command and the option NDRAW in the TSP 
software; the command computes asymmetric confidence intervals for non-linear functions by drawing n 
parameter vectors. 
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noted that the simple method of including dummy intercept variables for each country in the 

input-output equations implies that the differences in price elasticities between countries exist 

only because their respective fuel cost shares differ. Comparisons across countries are 

therefore not particularly informative.  

We expect the signs of the own-price elasticities to be negative and the cross-price 

elasticities to be non-negative; this is also the case for all elasticities except for the cross-price 

elasticities SR
CO  and SR

OC , which are negative (indicating that oil and coal are complements in 

the production of fossil-fueled electric power). Still, in the latter case we cannot reject the null 

hypothesis that these elasticities are equal to zero. Similarly, the substitution between coal and 

the other two fossil fuels also appears insignificant. However, Table 3 also reveals evidence 

of substantial price-induced interfuel substitution between the peaking fuels, oil and gas. 

 

Table 3: Median Short-run Own- and Cross-price Elasticities (UR model) 
Elasticities Fuel demand responses Empirical estimates t-statistics

CC Coal demand – Price of coal -0.04 -0.36
CO Coal demand – Price of oil -0.06 -0.944
CG Coal demand – Price of gas 0.11 1.216
GG Gas demand – Price of gas -0.5 ***-4.055
GC Gas demand – Price of coal 0.1 1.216
GO Gas demand – Price of oil 0.38 ***4.959
OO Oil demand – Price of oil -0.68 ***-4.463
OG Oil demand – Price of gas 0.79 ***4.959
OC Oil demand – Price of coal -0.1 -0.949

***, **, * indicate statistical significance at the one, five and ten percent level, respectively, using a two-tailed 
test. 
 

 The substitution between oil and gas in the short-run can be explained by the high share 

of electric power capacity switching between these two fuels, and the fact that conversions of 

oil-fired plants to be able to burn gas or oil/gas are relatively inexpensive and can be achieved 

within a fairly short time span. Following the oil crises in the 1970s many western European 

took advantage of this opportunity. For instance, in 1990 (a mid-year in our data sample) the 

percentage share of total fossil-fueled power capacity capable of switching between oil and 

gas (in western Europe) equaled 25 percent, while the corresponding potential for short-run 

gas/coal substitution was only 8 percent (Söderholm, 2000).   

Ex post fuel switching may be constrained as long-term contracts often are in force. 

Nevertheless, power generators with dual-fired plants and long-term contracts for one fuel, 

can switch fuels and take advantage of the difference between the (long-term) contract price 
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and the spot price. For instance, if the spot price for gas increases relative to the contract 

price, a dual-fired oil/gas plants that burns gas under a long-term contract can switch to oil 

and instead sell gas on the spot market for gas. Finally, in contrast to coal, both oil and gas are 

heavily used for peak power production, thus increasing the possibility that changing relative 

fuel prices induce substitution between single-fueled oil and gas-fired power plants through 

changes in the merit order (in the presence of less than full capacity utilization).  

 In sum, the empirical results tend to be compatible with the economics of short-run 

fossil fuel choice in the electric power sector, and they indicate that ex post interfuel 

substitution between oil and gas has been significant in the western European power sector. 

The results suggest that market-based policy instruments – e.g., tradable emission allowance 

schemes – could have important impacts on fuel choices also in the short-run. In the next sub-

section we devote attention to these and other important policy impacts on fuel substitution.  

 

4.2 Public Policy Impacts on Power Generation Fuel Choice 

The empirical results in Table 1 indicate that different public policies have had profound 

impacts on fossil fuel choices in western Europe during the last 25-30 years. First we 

investigate the estimated impacts of sulfur regulations. Table 1 presents the parameter 

estimates for the restricted model in which 0RKtRRRiR , and the LR test statistics 

are presented in Table 4. The result indicates a rejection of the null hypothesis that the sulfur 

dioxide regulations have had no effect on fossil fuel demand behavior.  

 

Table 4: Likelihood Ratio Test for Sulfur Dioxide Regulation Hypothesis 

Null hypothesis (H0) Degrees 
of freedom 

Test statistics 
for LR test 

Critical value 
2 (0.05) 

Critical value  
2 (0.01) 

 
 

   

0RKtRRRiR  6 24.02 7.81 11.34 
     

 

The regulation intensity elasticities, iR , and the corresponding time trend elasticities, 

it , are shown in Table 5 (reported as mean estimates over all observations). The results show 

that the sulfur dioxide regulations in western Europe have had coal and oil saving impacts. 

This corresponds well to the sulfur emission factor, which may vary from about 1900 g/GJ in 

the case of high-sulfur coal, 1400 g/GJ for residual fuel oil, 650 g/GJ for low-sulfur coal to 

only 1 g/GJ for gas-fueled power plants (IEA, 1992). This implies, for instance, that in order 
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to comply with existing sulfur dioxide regulations some electric utilities (e.g., in Austria) have 

converted their coal-fired plants to burn gas as well.  

The estimated time trend elasticities show that over time exogenous technical change 

has decreased oil use significantly, while the corresponding impacts on coal and gas use have 

been positive and more modest. These results are likely to also reflect the cumulative effects 

of different fuel-switching promotional policies such as tax deductions, subsidies and 

favorable loans for electric utilities converting their oil-fired plants to coal or gas (e.g., 

Matsukawa et al., 1993).7 The oil-decreasing impact of the time trend becomes even more 

profound in the case where all R-variables are removed from the estimations (i.e., the RR-

model). This suggests that some of the variation in R is explicable by the variation of t, and if 

R is dropped all variation in R common to that in t is then ascribed to t. Nevertheless, although 

it is difficult to separate the individual effects of sulfur dioxide regulations and other fuel-

switching promotional policies, it appears clear that overall public policy has had a clear oil 

saving impact on fossil fuel use in the power sector. The policy instruments implemented to 

reduce sulfur dioxide emissions are likely to have played an important role in this process.  

 

Table 5: Sulfur Dioxide Regulation and Time Trend Elasticities of Fossil Fuel Demand 

Elasticities Coal demand Oil demand Gas demand
Sulfur dioxide regulation elasticities in UR model -0.17 -0.34 0.08

 (**-2.337) (*-1.426) (0.727)
    
Time trend elasticities in UR model 0.23 -1.62 0.28
 (***2.394) (***-5.148) (*1.9179
Time trend elasticities in RR model 0.06 -1.87 0.40

(1.067) (***-9.897) (***4.581)
***, **, * indicate statistical significance at the one, five and ten percent level, respectively, using a two-tailed 
test. Table A4 in the Appendix shows the estimated country-specific elasticities.  

 

The impacts of the electricity market liberalization show in particular coal decreasing 

and gas using impacts, and both these impacts are statistically significant in all three models 

(Table 1). These results are consistent with the diffusion of CCGT plants following the 

liberalization and privatization of electricity markets (most notably in the UK). CCGTs have 

many of the characteristics suitable in times of slow growth and increased investment risks. 

Low capital costs, short lead times, and the possibility of adding small capacity increments 

permits power generators to reduce uncertainty and costs.  

                                                 
7 These types of policies were common in many western European countries during the late 1970s and the 1980s 
(Söderholm, 2000).  
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Moreover, the abandonment of the German coal subsidies appear to have had no 

statistically significant impacts on overall coal use in the country, but the impact on oil use is 

positive and significant from a statistical point of view. These results are partly unexpected 

but can be explained by the substitution of cheaper imported coal for domestic coal, thus 

leaving overall coal use partly unaffected. The positive oil impact can be explained by power 

generators switching away from coal to oil in existing dual-fired plants; the share of coal-oil 

plants has been comparatively high in Germany during the studied time period (Söderholm, 

2000). With the abandonment of the domestic coal subsidies the German generators could 

benefit from this flexibility, although in the longer run this policy change also induced 

increased investment in new CCGTs.  

Finally, during recent years – with the introduction of the EU ETS – the impact of 

climate policy on power generation fuel choices has attracted a lot of attention among 

researchers and policy makers. As noted by, for instance, Ellerman and Buchner (2008) an 

understanding of fuel switching behavior among fossil-fueled power plants is essential in 

assessing compliance issues within EU ETS. Here we use our model estimates to simulate the 

fuel switching impacts of carbon pricing. We use 2004 as the baseline year (i.e., the year 

preceding the first trial period of EU ETS), and employ the parameter estimates in Table 1 

(UR-model) to calculate a baseline fossil fuel consumption mix. A price on carbon dioxide 

emissions, 2COP , is introduced and added to the baseline fuel prices according to the 

respective emissions factors,  i GOCi ,, .8 The new fuel input prices are then used to 

calculate new fuel demand patterns. Figure 1 reports the change in short-run fuel demand 

(from the baseline scenario) in the presence of three different EU ETS prices ranging from 

US$ 30 to 90 per ton carbon dioxide.9 The results show that the higher the carbon dioxide 

price, the more coal and oil are saved in favor of gas use. Oil use decreases more than coal use 

and one explanation is that in the short-run it is fairly easy to substitute gas for oil for the 

reasons discussed previously. The change in fuel demand can be converted to the 

corresponding change in carbon emissions by using the emission factors reported above. If the 

high carbon price (US$ 90 per ton carbon dioxide) is introduced the total reduction in 

emissions from our chosen countries amounts to some two percent of total emissions in these 

countries, or approximately 18 Mt.  

                                                 
8 The emission factors for coal, oil and gas are assumed to be 4.24, 3.24 and 2.35 Mt of carbon dioxide per Mtoe 
of fuel input, respectively.  
9 These prices correspond roughly to 20, 40 and 60 €/t carbon dioxide, and reflect a range of prices that has been 
used in similar modelling exercises. 
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Figure 1: Interfuel Substitution in the Presence of Carbon Pricing  
 

It may be noted that when the EU ETS was established in 2007 after the two-year trial 

period, allowances were distributed freely to the industry sectors included in the scheme. In 

relation to other industries, e.g., heavy industries such as steel and iron-works, the electric 

power sector received relatively few national allowances. This was due to the perceived 

higher degree of flexibility, as well as the comparatively more favorable ability to abate 

emissions cheaply in electric power generation (Ellerman and Joskow, 2008). The results 

from our simulation work in favor of these assertions and the impact of EU ETS on fossil fuel 

switching.10 The prospects for short-term fuel switching are significant in the western 

European power sector, and historically in particular the substitution between oil and gas has 

played an important role. The role of short-run coal-to-gas substitution appears however to be 

much more limited (and also statistically insignificant). Analysts have argued that in spite of 

the relatively high allowance prices during the first part of the EU ETS trial period (about 

US$ 30 per ton carbon dioxide) switching generation from a representative coal-fired plant to 

gas-fired one did not take place (Ibid.). Nevertheless, the advent of carbon pricing in the 

electric power sector may provide incentives to improve the future flexibility of coal use.  

It should be noted that in specific cases price-induced interfuel substitution can be a 

rather complicated issue. Consider, for instance, a multi-fuel plant that has the ability to 

combust both coal and gas. In the most basic case the choice between coal and gas depends on 

relative fuel prices, and the introduction of a carbon dioxide allowance trading scheme would 

bias this choice in favor of gas. However, the distribution of these two fuels differs 

                                                 
10 The high carbon allowance prices observed during the first half of the trial period of EU ETS can in part be 
explained by the fact that power generators (with few allocations) were short of allowances in combination with 
the fact that the major sellers were not yet active in the market (Ellerman and Joskow, 2008).  
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significantly. Since gas is often provided to the electric utilities instantaneously with pipelines 

the need for storing the gas becomes less important, but this is not the case for coal, which 

must be stored before crushing and fed to the plant. Coal use may have important benefits if 

the coal is mined close to the power station. Another factor that could have consequences for 

the choice between coal and gas is the future oil price. Recent studies show that oil and gas 

markets are closely integrated, where an increase in the crude oil price causes natural gas 

prices to increase (Bachmeir and Griffin, 2006; Brown and Yücel, 2008).11 

In sum, the policy impacts considered in this section appears to have propelled a certain 

amount of interfuel substitution among the three fossil fuels coal, oil and gas. Overall, many 

of the policies (e.g., sulfur dioxide regulations, EU ETS, market liberalization etc.) have 

stimulated relative gas use at the expense of coal, and, occasionally, also oil use. In some 

cases (e.g., the removal of German coal subsidies) oil use has benefited from public policy 

measures.  

 

5. Concluding Remarks 
In this paper we have analyzed price-induced short-run fuel switching in the western 

European power sector, as well as the role of public policies in influencing fossil fuel choices. 

The results from the estimation of the Generalized Leontief cost function model support the 

notion that ex post fossil fuel substitution takes place in dual- and multi-fired plants, by 

switching load between different single-fuel fired plants, as well as through the conversion of 

power plants to be able to burn alternate fuels.  

Notable evidence of interfuel substitution between oil and gas is found. This interfuel 

competition in the western European power sector is largely a product of the recent history of 

the sector. Over the last 30 years the prospects for reactivating large-scale power generation 

projects have become limited and as a result refurbishing and conversions of plants to 

additional fuels have soared. These insights have important implications, both for fuel supply 

markets and for public policy, especially as fuel switching may be further stimulated by the 

current trend towards increased liberalization and deregulation. Short-term fuel switching 

enables power generators to exploit price differentials in fuel prices. As a consequence, fuel 

suppliers face a ceiling on their fuel prices charged, and the prospects for exploiting any 

                                                 
11 Nevertheless, our data sample, which contains fuel prices paid by electric power generators, show evidence of 
significant relative price movements. Figure A1 in the Appendix shows the relative price of oil versus natural 
gas for all eight countries over the time period 1978-2004.  
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market power become limited. Since the existence of multi-fuel plants limits price increases 

for everyone in the power system, this also benefits generators who lack short-run flexibility. 

Furthermore, the empirical results in this paper illustrate that different public policies 

have had profound impacts on fossil fuel choices. Most notably, environmental policies in the 

form of sulfur dioxide regulations have implied a significant substitution of gas for both coal 

and oil. The estimated price elasticities also imply that the recent introduction of the EU ETS 

can induce important fuel switching behavior in the short-run, and an understanding of these 

may help in projecting price developments in the carbon emissions allowance markets. 

During the recent decades we have also witnessed an increased liberalization of the electricity 

markets; previously regulated markets were privatized and/or deregulated and high German 

subsidies to the coal industry were abandoned. Our results show that these developments help 

in explaining the recent increase in power generation gas use, and they have also (less 

expectedly) favored oil use. 
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Appendix
Table A1: Intensity of Sulfur Dioxide Regulations (R)

Year Austria Belgium Germany Ireland Italy Netherlands Spain UK 

1980 n.a. 0.00 0.08 0.19 0.08 0.00 n.a. 0.04 
1981 n.a. 0.06 0.12 0.21 0.11 0.00 n.a. 0.06 
1982 n.a. 0.15 0.15 0.14 0.09 0.11 n.a. 0.04 
1983 0.00 0.04 0.22 0.11 0.09 0.21 0.18 0.03 
1984 0.48 0.30 0.22 0.00 0.00 0.38 0.07 0.04 
1985 0.46 0.34 0.00 0.21 0.20 0.44 0.00 0.04 
1986 0.59 0.36 0.05 0.40 0.18 0.48 0.12 0.03 
1987 0.74 0.37 0.05 0.34 0.19 0.53 0.17 0.00 
1988 0.81 0.55 0.19 0.37 0.24 0.61 0.23 0.02 
1989 0.80 0.57 0.21 0.26 0.36 0.73 0.27 0.05 
1990 0.91 0.56 0.54 0.22 0.59 0.74 0.31 0.05 
1991 0.92 0.57 0.64 0.29 0.63 0.76 0.34 0.10 
1992 0.94 0.59 0.67 0.41 0.68 0.79 0.44 0.07 
1993 0.92 0.62 0.69 0.46 0.68 0.84 0.41 0.05 
1994 0.94 0.64 0.72 0.43 0.69 0.90 0.45 0.11 
1995 0.94 0.62 0.77 0.48 0.70 0.91 0.57 0.22 
1996 0.96 0.64 0.86 0.54 0.72 0.89 0.53 0.27 
1997 0.96 0.65 0.90 0.49 0.72 0.92 0.51 0.33 
1998 0.96 0.66 0.93 0.50 0.73 0.93 0.56 0.34 
1999 0.96 0.75 0.94 0.53 0.74 0.91 0.62 0.45 
2000 0.96 0.76 0.95 0.61 0.77 0.90 0.67 0.51 
2001 0.96 0.77 0.94 0.66 0.78 0.92 0.65 0.59 
2002 0.95 0.79 0.94 0.69 0.83 0.92 0.66 0.54 
2003 0.96 0.81 0.97 n.a. 0.87 0.93 0.64 0.57 
2004 0.97 n.a. 0.97 n.a. 0.88 0.94 0.64 0.73 

 

 

 

 

Table A2: Descriptive Statistics of Variables Used in the Econometric Analysis 

Variables Mean Std. Dev. Min Max

Electrical Output (Q) 130.04 121.17 9.67 386.25
Installed capacity (K) 30.18 25.70 2.57 87.00
Coal input (EC) 18.92 25.44 0.02 85.95
Gas input (EG) 6.92 7.25 0.32 31.04
Oil input  (EO) 4.64 6.78 0.01 25.67
Price coal (PC) 99.02 31.59 48.94 233.96
Price gas (PG) 159.37 37.50 71.88 285.50
Price oil (PO) 158.88 42.79 85.05 288.35
Regulation intensity (R) 0.50 0.32 0.00 0.97
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Table A3: Country-specific Short-run Own- and Cross-price Elasticities of Fuel Demand (t-
statistics in parentheses) 
Elasticity Austria Belgium Germany Ireland Italy Netherlands Spain UK

CC -0.06 -0.04 -0.02 -0.06 -0.10 -0.06 -0.03 -0.03
 (-0.600) (-0.490) (-0.595) (-0.540) (-0.475) (-0.479) (-0.553) (-0.498)

CO -0.07 -0.06 -0.03 -0.08 -0.16 -0.09 -0.04 -0.04
 (-0.958) (-0.955) (-0.951) (-0.932) (-0.947) (-0.945) (-0.954) (-0.953)

CG 0.14 0.10 0.05 0.14 0.27 0.15 0.07 0.08
 (1.215) (1.215) (1.202) (1.211) (1.221) (1.207) (1.214) (1.233)

GG -0.24 -0.66 -0.84 -0.46 -0.73 -0.26 -2.54 -0.48
 (-3.965) (-4.119) (-3.827) (-4.068) (-4.145) (-4.150) (-4.147) (-3.898)

GC 0.05 0.12 0.18 0.08 0.13 0.04 0.45 0.10
 (1.214) (1.205) (1.201) (1.220) (1.221) (1.208) (1.222) (1.222)

GO 0.19 0.54 0.67 0.38 0.60 0.21 2.08 0.38
 (4.897) (4.968) (4.952) (4.962) (4.939) (4.982) (4.993) (4.939)

OO -0.77 -1.82 -0.94 -0.63 -0.16 -1.67 -0.59 -1.38
 (-4.529) (-4.609) (-4.367) (-4.617) (-4.521) (-4.643) (-4.753) (-4.573)

OC -0.11 -0.26 -0.15 -0.09 -0.03 -0.24 -0.08 -0.22
 (-0.954) (-0.953) (-0.949) (-0.939) (-0.947) (-0.945) (-0.955) (-0.959)

OC 0.88 2.08 1.09 0.72 0.19 1.92 0.66 1.60
 (4.872) (4.968) (4.949) (4.947) (4.959) (4.967) (5.000) (4.960)

Table A4: Country-specific Sulfur Dioxide Regulation Elasticities and Time Trend Elasticities of 
Fossil Fuel Demand Unrestricted GL-model (t-statistics in parentheses) 
Elasticity Austria Belgium Germany Ireland Italy Netherlands Spain UK

Sulfur dioxide regulation elasticities      
CR -0.23 -0.11 -0.08 -0.16 -0.38 -0.24 -0.07 -0.05

 (-2.081) (-2.088) (-2.745) (-2.271) (-2.418) (-2.804) (-2.143) (-1.422)
OR -0.26 -0.51 -0.37 -0.13 -0.05 -1.00 -0.11 -0.06

 (-1.150) (-1.117) (-1.933) (-1.197) (-1.358) (-1.889) (-1.103) (-0.250)
GR 0.03 0.08 0.00 0.05 0.04 0.00 0.30 0.09

 (0.553) (0.975) (-0.015) (0.804) (0.465) (-0.054) (0.983) (2.009)
Time trend elasticities       

Ct 0.24 0.16 0.10 0.25 0.51 0.27 0.10 0.12
 (2.284) (2.184) (2.725) (2.315) (2.481) (2.802) (2.218) (1.498)

Ot -1.12 -3.36 -1.20 -0.99 -0.28 -2.89 -0.79 -2.90
 (-5.084) (-5.390) (-4.872) (-5.448) (-5.228) (-4.733) (-5.561) (-5.645)

Gt 0.09 0.20 0.38 0.18 0.24 0.11 0.82 0.09
 (1.965) (1.879) (2.477) (1.923) (2.214) (2.551) (1.943) (0.744)
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Figure A1: The Relative Price of Oil versus Gas Paid by European Power Generators 
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