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Abstract

The overall purpose of this thesis is to analyze power generation technology choices in the 
presence of climate policy. Special attention is paid to the diffusion of renewable power 
technologies following a carbon pricing policy, and this topic is analyzed in two self-
contained papers. 

The overall objective of paper #1 is to analyze how future investments in the Swedish 
power sector can be affected by carbon pricing policies following the Kyoto Protocol. In the 
first part we focus on the price of carbon following the Kyoto commitments and to what 
extent this policy will affect the relative competitiveness of the available investment
alternatives. The second part pays 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. The first part considers the majority of power generation technologies 
available in Sweden, while the second part focuses solely on the competition between CCGT 
and the cheapest renewable power alternative, 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. Overall the results indicate that in general it is not certain that compliance with 
the Kyoto commitments implies substantial increases in renewable power sources. If, 
therefore, renewable power sources are favored for reasons beyond climate policy additional 
policy instruments will be needed. 

The purpose of paper #2 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 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 22 to 174 € 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 
homogenous in terms of CO2 abatement potential and costs, no single country emerges as 
particularly low cost. 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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Preface

1. Introduction 
The existence of greenhouse gas emissions and their contribution and linkages to climate

change are widely discussed topics, not only within the natural sciences, but also in the social 

sciences including the economics discipline. Greenhouse gas emissions (GHG) are made up

of a number of substances out of which carbon dioxide (CO2) has by far the largest impact on 

global warming.1 In turn, almost 75 percent of the global CO2 emissions stem from the 

combustion of fossil fuels for energy conversion usage (Steen, 2000). In order to reduce 

emissions there are generally only two alternatives available; decrease the use of carbon-

intense fuels and switch to low-carbon fuels or renewable energy sources, or use energy more

efficiently and in this way reduce the derived demand for fossil fuels. In the European Union 

(EU) the power-generating sector and the transport sector account for one third of total CO2

emissions but the two sectors differs in terms of abatement costs and fuel switching potentials

(EC, 2003). In comparison to the transport sector, the power sector consists of relatively few

emission sources and shows a larger flexibility in terms of fuel choice. The transportation 

sector comprises a large number of non-stationary emission sources relying almost solely on 

oil. For the above reasons the power sector is likely to be one of the most targeted sectors for 

climate policy measures.

The adoption of the Kyoto Protocol in 1997 marks an important first step in the process

of addressing the problem of global CO2 emissions. A significant step towards compliance

with the Kyoto Protocol will be the EU emissions trading scheme (EU ETS), which was 

implemented in the beginning 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. 

The power sectors in the EU form part of this trading scheme. If the allowance price is

sufficiently high the generators will have an incentive to reduce emissions at the same time as 

they will identify means of reducing emissions at lower cost, i.e., the policy will foster

technical change. Therefore, the interaction between, one the one hand, climate policy, and on 

1 Among the GHG’s covered in the Kyoto 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).

1



the other, technological change is of uttermost importance when analyzing the future of the 

power generation sector. 

The overall purpose of this thesis is to analyze power generation technology choices in 

the presence of climate policy. Special attention is paid to the diffusion of renewable power 

technologies following climate policy. This theme is analyzed in two self-contained papers. 

The first paper analyzes the impact of carbon pricing following the Kyoto commitment on 

investment in new capacity in the Swedish power sector from a power generator perspective. 

The second paper takes a broader view and analyzes power generation technology choice as a 

result of carbon pricing in the eastern part of Europe. Both papers build on the assumption 

that some form of climate policy will limit the CO2 emissions from the power sectors in 

Europe. The past and future CO2 emissions from Sweden and a number of selected Eastern 

European countries are displayed in Figure 1. The figure shows indices of the development of 

CO2 emissions in the power sectors over the time period 1990-2030 under a baseline scenario.
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Figure 1: CO2 Emissions from the Power Sectors in Sweden
and Selected Eastern European Countries 1990-2030, Index 100=1990

Source: RAINS (2005).
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In Sweden CO2 emissions from the power sector have been relatively stable at a low level 

during the 1990s, but projections show that the emissions will increase after 2005 and 

continue to increase for the next coming 25 years. The main reason for the increase is the

decommissioning of Swedish nuclear power; this creates a shortage in power generation 

supply that cannot be entirely satisfied by other carbon-free fuels or technologies (EC, 2003). 

The corresponding situation for Eastern Europe is somewhat different. Due to the economic

collapse in the beginning of the 1990s energy demand and CO2 emissions from the power 

sector decreased and projections suggest that even with a normal economic growth the overall 

emissions will not exceed the 1990 levels during the coming 25 years. The Kyoto Protocol as

well as the European trading scheme allow for policy offsets such as Joint Implementation

(JI) and Clean Development Mechanism (CDM) (see paper #2 for a discussion of these 

mechanisms). The offsets imply that EU countries could invest in CO2 reduction in other, 

most likely Eastern European, countries and earn emission credits. This in turn implies that 

countries like Sweden  in which the marginal cost of CO2 reduction is relatively high (e.g., 

Bergman and Radetzki, 2003)  can identify lower cost mitigation alternatives in Eastern

Europe. Therefore, since substantial investments could be made in the east, this will also

affect investment behavior and the energy systems in the west and thus have a considerable 

effect on technology choices and the diffusion of renewable energy power in the power 

generation sectors in Europe. 

2. A Brief Assessment of Previous Research Efforts 
The effect of a certain policy on the economy as a whole as well as on the individual sectors 

can be analyzed in numerous ways. A substantial number of previous studies have dealt with 

the effect of climate change and climate policy on various sectors of the economies world-

wide. There exists however a few approaches that are the most commonly used when it comes

to analyzing the outcome of climate policy decisions and the interaction between energy, the 

environment and the economy (e.g., the cost of complying with greenhouse gas reductions). 

For the energy sector bottom-up and top-down modeling have been most frequently used in 

previous economic research and these types of models yield different outcomes based on the 

characteristics of the models. Yet another approach is often referred to as Integrated

Assessment Models and these combine economic modeling with climate modeling. Instead of

modeling policy impacts within energy system models the diffusion of new and existing 

technologies following climate policy measures can also be modeled through what one may

refer to as a power generator eye-view approach. These types of approaches often put more
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emphasis on technological details and site-specific economic conditions, as illustrated in, for

instance, Pena-Torres and Pearson (2000). The remainder of this section discusses the above 

models and approaches in turn. 

2.1 Energy System Models 
As with all modeling of economic activities assumptions of a simplified nature are necessary 

in order to make the problem and analysis comprehensive and plausible to solve. Top-down

models view the economy from a macro-economic perspective and treat the energy sector as a 

sub-sector of the economy. These models allow for studying the aggregated price-dependent 

relationships between the energy system and other parts of the economy. Commonly used 

model designs of the top-down approach are open demand-driven Keynesian models and the 

closed general equilibrium models (Löschel, 2002). Top-down models have been criticized

due to their highly aggregated structure and due to the fact that they often constrain the policy

development to consider specific policies such as tax credits, subsidies, regulations and 

information programs whose outcome can become difficult to forecast due to the low level of 

technological description (e.g., Rivers and Jaccard, 2005). 

In contrast to top-down models, bottom-up models consider the disaggregated energy

sector in great detail with specified technologies and costs. The models do not offer a full 

coverage of the interactions between markets in the economy and can therefore be seen as 

partial equilibrium models. The typical bottom-up model is used to minimize the total system

cost for meeting various exogenous technological and environmental targets. This type of 

modeling approach often allows for a more detailed view of the energy sector and the 

technologies and treats the “rest” of the economy as exogenous. One commonly used top-

down model is the dynamic linear programming model MARKAL (Fishbone et al., 1983). 

The basic formulation of the MARKAL model specifies a set of energy and emissions control 

technologies with their corresponding costs and performance variables. The objective of the 

model is to choose the optimal combination of the sets that will minimize the total energy 

system costs in order to meet a given demand (Loulou et al., 2004). The model can be used to 

analyze energy systems ranging from the local level to the national level. Unger and Ekvall 

(2003) use the MARKAL model to analyze the effects from a Nordic country cooperation 

regarding energy trade and trade of CO2 allowances. The model is run for several scenarios 

and strategies. The authors conclude that the countries in the Nordic energy system could 

benefit from cooperation and that this would lower the costs for Kyoto compliance. Recently

MARKAL has also been used to analyze scenario-based effects of a common Swedish-
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Norwegian scheme of green certificates (Unger and Ahlgren, 2005). Other well known 

bottom-up energy system models include MESSAGE (e.g., Messner, 1997) and POLES

(Kouvaritakis et al., 2000). As mentioned above, bottom-up models can be considered partial 

equilibrium models, and this may have an important implication, namely that the technology-

focused approach hampers the ability to assess the macro-economic effects corresponding to 

the policies in case of e.g. structural changes from fuel price increases.

A third alternative to modeling the effect of climate change and climate policy is to use

so-called Integrated Assessment Models (IAM). IAMs combine different scientific fields into

one model that deals with both economic performance and climate change at the same time

(see Paper #2 for a discussion of the RAINS model which can be categorized into this field of

modeling). IAMs can be divided into two broad categories where: (a) the corresponding effect

of climate policy on the economy and the environment can be one purpose, or (b) where the 

purpose of the model is to find the optimal policy that will satisfy an exogenously determined

environmental goal. Due to the difficulties in combining already complex climate modeling

with economic modeling the description of each sector – energy, economy and environment

as well as technology can be considered to be relatively simplified (Grubb et al., 2002). One

way of dealing with the issue of generalization is to run the model under different scenarios 

where different assumptions have been made about, for instance, the future path of techno-

logical change.

2.2 The Investor Eye-View Approach 
Another method used for analyzing (climate) policy and its affect on the economy and 

technology choice is to focus in more detail on the choices facing a prospective investor and 

analyze to what extent different policies affect the economics of the different technology 

options. This approach has been applied in numerous studies. Steen (2000) analyzes the 

technical measures for the mitigation of greenhouse gases in the European power sector using 

levelized cost estimates for new power plants and the corresponding CO2 reduction 

capabilities. The author concludes that the largest reductions can be made through fuel 

switching, e.g., from coal to gas where the carbon content is less in gas than in coal, hence 

yielding lower emissions, and from more efficient fuel usage. The importance of renewables 

is however judged to be low in the nearest future. The minimum cost alternatives for reducing 

emissions at coal-burning electric utilities in the USA are analyzed in Hawk (1999) using the 

same methodology. The author assesses the levelized costs for existing and new technologies 

and uses these estimates to determine costs for CO2 avoidance. The results suggest that the 
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least cost alternative is the continued use of existing coal-fired plants in combination with

carbon sequestration, while the second best alternative is utilization of advanced combined

cycle gas turbine plants (CCGT) due to the greater efficiency in terms of fuel usage and 

power generation. Söderholm and Strömberg (2003) analyze in what way the power sector in 

Europe is likely to comply with a mandatory emissions reduction program in terms of

investments. The authors suggest that many generators will consider investments in existing 

technologies (i.e., fuel conversions, lifetime extensions, efficiency improvements etc.) in the 

presence of a carbon pricing policy. In a recent study by Söderholm et al. (2005) the authors 

analyze the economic potential for wind power investments in Sweden. The study uses the 

life-time engineering costs for different power generation technologies under various rate-of-

return requirements. The authors suggest that future new investments in wind power in 

Sweden is subject to institutional obstacles such as the lack of policy stability, local

opposition towards wind mills, and, obstacles related to environmental permitting and the 

planning procedure of the location of wind mills. Since wind power is particularly sensitive to

investment uncertainties, compared to other power sources, these obstacles seriously hamper

future investments in wind mill.

The investor eye-view approach will of course have its drawbacks in terms of what can 

be said of the whole economy, and also the whole energy system for that matter. Instead the 

focus lies on how the economics of a certain technology is affected by exogenous policy 

measures under different rate-of-return requirement. Still, in contrast to the large-scale energy 

models as described in section 2.1 this approach allows for a more in-depth analysis of,

among other things, the impact of uncertainties on invest behavior. For instance, bottom-up

energy system models often yield a price on carbon, or more exactly, the marginal cost of 

reducing the last unit of CO2 which can be seen as the price of a tradable permit or a tax on 

carbon. While this price is endogenous in the bottom-up models, a less aggregated model will 

treat the price of carbon as exogenous, and model the effect on each technology given this 

exogenously given policy. From the perspective of a single power generator it is reasonable to 

assume that its decisions will not affect the price of carbon, and for this reason it is useful to

analyze the impact of carbon pricing  and any related uncertainties  on fuel and technology 

choices in the power sectors. 

2.3 Main Contributions of the Present Thesis 
This thesis differs from previous research and adds to the existing knowledge in a number of 

ways. While the energy system models type of model work is very useful for studying 
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technology choice under different policy scenarios – not the least given its detailed 

representation 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 

investor eye-view of the investment decision process – with its focus on policy and cost 

uncertainties – should be able to complement this previous work. The investor eye-view focus

on Sweden in paper #1 will allow for specific conclusions about the Swedish power sector

since the costs assessed are more site-specific compared to many other more general studies 

(e.g., Steen, 2000). In addition, the effect of learning and different carbon prices are also 

incorporated in the analysis and yield results for different scenarios depending on future 

carbon prices and learning effects. When it comes to paper #2, there are at least three reasons 

for studying Eastern Europe in the aforementioned context. First, there exists a gap in 

previous economic research concerning the economics of power generation and technology 

choice in Eastern Europe. Second, apart from the potential for JI activities, these countries 

will become important in a European perspective if they are incorporated 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 the utilization of renewable power in these

countries can be important for projecting the future price on carbon and consequently 

facilitate investment decisions in the power sectors all over Europe.

Overall, this thesis illustrates the importance of analyzing future uncertainties regarding 

generation costs, learning effects and carbon prices in the analysis of power generation 

technology choice in a carbon-constrained world. 

3. Summary of Papers 

Paper #1: Swedish Power Generation Investment in the Presence of Climate Policy and 
Technology Learning 
The overall objective of paper #1 is to analyze how future investments in the Swedish power 

sector can be affected by carbon pricing policies following the Kyoto Protocol. In the first 

part we focus on the price of carbon following the Kyoto commitments and to what extent this 

policy will affect the relative competitiveness of the available investment alternatives. The 

second part pays 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. The 

first part considers the majority of power generation technologies available in Sweden, while 
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the second part focuses solely on the competition between CCGT and the cheapest renewable

power alternative, 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. Overall the results 

indicate that in general it is not certain that compliance with the Kyoto commitments implies 

substantial increases in renewable power sources. If, therefore, renewable power sources are 

favored for reasons beyond climate policy additional policy instruments will be needed.

Paper #2: 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 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 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 22 to 174 €/tCO2, and are mainly due to 

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

highest marginal abatement costs can be found in Ukraine and the Russian regions and the 

Former Yugoslavian countries show in general lower marginal costs for fuel switching. A

maximum feasible reduction scenario was also used in the study where the results show the 

marginal costs for a situation where the countries would use all possible available renewable 

resources and low carbon-intense technologies. In such a situation the results suggest that the 

marginal abatement cost would lie in the range of 58-1386 €/tCO2. Overall, the results 

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

terms of CO2 abatement potential and costs, no single country emerges as particularly low 

cost. 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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4. Concluding Remarks
The overall purpose of this thesis is to analyze power generation technology choices in the 

presence of climate policy. Two self-contained papers highlight this issue from a country 

perspective as well as from a regional-European perspective. The papers use two similar

methodological approaches in the sense that they both employ life-time engineering cost 

estimates but they also differ slightly: the first paper rests on an investor eye-view perspective

of CO2 compliance, while the second one makes use of the underlying assumptions of an 

energy system model.

An overall conclusion from the two studies is that carbon policy will affect new

investments in renewable power technologies in both Sweden and Eastern Europe, but is 

difficult to provide a comprehensive assessment of the future power generation technology 

mix. The Kyoto Protocol and the European emissions trading scheme could help to induce 

technical change that propel the utilization of renewable and low carbon-intense power 

technologies. It is however also clear that climate policy could increase the perceived risk and 

uncertainties for generators who consider investing in new power generation. This is 

especially true when it comes to policy offsets such as the flexible mechanisms stated in the

Kyoto Protocol. These mechanisms imply that investors face uncertainty foremost in terms of 

the future carbon price, but also in terms of the cost for different energy technologies.

The importance of investment uncertainties is a factor that has to be analyzed in great 

detail in order to determine the effect of climate policy, as well as the most likely

development of future technology choices in the power sector in Europe. The first paper in 

this thesis deals with uncertainties in terms of various carbon prices as well as technology 

learning rates, and the results suggest that the outcome in terms of technology choices is 

heavily dependent on carbon prices, learning rates and rate-of-return requirements. Significant 

uncertainties about these factors tend to induce power generators to maintain flexibility in fuel 

choices and invest in existing rather than in new capacity. Overall this implies (ceteris

paribus) that new investments in renewable energy technologies often will be hampered. The 

second paper focuses on the uncertainties related to the potential and the cost of power

generation technologies in Eastern Europe. In these countries there exist not only significant 

uncertainties about pure economic factors, but also about institutional issues and political

system. Although that it is clear that the Eastern European countries are not homogenous in 

terms of CO2 abatement potential and costs, no single country emerges as particularly low 

cost. This implies that these 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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The above brings forward an important implication for future research efforts. In order 

to minimize the uncertainties for presumptive investors it is very important to provide a 

comprehensive assessment of CO2 compliance costs. Most notably, in the EU emissions

trading system these costs will largely determine future carbon prices, which in turn influence

investment decisions in the power sector. This thesis has provided a modest step towards an 

increased knowledge about technology choices and costs in the electric power sector.
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Paper  I 





Swedish Power Generation Investment 

in the Presence of Climate Policy

and Technology Learning*

FREDRIK PETTERSSON and PATRIK SÖDERHOLM

Luleå University of Technology 
Economics Unit 
SE-971 87 Luleå 

Sweden
Phone: +46 920 492058 
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E-mail: fredrik.pettersson@ltu.se 

Abstract
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 the Kyoto Protocol. In the first 
part we focus on the price of carbon following the Kyoto commitments and to what extent this 
policy will affect the relative competitiveness of the available investment alternatives. The 
second part pays 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. The 
first part considers the majority of power generation technologies available in Sweden, while 
the second part focuses solely on the competition between CCGT and the cheapest renewable 
power alternative, 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. Overall the results 
indicate that in general it is not certain that compliance with the Kyoto commitments implies 
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1. Introduction 
Based on the international agreement in Kyoto 1997, a majority of all industrialized countries 

have agreed to reduce carbon dioxide (CO2) emissions by over 5 percent until the year 2010 

compared to the 1990 level. In order to meet this obligation some form of carbon-reduction 

policy will be needed and it is likely that marked-based systems such as trading with emission

allowances will be one of the main instruments for achieving the goal (e.g., Ellerman, 2000).

The Kyoto Protocol outlines three flexible mechanisms as means to attain the goals in a cost-

effective manner of which emissions trading is one.1 In the European Union (EU) the 

reduction goal is – according to the Kyoto Protocol – to decrease the emissions of CO2 and 

other greenhouse gases (GHG) with a total of 8 percent (based on the emission levels of 1990)

within the period 2008-2010. For this reason the EU has introduced a system of emissions

trading for CO2 for selected sectors of the European economies. In addition to this scheme an

EU Program has been launched that aims at propelling the introduction and use of renewable 

(and thus carbon-free) energy sources. The Renewable Energy Directive (2001/77/EC) states 

that by the year 2010, 12 percent of the energy production in the EU should be made up of

renewable energy implying a significant increase from the present levels.

Regardless of the specific design of a carbon policy, such a policy is likely to affect all 

sectors of the economies including the power sectors. As a consequence of the introduction of 

the EU carbon trading scheme in 2005 a number of Swedish industry sectors can now trade 

emission allowances. The industries that will be affected at this stage are heat and power

plants with a capacity of more than 20 MW, oil refineries, production and processing of steel, 

iron, glass, glass fiber, cement and ceramics as well as pulp and paper. In 2002 total emissions

from these industries accounted for some 30 percent of the gross CO2 emissions in Sweden. 

The nuclear and hydro dominated power sector in Sweden accounted for only 2.5 percent of

the total emissions. It could therefore be comfortable to say that a carbon policy would not 

affect the power sector in Sweden. This is, however, not true since future power demand in 

Sweden will most certainly not be met by new investments in nuclear- and hydropower,2 but 

instead by either thermal energy from coal, gas or biomass or by other 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 

1 The other two mechanisms are the so-called Clean Development Mechanism (CDM) and Joint Implementation
(JI). See Ellerman (2000) for an overview of these compliance mechanisms in the Kyoto Protocol.
2 The Swedish Government has decided that nuclear power should be decommissioned, and new investments in
hydropower are restricted by law.
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capacity will be necessary in the coming 10-20 years (Bergman and Radetzki, 2003), and a 

carbon policy – such as emissions trading – is likely to affect future power generation 

technology choices. However, it still remains unclear whether the policies that form part of 

the Kyoto Commitment will be 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 the Kyoto Protocol. 

Carbon-free power technologies, such as wind power, will have to compete with the 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 its 

competitiveness and is an attractive alternative for new investment in power generation.

Given that CCGT is currently the cheapest alternative from a private cost basis (see also

section 2), gas-fired electric power would often be the alternative chosen in practice. Still,

what happens if a carbon policy in the form of carbon pricing is implemented? What level of 

the price of carbon would 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 the key uncertainties that

condition 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 the Kyoto commitments

and to what extent this policy will affect the relative competitiveness of the available

investment alternatives. The second part pays 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, this second part focuses solely on the competition between

CCGT and the cheapest renewable power alternative, 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. In addition, in the case of wind power

we also include technological learning in the analysis and the effect of learning-by-doing on 

the life-time costs. This utility 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 the introduction of a price on carbon emissions and how 
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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. As was noted above, the 

maintained hypothesis of the analysis is that new investments in the power sector in Sweden 

will be necessary in the near future and that in the absence of carbon policies they are likely to 

be targeted mainly towards gas-fired technologies. In order to compare the lifetime costs of 

investment in different power technologies we employ the levelized cost methodology, a 

variant of the discounted cash-flow methodology (DCF) often used by electricity companies

for investment decisions (see section 3).

This paper differs from earlier research efforts and contributions to the energy 

economics literature in a number of ways. The focus on Sweden will allow us to draw specific

conclusions about the Swedish power sector since our costs are more site-specific compared

to many other more general studies (e.g., Steen, 2000). Earlier studies have focused on power 

generation in general and on other geographical areas. See, for instance, Pena-Torres and

Pearson (2000) in which the potential for new investments in British nuclear plants in the

presence of climate policy is analyzed. The authors argue that nuclear power will not become

a future alternative due to the insecurities connected to the back-end costs of the use of the 

technology. 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 technologies (i.e., fuel conversions, lifetime extensions, 

efficiency improvements etc.) in the case of a carbon policy. Following another research 

tradition, Unger (2003), Unger and Ahlgren (2005) and Rydén (2003) employ the bottom-up

energy systems model MARKAL and analyze 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 representation 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 cost uncertainties – should be able to complement this previous work.

Before proceeding an important limitation of the paper needs to be indicated. We do not 

consider the impact of the Swedish green certificates system on power generation investment.

The aim of the certificates system is to secure a pre-determined market share for renewable 

power sources but also to promote competition between the different types of renewable

energy sources (Swedish Government, 2003). However, it can be argued that if a tradable 

3



permit system for carbon emissions tends to promote enough of renewable power a 

certificates system will be superfluous. For this reason it is useful to analyze the impact of the

carbon trading system in isolation from other climate and energy policy instruments.

The paper proceeds as follows. Section two introduces the Swedish power-generating 

sector, presents average lifetime cost estimates for selected power generation technologies, 

and discusses the role of climate policy in the power sector. Section three explains our 

methodological approach for performing the cost simulations; we also outline what previous 

studies have to say about the future price on carbon emissions, and how technology learning 

affects the economics of power generation. Section four 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 varying technology learning effects. Finally, section five provides 

some concluding remarks and implications.

2. The Swedish Power Sector and Climate Policy 
Table 1 displays the power generation mix in Sweden for selected years. The power 

generation sector in Sweden is characterized by large shares of hydro and nuclear power; 

these power sources accounted for almost 92 percent of total power generation in 2002 (SEA, 

2003). The remaining part was made up by wind and thermal power, where wind and 

biomass-fueled thermal power together accounted for about 3 percent. The Swedish

government has stated that within 2010 some 10 TWh of total power production should be 

made up by renewable energy excluding hydropower. Given the projections for 2010 this 

implies that investments in wind power have to increase and/or more biomass has to be

utilized.3

Table 1: Power Generation in Sweden, selected years (TWh) 
Technology 1990 1995 1997 2000 2002 2010e
Wind - - 0.2 0.5 0.6 3.9
Hydro 71.4 67.3 68.2 77.8 66.0 68.6
Nuclear 62.2 67.0 66.9 54.8 65.6 63.6
Conventional thermal power 5.1 9.8 10.0 8.9 11.2 11.8
Total net production 141.7 144.1 145.3 142.0 143.4 147.8

Note: Hydro until 1997 includes wind power; e = estimated.
Source: SEA (2003).

As was noted above, given the strong reliance on nuclear and hydro the power sector in 

Sweden emits relatively low levels of CO2 compared to most other Nordic and European 

3 It should be noted that the figures in Table 1 for conventional thermal power include biomass-fueled power but
that the 2010 share of thermal power does not contain sufficient amount of biomass in order to reach the target of
10 TWh renewables.
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countries. In 2000 the carbon intensity in the Swedish power sector was 12 grams of CO2 per

kWh produced compared to 170 grams and 361 grams for Finland and Denmark, respectively. 

Still, given that investment in new electric power will be needed in Sweden, this picture may

change. The developments of existing and new technologies are largely determined by 

economic factors; there has to be a market potential and the technology has to be competitive

compared to other (new and existing) technologies. Subsidies, taxes, fuel prices and the

possibility to receive construction permits are also important factors that affect fuel and

investment choices. Table 2 presents project data and engineering cost estimates for a number

of relevant power generation alternatives for 5 and 10 percent private discount rates, 

respectively. Due to difficulties in finding appropriate cost data for nuclear projects in 

Sweden we use cost estimates from two potential Finnish nuclear projects as proxies. Since 

the costs for wind mills are highly site-specific we present three different cost estimates, one 

Swedish and two Danish ones. Out of the latter two one refers to an onshore wind mill and

one to a project located offshore. Although hydropower accounts for about half of the power

generation 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 technology costs. Waste power is 

included in Table 2 but it should be noted that it is not considered a particularly favorable 

alternative in Sweden since the current policy in the EU states that waste should be recycled 

and not incinerated. 

Table 2: Power Generation Project Data and Costs
Technology Installed capacity Capital cost Levelized Cost

(MW) (MSEK/MW) (SEK/kWh)
r=5% r=10%

Waste (Swe) 30 40.0 23.8 45.1
Coal (Swe) 100 10.5 24.5 33.2
Nuclear (Fin 1) 1250 14.9 25.6 36.9
Gas (Swe) 150 6.0 25.8 30.8
CCGT (Swe) 400 5.0 26.8 29.9
Wind (Den onshore) 0.6 7.0 30.2 42.0
Nuclear (Fin 2) 1000 18.6 32.4 46.3
Biomass (Swe) 80 10.8 36.7 45.7
Wind (Swe onshore) 0.6 8.3 38.5 53.2
Wind (Den offshore) 1.5 13.8 45.9 62.7
Sources: Authors’ estimates based on Elforsk (2000), NEA/OECD (1998), and Tarjanne and Rissanen
(2000).

Overall the cost figures show that in the absence of taxes and subsidies, gas- and coal-

fired power are the cheapest alternatives given a discount rate of 10 percent and that the most
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likely renewable alternative will be wind power due to, among other things, the constrained 

situation regarding hydropower. Still, on a private cost basis gas-fired power is likely to be 

favored over coal. The combined cycle gas turbine (CCGT) 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, 2001a). The 

recent decision of the Swedish power company Göteborg Energi to invest in a gas-fired power

station 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 motivates the use of gas-fired power as a benchmark towards which the economics of 

renewable energy sources, such as wind power, can be assessed. 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.

In the recent past no carbon tax has been 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 will increase the technology costs for carbon intense technologies and possibly rule

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.

3. Methodological Approach 
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 taxation that will equalize the cost for each alternative with our benchmark

alternative, CCGT. Second, our cost simulations are rather meaningless unless put into the 

right context, which in this case are model estimations of Kyoto commitment compliance 
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costs. Given the levelized power generation cost estimates and the Kyoto carbon price we can 

discuss the political feasibility of proposed carbon policies as well as likely developments in 

the sector. Finally, we also consider the impact on power generation costs of technological 

change induced by increased learning and experience. 

3.1 The Assessment of Power Generation Costs 
In order to compare the economics of different power generating technologies, a project

appraisal technique is needed. The most common approach is to use a discounted cash flow 

model (DCF). For power generation projects an extension of the DCF, the levelized cost (LC) 

methodology, is the most widely used (Bemis and DeAngleis, 1990). This approach shows the

net present value (NPV) of all power generation costs divided with the NPV of the power 

plant’s lifetime output so that: 
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where Kt represents the capital costs in time period t, Mt operation and maintenance costs, Ft

fuel costs, CAt the total costs for carbon emissions, while Ot is the net electrical output. T is 

the economic lifetime of the plant and r represents the private discount rate. The total costs of 

carbon dioxide emissions are in turn determined by the product:

ttt EOCA     (2) 

where Et represents total emissions of carbon dioxide from the plant in time period t, and  is 

the carbon intensity of the fuel expressed as grams emitted per kWh produced. The LC model

generates thus an internal average lifetime cost per unit electricity generated (in our case 

expressed in SEK/kWh).

This methodology can be questioned for its simplicity and one important shortcoming of 

the model is that it does not explicitly address flexibility and irreversible investment (e.g., 

Dixit and Pindyck, 1994; Insley, 2003). In a typical investment situation the firm has an 

option, or opportunity, not to invest. This option can include the ability to delay investments,

ability to expand or contract a project, and the ability to shut down operations. In our case this 
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could imply the opportunity for a power company to apply a different fuel mix. Investing 

exercises this option and hence creates an opportunity cost that has to be included in the

decision (Dixit and Pindyck, 1994). 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 

troublesome to use due to the complex variety of options present in real life situations, which 

makes it unsuitable for generic cost calculations as used in the present paper. Even though the 

DCF methodology, and in our case LC, can be considered simple it nevertheless provides an 

indication of the lifetime costs of different technologies in general.

The data for the levelized costs calculations originate from Elforsk (2000) except in the 

case of the Finnish and Danish project data, which stem from Tarjanne and Rissanen (2000) 

and NEA/OECD (1998), respectively. With the help of the above cost assessments we can 

simulate the level of the carbon price that is required to put the different power sources on 

equal footing compared to (the cheapest) CCGT alternative. We perform the analysis for 

different discount rates, and use a private discount rate ranging from 4-15 percent and an 

average lifetime of 20 years, except for nuclear plants that are expected to have a life length

of 35 years (Elforsk, 2000). With an interval discount rate we cover a wide range of rate-of-

return requirements, partly because electricity companies are unwilling to reveal their

discount rates, but also 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 the Kyoto commitments. Overall this approach

permits an assessment of the impact of the Kyoto commitment on the Swedish power

generation mix.

3.2 The Carbon Prices Following the Kyoto Commitment and the Social Cost of Carbon 
When discussing proposed and possible levels of carbon prices it is desirable to make a

number of remarks about the different approaches used to ex ante price CO2 emissions. Two 

broad approaches can be identified. The first approach often relies on a simulation model

(e.g., general equilibrium model) in which the economic consequences of an abatement target 

are analyzed. The models assume that an exogenous reduction goal is set (e.g., the Kyoto 

commitment) and then calculates the price of carbon that is required to meet this obligation. 

The price on carbon corresponds in this case to the marginal cost of carbon reduction, where

the price also indicates the size of the economic adjustment required to satisfy the 
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requirements of the Protocol under an emissions trading scheme. Thus, in this approach the 

price on carbon is implicit in the sense that it represents the endogenous outcome of a pre-

determined abatement target. A wide number of studies have tried to estimate the levels of

carbon prices that are needed for Kyoto compliance.4 Table 3 summarizes the results from a 

number of these studies. Ellerman (2000) suggests that a carbon trade regime does not start as 

a world market but is instead carried out on either a national or a European level. The prices 

in the upper part of Table 3 represent the market prices that are needed to meet carbon 

reductions targets in the respective regions (assuming thus unilateral trade within each region 

only), and are drawn from Bergman and Radetzki (2003) and Viguier et al. (2001). Assuming

a closed market consisting of Sweden only the price would be approximately 600 SEK/tCO2,

but in the case the market is European in scope, the price is expected to be around 350 

SEK/tCO2.

Table 3: Marginal Cost for Kyoto Compliance and Marginal Damage Costs (SEK/tCO2)
Kyoto compliance Sweden EU World

EPPA 671 344 -
GTEM 775 336 -
POLES - 407 -
PRIMES 474 292 -
GTAP-EG 501 321 227

 Average 605 340

Marginal damage cost
Unweighted - - 13-22.5
Weighted - - 9-56
Time-varying - - 100-189

Sources: Bergman and Radetzki (2003), Viguier et al. (2001), and marginal damage cost estimates
based on the survey provided by Pearce (2003). 

The second approach to pricing CO2 emissions is that the carbon price theoretically 

should equal the marginal damage cost, i.e., the monetary value of the damages caused by 

emitting one extra unit of CO2. The monetary value of damage done represents the social cost

of carbon. This line of research is surveyed in Pearce (2003) and more recently in Tol (2005). 

The results of three different approaches to measuring the social cost are reported in the lower 

part of Table 3. Common for the three approaches is that the social cost of carbon is derived 

from various climate models where total damage done, linkage between atmospheric carbon 

concentration and emissions, linkage between temperature change and carbon concentration, 

4 See, for instance, Weyant (1999), which is a special issue of The Energy Journal dedicated to the analysis of 
the economic consequences of the Kyoto Protocol.
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and different assumptions of population and economic growth are combined in the model.

Different types of models that use this standard approach provides, according to Pearce 

(2003), a marginal damage cost ranging between 13 and 22.5 SEK/tCO2 emitted. However, 

the damage cost that arises will not be unison over the earth’s population. A monetary 

valuation of damage is likely to affect people differently depending on their income or wealth. 

Richer people are likely to be affected less from a, lets say, one-dollar loss than poorer people. 

Therefore, when modeling the damage cost one has to make adjustment for weighting the 

damage in per capita terms. Using an equity weight in the model simulations, most often the 

marginal utility of income elasticity, gives a more just picture of the perceived damage cost. 

This weighted marginal damage cost is estimated to lie in the range of 9-56 SEK/tCO2.

Another important aspect of climate change modeling is how to treat inter-generational

issues, i.e., which discount rate that should be used (e.g., Azar and Sterner, 1996). The use of 

discount rates implies that the weights attached to future costs and benefits are lower than that 

applied to current costs and benefits. Some recent studies on this issue suggest that, instead of 

using the traditional static rate, there exist several rationales for the use of time-varying

(declining) interest rates (e.g., Weitzman, 2001; Gollier, 2002). One main reason is the fact 

that either or both future discount rates and future economic growth rates are uncertain.

Another reason is that not all people apply the same utilitarian ethics in the intertemporal

allocation of resources, implying, for instance, that some people may have a conservative 

view of the future and base their decision making on sustainability principles. If a time-

varying social discount rate is used in estimating the social cost of carbon the results, 

according to Pearce, indicate that the costs would be higher and lie somewhere between 100 

and 189 SEK/tCO2 depending on the rationale behind the decline in discount rates.5

It should be noted that marginal damage costs depend on the choice of social discount 

rates and should not be mixed up with the private discount rates used to evaluate the 

investment costs of different power sources (see section 3.1). The analysis in the empirical 

part of this paper permits us to investigate whether the reported differences between implicit

carbon prices on the one hand and marginal damage costs on the other, lead to fundamental

differences in technology choices. The estimates presented in Table 3 suggest that this may be 

the case,6 but one should be careful in drawing too strong conclusions based on these 

differences. According to the welfare economic theory the discrepancy suggests that the 

5 See, for instance, Pearce et al. (2003) for an overview of the concept of time-varying discount rates.
6 Krewitt (2002) and Radetzki (2000) also report the existence of substantial differences between the implicit
price on carbon following the Kyoto commitment and marginal damage costs. 
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outcome of the Kyoto process was highly inefficient, this since the constraints on carbon 

emissions agreed to are not motivated by generally accepted external cost calculations. 

However, one should note that the “Kyoto price” and the “damage cost price” reflect different 

reasoning processes, and are therefore not directly comparable. In damage cost studies 

hypothetical prices are established in advance as one of the raw materials for calculating the

“total” cost of energy. Thus, these prices together determine whether a specific energy source 

is “better” (cheaper) than another. The “Kyoto price”, on the other hand, did not play a causal 

role in the decision made at Kyoto but at most merely reflects the economic results of the 

political process. In this latter case, it is therefore the process that defines the legitimacy of 

choice, not the result. Accordingly, any inadequacies of the outcome arrived at under this 

process are essentially inadequacies of the process that produced them, and cannot be

attributed to the fact that the “in effect” price put on carbon emissions is much higher than the 

“true”, or “total” price presented in damage cost studies. This implies that there is a

fundamental ethical difference between the regulatory revealed preference approach and the 

damage cost approach (see also Söderholm, 2001b). In the following we focus primarily on 

the impact of the Kyoto price on power generation technology choice, but Appendix C also 

permits a comparison of the impact of carbon pricing when it is based on damage cost 

estimates.

3.3 The Role of Technology Learning in Climate Policy 
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 accumulated 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: 

CCAC     (3) 

where C is the unit investment cost for a technology, A the corresponding cost at unit 

cumulative capacity, CC the cumulative capacity and  the learning elasticity. Taking the 

natural logarithm of the expression in equation (3) and performing a linear regression yields 

an estimate of  that represents the  percent cost reduction if experience (e.g., capacity) 

increases with 1 percent, commonly referred to as the learning index. The learning index can 
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be used to derive the progress ratio (PR) where, 2PR , and the learning rate (LR),

PRLR 1 . Consider, for instance, a  = -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.

Recently, the learning curve concept has been expanded to also cover the effect from

R&D expenses, the so-called two-factor learning curve (2FLC) as introduced in Kouvaritakis 

et al. (2000). R&D has been modeled as cumulative R&D expenses and in more recent studies 

also as the R&D knowledge stock (e.g., Klaassen et al., 2005), which is defined as: 

xttt RDKK 1)1(    (4) 

where Kt is the knowledge stock at time t, RDt are the annual R&D expenditures, x is the

number of years it takes before R&D expenditure add to the knowledge stock, and  is the 

annual depreciation rate of the knowledge stock )10( . This formulation suggests that 

the R&D support will be noticeable after some year’s time and that knowledge depreciates in

the sense that the effect of past R&D expenses gradually becomes outdated. Combining

equations (3) and (4) the two-factor learning curve thus becomes:

SL KCCAC     (5) 

where L is the traditional learning-by-doing elasticity and S is often referred to as the 

learning-by-searching elasticity. The interpretation of the elasticities is the same as in the

single factor learning curve case. The benefit from using the 2FLC concept is that it clearly

addresses the importance of R&D expenditures and the effect on the cost development of a

technology.

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 drawing on previous 

estimates of the learning rates for these technologies. In the Swedish 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 Swedish investments in 

these technologies. They will instead be determined by world growth in the CCGT and wind 

power capacities, and thus also by the implementation of climate policies outside Sweden.
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4. Empirical Results

4.1 Estimates of Break-Even Carbon Prices 
Table 4 presents the cost-equalizing carbon prices of different technologies compared to

CCGT. The results suggest, for instance, that in order to make wind power and CCGT equally 

expensive the carbon price has to be between 44 and 1207 SEK/tCO2 for the discount rate 

interval presented. The offshore alternative is considerably more expensive than the onshore

alternative and requires relatively high carbon prices. Biomass power requires a price ranging 

from 222 to 560 SEK and waste power a negative price of -154 to 895 SEK depending on the 

choice of discount rate. Figure 1 displays the results from Table 4 in three different diagrams.

From the middle diagram in Figure 1 we see that waste-based power require relatively low 

levels of carbon price at low discount rates. When the discount rate increases the cost for 

waste increase dramatically due to the high capital intensity associated with waste plants. In

general, the steeper the slope the more capital intense the relevant power technology is. The 

nuclear power alternatives require a carbon price ranging from -66 to 712 SEK in order to 

break-even with CCGT. Also in this case the results are heavily dependent on the discount 

rate and in general it suggests that CCGT benefits the higher the discount rate is.

Table 4: Carbon Prices (SEK (1999) per ton CO2) Required to Equalize the Levelized Unit Cost
of Different Alternative Power Sources with the Cost of CCGT

Discount
rate (%)

Wind
(Den)

Offshore

Wind
(Den)

Onshore

Wind (Swe)
Onshore

Biomass
(Swe)

Waste
(Swe)

Nuclear
(Fin 1)

Nuclear
(Fin 2)

4 416 44 239 222 -154 -66 92
5 478 86 292 248 -75 -29 140
6 543 126 345 275 10 8 191
7 608 168 403 303 98 46 243
8 680 213 459 332 190 88 298
9 747 257 521 364 272 132 354

10 820 302 582 395 380 175 410
11 893 351 646 425 478 219 468
12 971 401 711 458 578 264 528
13 1048 451 775 490 683 311 588
14 1128 500 843 525 787 355 650
15 1207 552 912 560 895 402 712

We now turn to the question of which carbon prices are the most compatible with

predictions of the carbon prices following implicitly from the Kyoto commitment. The answer 

to this question depends largely on the geographical market size. Following the discussion in

section 3.2, Table 5 summarizes which investment alternatives that will be the cheapest under 

different carbon prices and discount rates.
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Figure 1: Carbon Prices Required to Equalize the Cost of 
Different Power Sources with the Cost of CCGT 
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With a European market, a price of 350 SEK and a 5 percent discount rate, the results show 

that all technologies except the Danish offshore wind project are less expensive than CCGT. 

If we consider a higher carbon price of 600 SEK, i.e., a Swedish market, also the fairly 

expensive Danish wind project becomes cheaper than CCGT at the same discount rate. At a 

10 percent discount rate and a European market, CCGT proves to be cheaper than all the 

competing projects except for Danish onshore wind and one Finnish nuclear project. A

Swedish market implies a higher price and hence further constrains the importance of gas 

fired power.

Table 5: The Economics of Power Generation Technologies under Kyoto Scenarios (No
Technological Learning) 
Technology EU market

(350 SEK)
Swedish market

(600 SEK)
EU market
(350 SEK)

Swedish market
(600 SEK)

r=5% r=10%
Wind (Den) Offshore Gas cheaper Wind cheaper Gas cheaper Gas cheaper
Wind (Den) Onshore Wind cheaper Wind cheaper Wind cheaper Wind cheaper
Wind (Swe) Onshore Wind cheaper Wind cheaper Gas cheaper Wind cheaper
Biomass (Swe) Biomass cheaper Biomass cheaper Gas cheaper Biomass cheaper 
Waste (Swe) Waste cheaper Waste cheaper Gas cheaper Waste cheaper
Nuclear 1 (Fin) Nuclear cheaper Nuclear cheaper Nuclear cheaper Nuclear cheaper
Nuclear 2 (Fin) Nuclear cheaper Nuclear cheaper Gas cheaper Nuclear cheaper

It is though difficult to assess the future importance of wind power and other renewable 

energy sources in Sweden from our findings. Wind will benefit from climate policy but

perhaps not as much as one could expect. Costs vary considerably between different sites and 

projects, both on land and offshore, and it can be constrained in the future by difficulties in 

finding appropriate sites. Biomass also gains from carbon policy but considering the intense 

competition for biomass, additional utilization in the energy sector can be difficult to achieve.

In conclusion, gas is likely to grow in importance in the future even in the presence of Kyoto-

based climate policy, unless there is a revival for nuclear power generation. Still, 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 power 

increases to 8-12 percent of consumption, in accordance to the European Union goal of 12 

percent renewable energy power, it will primarily replace nuclear power. An important result

of the analysis is that the CCGT option gains substantial 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 
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future policies. However, it also implies that even in the presence of a fairly strict carbon

policy CCGT could be favored given its flexibility advantages. 

Whether gas will be an alternative in the future depends also on the development of the

gas price. The gas price depends, for instance, on what will happen if a gas pipeline is built in 

Sweden to connect the Russian gas line with central Europe and also if/or a gas line is built

between Sweden and Germany. In addition, attention to the deregulation of the gas market is 

important (Elforsk, 2000). Nevertheless, the outcome presented in Table 5 proved to be 

exactly the same when we applied a 0.8 percent annual increase in gas prices.

If we consider that the arithmetic mean for the estimates of the weighted marginal

damage cost is 33 SEK/tCO2, while it is 145 SEK/tCO2 for the time-varying discount rate, 

very few of the renewable technologies would become cheaper than gas (and only at low 

private discount rates). Table C1 in Appendix C displays which investment alternatives that 

would be the cheapest under different marginal damage cost assumptions and private discount 

rates. This shows that the impact of carbon policy on power generation choices depends 

heavily on the method of carbon pricing. The damage cost approach implies only minor

impacts on the power generation mix. It is also worth noting that the choice between flat and 

time-declining social discount rates tends not to matter for the ranking of power technologies. 

4.2 The Impact of Technology Learning 
Hitherto, our cost simulations do not address technological change or learning effects. 

Learning or experience curve methodology can be used to analyze the climate policy impact

on renewable energy (e.g., Neij et al., 2003; Rasmussen, 2001). Given that this part of the

study focuses on the competition between wind power and CCGT, Table A1 in Appendix A 

summarizes 14 different studies attempting to estimate the progress rates for wind power and

three studies on the progress rates for CCGT. These studies have been performed on various 

countries and they cover various time-periods. Furthermore, the studies also use different 

functional forms for the learning curve, i.e., different factors have been treated as independent 

and dependent variables as indicated in Table A1. Overall, the results show that the progress

rate for wind power ranges between 0.75 and 0.97 implying that a doubling of installed 

capacity would cause a cost decrease between 3 and 25 percent. For CCGT the studies

suggest a progress rate between 0.74 and 1.11. The wide spread of the estimates indicate that

the estimation of progress rates of a certain technology is not an exact science, it is heavily 
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dependent on what have been measured and when.7 The problem of deciding what to measure

is discussed in Junginger et al. (2005) where the authors classify previously estimated

learning curves into four categories and suggest that progress rates derived from different 

learning-curve formulations cannot be directly compared. One of the reasons is that capacity 

is measured differently among the studies, most often as installed capacity, produced power or 

number of wind turbines installed. Learning curves can also be derived from either a producer

or a market perspective and hence yield different outcomes as pointed out by Neij et al. 

(2003). The selected time period is also an important factor determining the size of the

learning rate. A specific time-period can be characterized by “learning-by-doing” but also by 

“forgetting-by-not-doing” (Claeson Colpier and Cornland, 2002). Given the uncertainties 

involved in developing reliable estimates for learning curves there seems to be little consensus 

in the economics literature of how the correct learning curve should be estimated. For a 

sample where the distribution is unknown or where the relevant variables, x, are constrained 

between 0 and x > 0 the beta distribution has proven to be useful (Greene, 1997). Figure 2 

displays the probability density function (PDF) of the sampled progress rates for wind power 

assuming that they follow a beta distribution, while Figure 3 shows the corresponding 

cumulative density function (see Appendix B for a description of the beta distribution). The 

mode as well as the median in the PDF-function is 0.9 and the average is 0.89. Using the 

arithmetic means the global progress rates for wind and CCGT could be interpreted to be 0.89 

and 0.91 respectively. Given these numbers, it is possible to extrapolate the learning effect

and discuss what will happen to the levelized cost estimates of power generation from wind 

and CCGT in the future and consequently the attractiveness of a certain technology compared

to others. Or in simple terms, how will the costs for wind and CCGT develop in the future if

we use the estimated progress rates and combine these with forecasts of installed capacity?

Projections of installed capacity of wind power and CCGT in the European Union have 

been modeled by the EU for different scenarios regarding the future (EC, 2004).8 The analysis

covers more than 10 different scenarios for 2030 which differ in terms of type of policy used, 

economic growth assumptions and energy prices. Table 6 summarizes the key characteristics 

7 For a more in depth discussion on the construction of global learning curves for wind power, see Junginger et
al. (2005). See also Söderholm and Sundqvist (2003) who estimate learning rates for wind power and conclude
that the results are heavily dependent on the model specification.
8 In this paper we use installed wind power capacity in Europe instead of global installed capacity as a learning 
indicator. In practice learning can take place both globally and nationally, the use of European capacity can 
therefore be seen as a compromise. See Ek (2005) for a discussion of this particular issue.
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of three illustrative scenarios; the “baseline”, “high oil and gas prices” and “Kyoto forever”

scenarios.
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Figure 2: Probability Density Function of 
Estimated Progress Rates for Wind Power 
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Figure 3: Cumulative Probability Density Function of
Estimated Progress Rates for Wind Power 

The “baseline” scenario for 2030 describes the most likely development of the energy 

system in terms of current knowledge, policy objectives and measures. This means a

continuation of current trends and policies for the economies, transport and energy sectors and 

CO2 emissions up to 2030. The “baseline” scenario includes policies in place or planned to be 

implemented by the end of 2001. Therefore the scenario excludes all additional polices that 

aims at further reducing emissions so as to comply with the commitments in the Protocol. The

second scenario “high oil and gas prices” is similar to the “baseline” scenario with the only 
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difference that gas and oil prices increase with 5.5 and 8 percent, respectively, as compared to 

the “baseline”. The “Kyoto forever” scenario describes a possible situation where the 

reduction targets until the first commitment period 2008-2012 have been fulfilled and where 

other targets are implemented in subsequent periods up until 2030 in order to stabilize the

emission levels. This includes further deployment of policies and Kyoto Protocol offsets such 

as JI and CDM projects and full trading of emission permits, as well as utilization of new 

technologies, not only more wind power, but also, for instance, carbon sequestration.

Table 6: Installed Wind Power and CCGT Capacities in the EU 2000 and 2030 (GWe) 
2000 2030

“Baseline” “High oil and gas prices” “Kyoto forever”
Wind power 12.8 135.1 150.9 184.7
CCGT power 47.3 367.4 309.5 438.7

Source: EC (2004). 

Given the learning rates mentioned earlier and the capacity scenarios in Table 6, the 

corresponding cost developments for wind and CCGT are reported in Table 7. At a first 

glance, the implication of learning-by-doing is that wind will become relatively cheaper than

CCGT in the future, hence requiring a lower carbon price in order to make wind as attractive 

as CCGT. It is worth noting that the scenarios more or less yield the same cost reductions, 

hence suggesting that the choice of progress rate tends to be more important for the overall

cost reduction than the capacity increase. Therefore in the discussion below, only the 

“baseline” scenario is used.

Table 7: Cost Development in 2030 compared to 2000 for Wind and CCGT Given Learning-By-
Doing

“Baseline” “High oil and gas prices” “Kyoto forever”

Wind power PR=0.89 67% 66% 64%
PR=0.77 41% 39% 37%

CCGT PR=0.91 76% 77% 74%

The progress rates calculated here can be used in the levelized cost routine described in 

section 4. We use the average progress rates for both wind power and CCGT in the model and 

calculate new carbon price levels that were needed in order to make wind power as attractive 

as CCGT in 2030. The new calculation builds on the assumption that no other parameters

other than the capital cost (investment) changes over time, i.e., the learning effect takes place 

in building the wind mill and not in operating the mill. Figure 4 displays the resulting carbon 

prices required to equalize the costs of wind power with those of CCGT when learning is 
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taken into account. The results from the scenario suggest that wind becomes considerably 

cheaper in the future and lower carbon prices are needed in order to make wind power as 

attractive as CCGT. A progress rate for wind power of 0.89 could be considered relatively 

high compared to the global learning curve derived in, for instance, Junginger et al. (2005) 

where the authors argue that a progress rate ranging between 0.77 and 0.85 is a likely rate for 

wind.

-200
-100

0
100
200
300
400
500
600
700
800

0 5 10 15 20

Discount rate (%)

C
ar

bo
n 

pr
ic

e 
(S

EK
/tC

O
2)

Wind (Den offshore) Wind (Den onshore) Wind (Swe onshore)

Figure 4: Carbon Prices Required to Equalize the Cost of Wind Power with
the Cost of CCGT Assuming a Progress Rate of 0.89 for Wind and 0.91 for CCGT
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the Cost of CCGT Assuming a Learning Rate of 0.77 for Wind and 0.91 for CCGT
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Figure 5 therefore also shows the corresponding results with a progress rate of 77 

percent in wind and 90 percent in CCGT. Using lower progress rates causes the levelized unit 

costs to decrease even further, hence increasing the attractiveness of wind power. These

simulation results also rely on the baseline scenario reported in EC (2004). When it comes to 

the question whether wind or CCGT will be cheaper under different future carbon prices and

private discount rates when learning is included, it is clear that all our wind alternatives 

become cheaper than gas under a 5 percent discount rate regardless of if we consider a 

European market (350 SEK/tCO2) or a Swedish market (600 SEK/tCO2). The same holds for 

a higher discount rate of 10 percent, whit the exception of Danish offshore wind that will 

become more expensive than gas under a European market set up. Unsurprisingly, the 

economic benefits of wind power are strengthened even further when a lower progress-rate is 

used for wind power. Table 8 sums up the findings when learning is included in the 

calculations.

Table 8: The Economics of CCGT and Wind Power Generation under Kyoto Scenarios 
(Technological Learning Included)

EU market Swedish market EU market Swedish market
(350 SEK) (600 SEK) (350 SEK) (600 SEK)

r=5% r=10%
Progress rates 0.91 for gas and 0.89 for wind

Wind (Den) Offshore Wind cheaper Wind cheaper Gas cheaper Wind cheaper
Wind (Den) Onshore Wind cheaper Wind cheaper Wind cheaper Wind cheaper
Wind (Swe) Onshore Wind cheaper Wind cheaper Wind cheaper Wind cheaper

Progress rates 0.91 for gas and 0.77 for wind

Wind (Den) Offshore Wind cheaper Wind cheaper Wind cheaper Wind cheaper
Wind (Den) Onshore Wind cheaper Wind cheaper Wind cheaper Wind cheaper
Wind (Swe) Onshore Wind cheaper Wind cheaper Wind cheaper Wind cheaper

The above exercise shows that the estimated cost reduction for wind is dependent on the 

exogenously capacity increase that is assumed to take place. Regardless of what scenario that 

is used, installed capacity of wind power will increase and in this way lower the levelized

costs. This is also true for CCGT but the progress rate appears to be relatively higher since it 

is a more mature technology and therefore the cost reduction could be relatively more modest.

The attractiveness of wind power will therefore partly be determined by the overall 

installations of wind mills in Europe and the rest of the world. It is also clear that the most

important factor in lowering the costs for wind power is the learning effect. This further 
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proves that support to new industries such as wind power is a necessity since learning-by-

doing will not progress unless the technologies are being used.

Finally, it is still difficult to predict the development and the attractiveness of wind 

power in comparison to CCGT since a number of factors are difficult to estimate and forecast, 

e.g., learning effects and installed capacity. 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

expected penetration levels have often been much higher than the actual. These technologies

have been subject to substantial public sector endorsement but the efforts have proved to be 

unsuccessful. The reason is not necessarily that renewable energy have failed in itself; the cost 

reductions for renewable energy sources have often exceeded the initial expectations but since

the cost reductions for the traditional power technologies have been just as (or even more)

impressive it has been difficult for the renewable alternatives to increase their market share. 

5. Concluding Remarks
This paper has presented an analysis of how future investment in different power technologies 

could develop under a carbon pricing policy. The results suggest that wind power will benefit 

from this policy since it implies that cheap technologies such as CCGT will become relatively 

more expensive. Still, it is also clear that wind power (just as many of the other power

sources) looses competitive ground with the use of high rate-of-return requirements. It is

therefore likely that CCGT will become an important option for new investors in the future

due to its flexibility. It is also worth noting that wind power expansion in particular requires

new investment on new sites, while the current economic environment tends to favor 

investments in – and intensified use of – existing capacity at existing sites (such as nuclear 

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 results may however change if technological change in terms of learning-by-doing 

is included. The results show that it is difficult to determine the correct progress rates for

energy technologies and that the corresponding cost decrease will also be dependent on how 

the installed capacity will develop in the future. Overall the results indicate that in general it is

not certain that compliance with the Kyoto commitments implies substantial increases in

renewable power sources. If, therefore, renewable power sources are favored for reasons

beyond climate policy additional policy instruments will be needed.
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Table A2: Descriptive Statistics for Progress Rates, Probability Density Function and
Cumulative Probability Density Function for the Wind Power Estimates 

Progress rates Probability Density
Function (PDF) 

Cumulative beta probability
density function

Mean 0.885 0.024 0.505
Standard Error 0.009 0.002 0.052
Median 0.900 0.027 0.572
Mode 0.900 0.034 0.572
Standard Deviation 0.051 0.010 0.297
Sample Variance 0.003 0.000 0.088
Kurtosis -0.023 -0.687 -1.390
Skewness -0.735 -0.767 -0.217
Range 0.217 0.032 0.967
Minimum 0.749 0.002 0.013
Maximum 0.966 0.034 0.981
Sum 29.190 0.801 16.682
Count 33 33 33
Largest(1) 0.966 0.034 0.981
Smallest(1) 0.749 0.002 0.013
Confidence Level(95.0%) 0.018 0.003 0.105
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Appendix B. Beta distribution 
For a sample where the distribution is unknown or where the variables, x, are constrained 

between 0 and x > 0 the beta distribution has proven to be useful (Greene, 1997). The 

corresponding density is defined as: 

,
)1(

)(
11

B
xx

xf ii

ji
i    (B1) 

where >0, >0 and ,B  is given by: 

1

0

11 )1(, dxxxB ii    (B2)

If  and  are unknown the parameters can be estimated through: 

11ˆ
2s

)x (xx    (B3)

111ˆ
2s

)x- (x)x(    (B4)

where x  displays the sample mean and  the biased sample variance. The function in 

equation (B1) is called the probability density function (PDF) and will be symmetric if

2s

,

otherwise the function will be U-shaped or humped either to the left of the right. 
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Appendix C. Results Using Marginal Damage Cost Estimates 
Table C1 displays the investment alternatives that would be cheapest under different marginal

damage costs estimates and different private discount rates. The weighted marginal damage

costs lies in the range of 9-56 SEK/tCO2 and for the time-varying estimates between 100 and 

189 SEK/tCO2. For simplicity the arithmetic means are used and the damage cost for the

weighted and time-varying approaches, respectively, are assumed to be 33 and 145 

SEK/tCO2.

Table C1: Summary of Findings Using Marginal Damage Costs Estimates
Technology Weighted

(33 SEK/tCO2)
Time-varying

 (145 SEK/tCO2)
Weighted

(33 SEK/tCO2)
Time-varying

 (145 SEK/tCO2)
r=5% r=10%

Wind (Den) Offshore Gas cheaper Gas cheaper Gas cheaper Gas cheaper
Wind (Den) Onshore Gas cheaper Wind cheaper Gas cheaper Gas cheaper
Wind (Swe) Onshore Gas cheaper Gas cheaper Gas cheaper Gas cheaper
Biomass (Swe) Gas cheaper Gas cheaper Gas cheaper Gas cheaper
Waste (Swe) Waste cheaper Waste cheaper Gas cheaper Gas cheaper
Nuclear (Fin 1) Nuclear cheaper Nuclear cheaper Gas cheaper Gas cheaper
Nuclear (Fin 2) Gas cheaper Nuclear cheaper Gas cheaper Gas cheaper
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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 in turn be the European Union’s emissions trading

scheme (EU ETS), which was implemented in the beginning 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 (see also section 2). It is

commonly accepted that the Eastern European countries, or the so-called economies in

transition, will be important host countries for future JI activities and consequently important

for other European countries in order to fulfill the Protocol (e.g., Fankhauser and Lavric, 2003;

Victor et al., 2001). Both emissions trading and JI activities are important in order to reduce 

emissions from the fossil fuel based energy sectors, and not the least from the electric power 

sectors, in Europe. 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.

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 (Macedonia), 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 methodological framework of the RAINS model, which 

1 The Kyoto Protocol mentions three flexible mechanisms that can be used for emission reductions: Emissions
Trading, Clean Development Mechanism (CDM) and Joint Implementation (JI). For a more comprehensive
discussion of these mechanisms, see Ellerman (2000).
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has been used to assess the potential and the costs for reducing air pollution in Europe.2

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 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 economic research concerning the economics of 

power generation and technology choice in Eastern Europe. Second, apart from the potential 

for JI activities, these countries will become important in a European perspective if they are 

incorporated 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 can be important for projecting the future 

price on carbon and consequently facilitate investment decisions in the power sectors all over 

Europe.

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).3  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. 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 and nuclear.

2 See section 4.1 for a brief description of the RAINS model.
3 The remaining GHG’s are methane (CH4), nitrous oxide (N2O), Hydroflourcarbons (HFC’s), perflourcarbons
(PFC’s) and sulphur hexafluoride (SF6).
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The paper proceeds as follows. Section two briefly discusses European climate policy

and the importance of the Eastern European countries. Section three provides a brief

theoretical discussion of cost effectiveness in climate policy. Section four describes the 

RAINS model and the methodology underlying the linear programming model used in this 

paper. Section five reviews the baseline scenarios and the potentials for CO2 emissions and

power generation in the selected countries. Section six presents the results of the model

simulations and, finally, section seven discusses some limitations of the results and sums up 

the main findings. 

2. Climate Policy and the Role of the Eastern European Countries 
This section discusses the basic ideas behind European climate policy and the role of the 

Eastern European countries. The Annexes to the 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 a 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. The scheme implies that EU member countries listed in Annex B should 

uniformly decrease their emissions by eight percent compared to their 1990 levels. 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 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).4 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 overall investments in power

generation all over Europe. If the investment environment in general is uncertain, also 

investments in Eastern Europe, and hence, JI and CDM activities will become less frequent,

or in a worse case scenario, non-existent. This suggests that the assessment of mitigation costs

in JI-countries will be an important factor 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). 

4 JI 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.
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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 (see also Table 3). The region is however important 

in a longer perspective if the economies develop and an increased energy demand where 

emission reduction, through the diffusion of renewable energy resources as well as an 

increased utilization of gas and nuclear power, becomes inevitable (Duic et.al, 2005; Horn, 

1999; Karasalihovic et al., 2003).

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 

generating heat and electricity (e.g., Bartle, 2002; Feretic et al., 1999; Martinot, 1999). Still, 

the information on power generation costs and future potential 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

attractiveness 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 GHG’s and the impacts on both human health and climate change have been 

acknowledged in a number of studies (see e.g., Klaassen et al., 2004; Syri et al., 2001). These 

studies indicate that future policies could be formed in a way to simultaneously deal with both 
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health and climate issues. The RAINS model has been extended to assess optimal strategies

for controlling different types of pollutants and GHG’s 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. Cost Effectiveness in Climate Policy 
This section outlines the economic-theoretical framework for carbon pricing centering in 

particular on the cost effectiveness of market based solutions in the Kyoto Protocol and EU’s 

trading scheme.

In the environmental economics literature external effects are said to occur when the

economic activities of one party affect the welfare, or utility, of another party, and where no 

actions are taken to reduce the effect from the first party. The power generation sector is a

useful example where a generator creates welfare losses for another party by, for instance, 

emitting CO2 and where this cost to society is not internalized by the power generator. A 

situation like this calls for some form of governmental intervention where the environmental

policies aim at creating incentives for the firm to reduce the negative externalities. For 

environmental policy to be economically efficient, or socially optimal, the marginal benefit of 

emission reductions for society has to equal the value of the marginal costs of emission

abatement. Such a policy can be carried out by imposing an optimal tax on emissions. This 

latter measure requires the tax level, or the price on emissions, to be set so that the tax is equal 

to the marginal damage at the optimal level of emission reduction. Such a tax is often referred 

to as a Pigovian tax (Pigou, 1920). The consequence of putting a price on emissions is that the 

costs are internalized by the firm and this hence creates an incentive for the firm to reduce the 

external effect.

Once the external effect is recognized the authorities have to design the optimal

(efficient) policy. This will however not imply that the optimal tax is easily found: when the 

requisite for the valuation of costs and benefits is neither available nor sufficiently reliable
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economic analysis often focuses on finding the least-cost mean of achieving an exogenously 

given emission target, often referred to as efficiency without optimality (Baumol and Oates,

1988). Emissions trading can be used to control emissions and fulfilling the target in such a 

cost-effective way. Figure 1 displays the basic principles of emissions trading.

Figure 1: Cost Effective Reduction of CO2 Emissions

In Figure 1, the authorities are assumed to set a target (cap) on CO2 reductions, R*, and 

issue tradable emission permits to the emitting parties, in our case the power generators. The

price, P*, is created through each firm’s demand for emission permits. A generator that faces 

high mitigation costs can buy permits from a generator that has lower mitigation costs. The 

step-wise appearance of the MAC-curve in Figure 1 represents the cost of different specific 

compliance methods. Emissions’ trading proves its advantages over many other policies since 

it gives firms an incentive to reduce emissions cost-effectively but also provides continuous 

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 targeted at infant industries 

such as wind and solar power as well as green certificates. 
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4. 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.

4.1 The RAINS Model 
The RAINS model was developed in the 1980s for the purpose of assessing optimal control 

strategies for reducing health impacts stemming from air pollution. The model combines the

development of energy demand and economic growth, costs and potential for emissions

control, atmospheric characterization, and environmental effects from air pollutants.5

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 (European) 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 GHG’s 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 the power 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 

5 These 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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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.

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).

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, which the country energy projections are built upon, often 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. 

4.2 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: 
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where C is the total cost of power generation in a given country and n represents the number

of available power technologies . The costs for producing electric power from a

given power generating technology i can be divided into three categories; viz.  the 

annualized investment costs, the fixed operations and maintenance costs, and 

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-specific 

parameters include, for instance, operating hours, annual fuel consumption, and the price of

labor and fuel. The 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., 

):
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While investment costs represent all costs associated with the construction of the plant, 

variable operation and maintenance costs, (measured per kWhvar
iOM el), include costs related

to the actual operation of the plant such as fuel use, cf (cost per unit in €/GJ), annual operating 

hours at full load, pf, and electricity generation efficiency in percent, e. Converting from 

kWh to GJ is made by using the ratio 3.6/1000: 

)1000/6.3)(/100(var ef
i pfcOM       (7) 

6 The discount rate used here is the social discount rate as also used in the RAINS model. It can however be
questionable if the use of a social rather than a private discount rate displays the correct situation primarily since
the use of a low rate might underestimate any investment uncertainties faced in practise. From a power-generator
perspective there is uncertainty about the rate of return on the essentially irreversible long-term investment in 
new power plants. For this reason it could be reasonable to include risk premiums in the form of an addition to
the social rate of interest (e.g., Söderholm, 1999).
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The fixed operation and maintenance costs, , include costs for repairs, main-

tenance 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  of the 

total investment I so that: 

fix
iOM

IOM fix
i           (8)

The demand constraint in equation (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 equation (3) simply implies that the power generated from a specific 

technology, qj, cannot exceed the maximum potential of this option, ,jq available within the

country. It should be noticed 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 equation (4) specifies the 

maximum level of CO2 emissions allowed, . Each technology, i.e., power plant, is assumed

to emit CO2 according to emission factors as used in the RAINS model, measured in kg per 

energy input, the emission factors are displayed in Table 2.

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).

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 equation (5) implies that countries with 

fossil-fueled generation, qfi, must continue to utilize at least  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 80 percent (i.e., 8.0 ). The validity of this approach is
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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 projections from the RAINS model of energy usage 

will be used together with the potential levels of renewable energy. Section 5 describes the

baseline projections and the potential utilization of renewable resources. 

5. CO2 Emissions and the Role of Renewables in the Power Sector: Model 
Input Assumptions 
This section first describes the baseline CO2 emissions and power generation levels by fuel 

source in Eastern Europe and this is followed by a discussion of the future potentials for the 

different renewable power generation sources. The section ends with a discussion of the 

corresponding power generation costs.

5.1 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 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.
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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).

The estimated baseline projections for power generation 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 International 

Energy Agency (IEA) and the EU (EC, 2003a). In the analysis below wind power includes 

solely on-shore wind, this since off-shore wind will not be as cheap as on-shore wind power 

in 2020 (Klaassen et al., 2004).7 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 other renewables are generally considered to be low in 2020.

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), and WEC (2000).

7 This 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.

12



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).

Kaliningrad is the smallest part and comprises an area of 13513 km2 and it is followed by St. 

Petersburg (197856 km2); Kola-Karelia (313627 km2); and the remaining European part 

(4349084 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. 

Some of the data sources suggest several different scenarios based on different policy 

and economic growth assumptions. However, 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 and fossil-fuel based 

technologies are 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.

5.2 Potential Diffusion of Renewables and Low-Carbon Fuels 
The potential use and availability of renewable and low-carbon content fuels in a certain 

country or region can only be based on more or less accurate forecasts and projections. The 

situation for economies in transition might be more insecure 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 here 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. Some of the numbers might be questionable but overall, we 

argue, the data presented represent an important first step towards shedding some light on the 

future development of the power sector in these countries.

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 
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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 power sector. 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). 

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: EBRD (2004), EPS (2003), IEA (2003), Jelic et al. (2000), Kulik (2004), Martinot (1999), RAINS
(2005), UNFCCC (2004), and WEC (2000).

IEA (2003) and Martinot (1999) 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 30 MW. None of objects reported here have a capacity of less than 10

MW 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 renewable potential in all countries lies foremost in the use of more hydro 
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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. 

5.3 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 homogenous across the

selected countries. All costs are expressed in constant Euros (€) in prices of the year 2000. 

Table 6: Generic Costs of New Power Generation Used for Calculating Cost of Fuel Substitution
Technology Investment Fixed O&M

per year
Capacity
utilization

Net
electricity
production
efficiency

Lifetime Fuel costs Typical unit
cost

€ /kWe €/kWe hours/year (%) years €/GJ €cts/Kwh
(Ian) (OMfix) (pf) ( e) (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).

The effect of experience and learning on the unit cost for most products and services is 

a well-known fact. The unit cost decreases the more experience the producer accumulates and 

this gives rise to a specific learning rate for a given technology, i.e., a certain percentage unit 

cost reduction for each doubling of production or capacity levels. The power sector is no 
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exception and climate policy can affect the diffusion of renewable energy technologies 

significantly and in this way also the future cost of generating electric power (e.g.,

Gritsevskyi and Nakicenovic, 2000). The model in this paper implicitly assumes that there are 

no learning effects associated with the respective renewable technologies. The rationale for 

this assumption is that while most analysts agree of the presence of learning effects there 

exists little consensus in the literature on the magnitude of the learning rates (e.g., Söderholm

and Sundqvist (2003) where the authors estimate learning rates for wind power and conclude 

that the results are heavily dependent on the model specification).8

Table 7: Plant Data and Costs, Croatia and Ukraine 
Technology Fuel costs Capacity utilization Unit cost

€/GJ hours/year €cts/Kwh
(cf) (pf)

Croa Ukra Croa Ukra Croa Ukra
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).

The baseline projections for CO2 emissions, the projections 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 6 presents the results based on two 

different scenarios, including the marginal cost of CO2 avoidance in the respective country.

6. Scenarios and Simulation Results 
This section presents the scenarios that are used for estimating the abatement costs through 

the optimization routine presented in section 4.2 as well as the results from the simulations.

The results are used to discuss the future diffusion of renewable power generation in Eastern 

Europe in the presence of a carbon policy.

8 Thus, this implies that it is difficult a priori to assume that the learning impacts are more pronounced for some
power generation technologies then for others (e.g., McDonald and Schrattenholzer, 2001; Papineau, 2005).
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6.1 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

5.1, 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 equations (2)-(5) in Section 4.2. 

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 2008-2012 to a given percent of the level in 1990.9 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., 2002).

9 Croatia 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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Finally, in our simulations all countries have been optimized independently to one 

another. In addition, the countries have also been bundled up as a region and optimized

assuming that electricity and CO2 allowances can be traded freely between the countries 

without transmission losses. A situation like that might be farfetched, but the main purpose of 

the latter exercise is however to present the overall potential of renewable energy use in the

power sector in the region as such. 

6.2 Empirical Results 
The simulation results from the different scenarios are displayed in Tables 8 and 9. The 

optimization routine was solved using the Frontline Systems Premium Solver in Microsoft

Excel.

In the first scenario 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 that the region lacks 

sufficient renewable resources for meeting the reduction target. Among the countries, the 

marginal cost of removing the last unit CO2 ranges from 22 to 174 € per ton, where the 

marginal costs are generally lower among the Former Yugoslavian countries.

Table 8: CO2 Emissions (kt) and Marginal Costs (€/CO2) in 2020
Country Scenario 0: Scenario 1: Scenario 2:

Baseline -15% MFR
CO2 CO2 MC CO2 MC Reduction

Croatia 4664 3964 27 117 605 98%
Macedonia 3247 2760 22 487 79 85%
Russia Kali 4065 n.f. n.f. 3976 82 2%
Russia Kolk 11439 9723 38 7778 58 32%
Russia Remr 344312 292665 58 230689 117 33%
Russia Spet 30289 25746 58 24686 115 19%
Serbia 39286 33393 38 16893 115 57%
Ukraine 101811 86540 174 85522 1386 16%
Region 539114 458247 32 285730 661 47%

Notes: Percentage reduction compared to baseline, n.f. = not feasible.

The higher costs in the Russian regions and 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. Figure 

2 illustrates the respective marginal cost curves for CO2 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
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the existing technologies are fossil fuel-based and reductions are made by increasing the use 

of gas and various renewable power sources up to 4 percent at which the use of hydro 

increases up to the potential )( jq . Specifically, the first step (1 percent reduction) in the curve

implies that brown coal and heavy fuel usage are substituted for gas, the second step that wind 

is used together with gas, and finally the third and fourth step that biomass is added to the fuel 

mix. The last percentages of CO2 reduction (>11 percent), implies that wind and solar power 

are utilized in order to meet the constraints. In Croatia the first 6 percent are reduced by 

increasing the use of wind power and decreasing the use of gas power. Along the curve, gas 

use decreases steadily and the use of small-scale hydro increases (6-12 percent). In order to 

meet the final reduction target (>12 percent) large scale hydro is used. The curves in Figure 2 

indicate the fact that the combination of power generation costs for available options and the

existing power generating mix largely determine the CO2 compliance costs.
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Figure 2: Marginal Cost for CO2 Reduction in 
Ukraine and Croatia, €/tCO2

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 the variable costs such as fuel prices

and load factors. The regional optimization shows that a unison reduction is theoretically 

possible given the constraints in the model, and that the overall marginal cost ends up at a

level lower than the Russian average. Noteworthy is that Russia Remaining has a vast 

potential for renewable energy in wind and hydro power at the same time as they account for 

some 80 percent of the total CO2 emissions. If Russia Remaining is excluded from the 
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regional optimization, the region still manages to meet the reduction target with a modestly

higher marginal cost, 38 compared to 32 €/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 

one kWh of electricity. The increase in power generation costs lies in the range between 5 and 

10 percent, except for Croatia and Ukraine which displays significantly lower and higher 

positive changes, respectively. In Ukraine the dramatic increase in costs is caused by that in

this country it is fairly expensive to generate renewable power in comparison with the costs of 

generating power from fossil fuels. 

Table 9: Power Generation Unit Costs (€ cents/kWh) and Total Costs (M€/year) in 2020
Country Scenario 0: Scenario 1: Scenario 2:

Baseline -15% MFR
Unit cost Total cost Unit cost Total cost Change Unit cost Total cost Change

Croatia 5.6 812 5.7 821 1% 8.8 1269 56%
Macedonia 4.5 275 4.7 285 4% 6.2 377 37%
Russia Kali 3.3 286 n.f. n.f. n.f. 3.4 287 1%
Russia Kolk 4.2 1007 4.5 1058 5% 4.9 1168 16%
Russia Remr 3.5 28315 3.8 30848 9% 4.3 34576 22%
Russia Spet 3.5 2344 3.8 2549 9% 3.9 2628 12%
Serbia 3.7 1946 4.0 2092 8% 5.4 2806 44%
Ukraine 3.0 4917 3.6 5895 20% 3.8 6260 27%
Region 3.5 39994 3.7 42184 5% 4.5 51478 29%
Note: Percentage change compared to baseline, n.f. = not feasible.

The maximum feasible reduction scenario is, as mentioned above, used to illustrate the 

maximum potential use of renewable energy regardless of costs. The results show that some

countries, Croatia, Macedonia and Serbia, have large potentials to reduce their emissions

considerably by switching 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. However, 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. The highest marginal costs reported in Table 8 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 is partly
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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.

7. 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 number of Eastern European countries by using the underlying 

methodological framework of the RAINS model. The results show that given a 15 percent

quantitative reduction the marginal cost for reducing emissions range between 22 and 174 € 

per ton CO2 in the studied countries. The highest costs can be found in Ukraine and the 

Russian regions. 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. The Former Yugoslavian

countries show in general lower marginal costs for switching to low fossil fuel technologies. 

A maximum feasible reduction scenario was also used in the study, and the results 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 58 and 1386 € per 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 homogenous in terms of CO2 abatement potential and costs. Still, no single 

country emerges as particularly low cost. 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 where included in the model due to difficulties to access appropriate data. In future

research efforts country-specific data are needed that better cover baseline projections as well 

as the potential and costs for renewable energy resources in the region. The economic
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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 

best, 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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