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Abstract 

This dissertation addresses the issues of climate policy, energy efficiency 

and technological change at several levels. It contains four chapters of 

which two are independent while the other two are related. The contents of 

the two independent and the two related chapters are not directly linked, 

however, the overall topics: energy and technology are common to all of 

them. 

The point of departure of Chapter 1 is the natural monopoly situation 

characterising most of the district heating companies in Denmark. Facing a 

market structure of independent heating systems and cost-of-service 

regulation the regulator considers ways to create incentives for increasing 

efficiency in heat production. One way is to implement benchmark 

regulation. The aim of Chapter 1 is twofold: (1) to investigate the potential 

for increasing productivity in Danish district heating production and (2) to 

examine whether benchmarking has a role to play. Using Data Envelopment 

Analysis (DEA) showed a potential to reduce production costs by 5-27 % 

depending on the portfolio of inputs and outputs included in the model. 

Combining DEA and regression analyses Chapter 1 gives useful insight into 

what a policy-maker should be aware of dependent on the goal of the 

regulation: whether short-term economic efficiency is the goal or whether 

solving long-term environmental problems is the target.  

The main objective of Chapter 2 is to determine the reasons for the 

differences in CO2 emissions between Denmark, Sweden and Germany. I 

apply input-output based structural decomposition analysis and decompose 

the effects on CO2 emissions of energy mix, energy intensity, input mix and 

final demand. That analysis is useful for determining in which areas the 

countries differ with respect to energy intensity and industrial structure, but 

also whether changes in the energy composition could benefit the CO2 

emissions of the country. I find that Sweden and Germany could improve 

their energy efficiency compared to Denmark whereas Denmark and 
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Germany could reduce their CO2 emissions by changing the composition of 

energy.  

Chapter 3 challenges existing literature on the field of climate policy and 

induced technological change (ITC). Other studies tend to find that the 

presence of ITC implies a lower carbon emission tax rate and less 

abatement in the near future than without induced technological change. 

Since scientific advances will make carbon abatement less costly in the 

more distance future, society will benefit from waiting to set a tough 

climate policy. Contrary to this we find that governments should set a high 

carbon tax today in order to speed up innovation of new carbon abatement 

technology. We adapt Romer's endogenous growth model to the issue of 

carbon abatement and energy production. The more research, the more 

carbon abatement is carried out, and the lower the cost of a given policy. 

However, since the number of ideas is external both to the abatement 

equipment firms and the energy sector, climate policy should be tough in 

order to internalize this positive externality. 

Finally, Chapter 4 takes us one step further by introducing the surrounding 

world. By extending the partial equilibrium model developed in Chapter 3 I 

shed light on the optimal timing of the climate policy of a small open 

country dependent on the technological level and the technological 

development of the surrounding world. I find that the technological 

development in the surrounding world is less important to the optimal 

carbon tax in the small open country compared to the initial technological 

level in the surrounding world. If the initial technological level in the 

surrounding world is high the small open country should set the carbon tax 

high when the emission restrictions come into force. However, if the initial 

technological level in the surrounding world is low the small open country 

should set the carbon tax high from the very beginning in order to assure a 

sufficiently high technological level itself when emission restrictions come 

into force. 
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Sammendrag 

Denne afhandling omhandler emner angående klimapolitik, 

energieffektivitet og teknologisk udvikling. Afhandlingen indeholder fire 

kapitler, hvoraf to er uafhængige og de andre to er relaterede til hinanden. 

De to uafhængige kapitler og de to relaterede kapitler hænger ikke direkte 

sammen som sådan, men det overordnede emne, energi og teknologi, går 

igen i alle fire kapitler. 

Udgangspunktet for kapitel 1 er dansk fjernvarme og den naturlige 

monopolsituation, der lokalt kendetegner dette marked. I og med at 

markedet er struktureret som uafhængige systemer og reguleringen 

traditionelt har været karakteriseret ved omkostningsreguleret står regulator 

overfor udfordringen at tilrettelægge et reguleringssystem, der skaber 

incitamenter til øget effektivitet og efficiens i varmeproduktionen. Én måde 

er benchmarkbaseret regulering. Kapitel 1 har to formål: 1. at undersøge 

muligheden for at øge produktiviteten i dansk fjernvarmeproduktion, og 2. 

at undersøge hvorvidt benchmarking kan anvendes dertil. Data envelopment 

analysis (DEA) viste et besparingspotentiale på 5-27% afhængig af hvilken 

portefølje af inputs og outputs der inkluderes i modellen. Ved at kombinere 

DEA og regressionsanalyse giver kapitel 1 nyttig indblik i hvad en 

regulator skal tage hensyn til, når reguleringen af den danske 

fjernvarmesektor tilrettelægges: hvorvidt det er kortsigtet 

virksomhedsøkonomisk efficiens, der er målet, eller om det er langsigtet 

samfundsøkonomisk efficiens, der er målet, hvor også miljøproblematikker 

såsom CO2 udslip inddrages.  

Hovedformålet med kapitel 2 er at fastsætte årsagerne til forskellen i CO2 

udslip mellem Danmark, Sverige og Tyskland. Jeg anvender input-output 

baseret strukturel dekomponeringsanalyse. Jeg dekomponerer effekterne af 

forskelle i energisammensætning, energiintensitet, input-sammensætning og 
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endelige anvendelser på landenes CO2 udslip. Analysen er meget 

anvendelig til at bestemme på hvilke områder landene hver især adskiller 

sig fra hinanden indenfor energistruktur og industriel struktur, men 

ligeledes kan analyseresultaterne sige noget om hvorvidt ændringer i 

energisammensætning kan forbedre landenes CO2 udslip. Analysen viser, at 

Sverige og Tyskland kan forbedre energieffektiviteten sammenlignet med 

Danmark, hvor Danmark og Tyskland kan reducerer deres CO2 udslip ved 

at ændre på sammensætningen af energien sammenlignet med Sverige.  

Kapitel 3 udfordrer den eksisterende litteratur på området for klimapolitik 

og induceret teknologisk udvikling (ITC), der peger i retning af, at 

eksistensen af ITC medfører lavere CO2-skat og mindre reduktion af CO2 

på kort sigt sammenlignet med en situation uden ITC. Dette skyldes, at 

videnskabelige fremskridt vil gøre CO2 reduktion billigere i fremtiden 

hvorfor samfundet kan drage nytte af vente med at sætte skatten på CO2 

højt.  Vi tilpasser Romers model med endogen vækst til CO2 reduktion og 

energiproduktion. Jo flere ideer, der opfindes, jo mere CO2 reduceres der og 

jo billigere bliver omkostningerne ved en given politik. Men siden antallet 

af nye ideer er udefra givet for både de, der producerer reduktionsudstyret 

og energisektoren, bliver skatten nødt til at sættes tilstrækkeligt højt for at 

sikre at denne positive effekt internaliseres i økonomien.  

Endelig tager kapitel 4 os et skridt videre ved at introducere resten af 

verden. Ved at udvide modellen, som blev udviklet i kapitel 3, kaster jeg lys 

på den optimale klimapolitik i en lille åben økonomi afhængig af det 

teknologiske niveau såvel som den teknologiske udvikling i udlandet. Jeg 

finder at den teknologiske udvikling i udlandet er mindre vigtig end 

udlandets initiale teknologiske niveau. Hvis niveauet i udlandet er højt, skal 

politikkerne vente med at sætte ind med klimapolitik til reduktionsmålet 

træder i kraft. Hvorimod, hvis det teknologiske niveau i udlandet initialt set 

er tilstrækkeligt lavt skal det lille land starte med at sætte skatten på CO2 
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højt. Således sikrer politikkerne et tilstrækkeligt højt teknologisk niveau når 

reduktionsmålet træder i kraft.  
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1 Introduction 

This dissertation consists of four papers plus an introductory chapter.  

 

In this introductory chapter I introduce the background of the dissertation: I 

relate the topic of the dissertation, climate policy, energy efficiency and 

technological change, to the Kyoto protocol and motivate how the present 

dissertation provides important insights into the debate on global warming 

and greenhouse gas emission reductions. Moreover, I give non-technical 

definitions of some key concepts in the papers. Lastly, I provide brief 

summaries of the following four papers and I try to delineate what the 

different models can and cannot be used for. 

 

Scientists state that the increasing combustion of fossil fuels in the western 

world causes an increased concentration of greenhouse gases in the 

atmosphere. The increased concentration of greenhouse gases leads to 

decreased discharge of heat from the surface of the earth and results in 

increasing average temperature. This phenomenon is known as Global 

Warming.  

The United Nations Framework Convention on Climate Change aims to 

stabilize greenhouse gas concentrations at levels that avoid ''dangerous 

anthropogenic interference with the climate system'' (UNFCCC). 

Atmospheric CO2 stabilisation targets as low as 450 ppm could be needed 

to avoid serious consequences of global warming (Caldeira et al. 2002). 

With reasonable projections of world economic growth, such stabilization 

targets require more than twice as much emission-free power by mid-

century than what we now derive from fossil fuels (Caldeira et al. 2002). 

The first steps towards solving the problem were taken in 1992 with the Rio 

Convention and later in 1997 when 185 countries signed the Kyoto 
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protocol. The Kyoto protocol was ratified in 2004 with the signature of 

Russia, and came into force 16th February 2005 (UNFCCC). The Kyoto 

Protocol commits the participating countries to reduce their joint emissions 

by 5% relative to the 1990 emissions in the years 2008-2012. Those five 

years are known as the first commitment period. The protocol was not 

binding until at least 55 countries accounting for at least 55% of the 1990 

CO2 emission level of the developed countries had ratified the protocol 

(UNFCCC).  

The total reduction target of 5% of the 1990 emissions covers a wide range 

of reduction targets. From Luxemburg who is obliged to reduce their 

emissions of greenhouse gases by 28%, Greece 25% and Germany and 

Denmark 21% to Sweden, Australia and Iceland who are allowed to 

increase their emissions by 4%, 8% and 10%, respectively. The target level 

for Eastern Europe and the Former Soviet Union is exactly the 1990 level. 

But since 1990 the CO2 emissions in the Former Soviet Union have 

declined and therefore the Former Soviet Union is allowed to increase the 

CO2 emissions relative to their present emissions.  

The Kyoto protocol has brought up various questions. You could ask what 

causes the differences in greenhouse gas (GHG) emissions from different 

sources. These sources could be different firms in the same industry, 

different industries in the same country or the same industries in different 

regions. Dependent on the differences in sources of emissions and the 

causes of the differences the climate problem should probably be solved in 

different ways.  

Furthermore, you could ask how to obtain desired GHG reductions in the 

future. Can we reduce the greenhouse gas emissions sufficiently by 

reducing energy consumption and increase energy efficiency? Should we 

rather substitute towards less CO2 intensive energy types? Or should we 

aim at hitherto unknown CO2 neutral energy types?  
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Independent on whether the climate problem is to be solved by reducing 

energy consumption, increase energy efficiency or substitute towards 

climate friendly energy types, known or unknown, the question arises when 

to take action? Is it most beneficial to take action now in order to build up a 

strong research sector and promote new energy technologies such that these 

have the time to mature and be effective as the climate problem must be 

solved? Or should we rather wait until the last moment to take actions and 

thereby avoid the costs connected to CO2 emission reductions now, and 

instead believe that the necessary technologies become available when we 

really need them?  

The aim of the present dissertation is to shed light on these topics by means 

of different economic tools, theoretical as well as empirical.  

1.1 CO2 emissions  

In this dissertation, as in most other studies, only CO2 is considered. Even 

though CO2 is far from the only GHG emitted CO2 is the largest contributor 

to the global warming (www.dmu.dk). Besides the fact that CO2 is the main 

contributor to the global warming there is another reason for only including 

CO2 in this kind of analysis. There is a fixed relationship between the fuel 

type and the CO2 emission per energy unit. That is, independent of where 

and how a fuel type is combusted the CO2 emission per joule is always the 

same. The other GHG do not possess this computationally desirable feature.  

The CO2 emission per energy unit varies across energy types. One of the 

main contributors per energy unit is coal. Oil products are “bad guys” as 

well whereas natural gas is perceived as a clean fossil fuel. The CO2 

emission per energy unit defines the CO2 emission coefficient. For example, 

the emission of CO2 per energy unit is much higher for coal (95 kg/GJ) 

compared to natural gas (57 kg/GJ) (www.dmu.dk). Even further down the 

scale we find CO2 neutral energy types, which by definition have an 
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emission coefficient of zero. Examples of CO2 neutral energy types are 

wind energy, solar energy, hydro power, biomass and straw. The two latter 

have in fact positive emission, but they are characterised by the fact that the 

CO2 they absorb when they are produced corresponds to the CO2 emitted 

as they are burned. For example, straw absorbs the exact same amount of 

CO2 while it grows as is emitted when straw is burned in the furnace. 

Similar goes for trees – however, trees absorb the CO2 for several centuries 

and is not considered CO2 neutral in the short run. In principal, any fossil 

fuel is CO2 neutral in the sense that the amount of CO2 absorbed 

corresponds to the amount emitted. However, the CO2 in fossil fuels were 

absorbed thousands of millions of years ago and cannot be said to be CO2 

neutral today.  

1.2 Energy and CO2 intensity 

The countries do not only face different challenges due to the emission 

reduction targets they have accepted individually. There are also obvious 

differences in energy and emission structures across the countries. The 

energy structures of different countries cover differences in CO2 intensity as 

well as energy intensity.  

The term energy intensity is defined as the amount of energy per value unit, 

e.g. GJ/€.  

In Denmark, coal makes up 21% of the total primary energy supply 

compared to 5% in Sweden (International Energy Agency 2004). These 

differences result in an average energy intensity in Denmark of 5.5 peta 

joule per billion EUR produced whereas the average energy intensity in 

Sweden is 9.3 peta joule per billion EUR produced (IEA 2004). Similar 

CO2 intensity is defined as the amount of CO2 per value unit, e.g. tons 

CO2/€.  
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The differences in the energy composition give rise to a CO2 emission of 61 

tons per tera joule used in the production in Denmark compared to 22 tons 

in Sweden. These differences in the energy structures of the countries could 

be referred to as differences in technologies. Each country produces its 

output by means of a different composition of energy types. However, the 

term technology also covers many other aspects such as the energy intensity 

and any other input. By means of knowledge about the input composition 

(including energy) it is possible to measure the performance of units against 

each other. This is referred to as benchmarking, which is defined as 

systematic comparison and evaluation of units (Coelli et al. 2005).  

1.3 Technology  

The term technology refers to the feasible production set, i.e. feasible 

combinations of inputs and outputs. The term technological change is 

applied in order to explain advanced technologies that might arise from 

technological development. These technologies can be wind energy, solar 

cells, hydrogen technology, and other even more advanced hitherto 

unknown technologies. Therefore, technological development refers to the 

invention and development of new and existing technologies that, for 

example, can contribute to reducing CO2 emissions1.  

1.4 Technological diffusion 

In addition to technological development come terms like technology 

diffusion or technological spillover effects. These terms cover the processes 

that transfer technologies among countries, regions, industries and 

households. As a technology gets older and matures the technology 

becomes available for a larger and larger group. There are many sources of 

                                              
1 In terms of productivity analysis the term refers to an expansion of the feasible production sets, 

i.e. the feasible combinations of inputs and outputs. 
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technological spillover effects within research and development and 

learning by doing. Bernstein and Mohnen (1998) mention trade in goods 

and services, foreign direct investments, international migration of 

researchers and other high skilled labour, and international communication, 

e.g. conferences.  

It could be stated that the higher the technological level is in a country, the 

easier it is for the country to adopt to new technologies. By technological 

level I refer to technologies already available and in use in the country – 

the technologies can either be invented in the country itself or adopted from 

another country. In the dissertation this phenomena is also referred to as the 

knowledge stock of a country.  

1.5 Induced technological change (ITC) 

Radical policy intervention is obviously necessary if suggested stabilisation 

targets of 450 ppm or lower are to be obtained in the future. Many different 

policy tools are suggested e.g. taxes, subsidies, emission quota trading, 

clean development mechanism (CDM) and joint implementation. Since 

climate policies will reduce the demand for fossil fuels it will affect the 

incentives to conduct research within carbon-free energy technologies. This 

phenomenon is referred to as induced technological change. The 

phenomenon ITC suggests that investments in R&D within energy 

technologies will increase if the policy-makers follow a relatively strict 

climate policy (e.g. Goulder and Mathai 2000, van der Zwaan et al. 2002, 

Gerlagh and Lise 2005). 

  

In the following I introduce the four chapters of the dissertation.   
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1.6 Chapter 1: Efficiency gains in the Danish district heating 

sector. Is there anything to learn from benchmarking? 

Chapter 1 is written jointly with Jesper Munksgaard, akf, and Peter Fristrup, 

KVL, and has been published in Energy Policy, 33 (15): 1986-1997. The 

issue of Chapter 1 is the technological differences between firms in the 

same industry – Danish district heating. The point of departure is the local, 

natural monopoly situation characterising most of the district heating 

companies in Denmark. Facing a market structure of independent heating 

systems and cost-of-service regulation the regulator considers ways to 

create incentives for increasing efficiency in heat production. The aim of 

the regulator can both be economic efficiency as well as solving long-term 

environmental problems such as reducing CO2 emissions (environmental 

efficiency). One way is to implement benchmark regulation. The aim of this 

paper is twofold: (1) To investigate the potential for increasing efficiency in 

Danish district heating production, and (2) to examine whether 

benchmarking has a role to play. Using Data Envelopment Analysis (DEA) 

(Charnes et al. 1978, Farell 1957) it is shown that by assuming variable 

returns to scale there exists a potential to reduce production costs by 5-27% 

depending on the portfolio of inputs and outputs included in the model 

(Agrell and Bogetoft 2005). Our analyses show that the ranking of 

producers is much dependent on the choice of model. Dependent on the 

goal of the regulator different district heating companies appear efficient – 

if economic efficiency is the goal one district heating company seems 

efficient whereas if the goal is solving long-term environmental problems 

(such as reducing CO2 emissions) other district heating companies seem 

efficient. 

The results obtained in this article provide little insight into the Danish 

district heating sector as no clear conclusions can be drawn upon which 

special characteristics in the sector makes one district heater more efficient 
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than the other. However, the article provides interesting insight into what a 

regulator should take into consideration before choosing the instrument of 

regulation dependent on the goal of the regulation. 

The weakness of DEA, however, is that the choice of model cannot be 

founded on solid theoretical ground. Therefore, it is hard to decide on the 

appropriate model to be used, objectively, and it points to the conclusion 

that great care has to be taken when implementing benchmarking as a 

regulatory mean. However, if the target is improving the energy and CO2 

efficiency of the district heating sector the regulator should obviously 

choose the model including these factors to design the regulating scheme. 

In that way the regulator will be able to ensure future improvements with 

respect energy and CO2 efficiency and even perhaps expand the feasible 

production set, i.e. feasible inputs and output, and in that way contribute to 

future technological changes.   

1.7 Chapter 2: Differences in CO2 emissions – A cross-country 

structural decomposition analysis 

Chapter two has been resubmitted for the journal Energy Economics. The 

main objective of Chapter 2 is to determine the reasons for the differences 

in CO2 emissions between Denmark, Sweden and Germany. I apply input-

output based (Leontief and Ford 1972) structural decomposition analysis 

and decompose the effects on CO2 emissions from production of energy 

mix, energy intensity, input mix and final demand. I find that the main 

contributor to the differences in CO2 emissions is the size of the economy, 

i.e. the German emissions are greater than the emissions of Denmark and 

Sweden mainly because Germany is a much bigger country. However, I 

also show that the Danish energy intensity reduces the emissions, that the 

German final demand composition is favourable with respect to reducing 

CO2 emissions, and finally that the Swedish energy mix has a positive 
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effect on their CO2 emissions. Estimating the fictive CO2 emissions based 

on Swedish energy mix, Danish energy efficiency and German final 

demand composition the total CO2 emissions of Denmark, Sweden and 

Germany can be reduced by 60%, which is far more than the Kyoto target. 

Furthermore, I estimate potential emission improvements by assuming 

learning effects of transferable elements, namely energy intensity and 

industrial structure. I find that there is great potential for reducing CO2 

emissions for Sweden and Germany by learning from the Danish energy 

intensity. Estimating the fictive CO2 emissions based on Danish energy 

efficiency and industrial structure the total CO2 emissions of Denmark, 

Sweden and Germany can be reduced by 30%, which is also more than 

demanded in the Kyoto protocol. This suggests that there are significant 

gains to be obtained by learning from better practice. 

Other similar cross country structural decomposition analyses have been 

conducted e.g. on Japan and South Korea (Chung and Rhee 2001). 

However, the present article manages to divide the causes of differences in 

emissions into more components. Other studies provide comparisons to an 

overall average (Schipper et al. 2001, Alcántara and Duarte 2004, Ang and 

Zhang 1999). The present article compares the countries across one another, 

not with an overall average. Therefore, I am able determine the direct 

differences between the countries in the study.  

The weakness of this study connects to the methodology. The 

decomposition method used in Chapter 2 suffers from order dependency. 

The decomposition results depend on the order in which the elements are 

decomposed. Therefore, the choice of order should depend on causality or 

as I do in Chapter 2 the order is chosen with respect to controllability. 

Using this particular type of model implies that there are no prices in the 

model. The production function is given by zero substitution between 

inputs and outputs; i.e. intermediate demand as well as energy 
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consumption, and the final demand composition. Therefore, the model is 

not useful for predicting changes in energy consumption, industrial 

structure or final demand composition due to policy. One of the best 

applications of input-output analysis is the structural, static analysis 

providing a precise picture of a given situation. 

In order to analyse the effects on energy structure and energy consumption 

due to changes in political preferences a more flexible model is needed, e.g. 

a general or partial equilibrium model. The following chapters take a closer 

look at the dynamic effects of climate policy.  

1.8 Chapter 3: Optimal carbon abatement policy with induced 

technological change: Carbon taxes should be high now! 

Chapter 3 is written jointly with Mads Greaker, Statistics Norway, and was 

accepted for the 3rd World Congress of Environmental and Resource 

Economists, Kyoto, July 2006. Chapter 3 takes the point of departure in the 

issue of induced technological change and the question of how the optimal 

timing of the climate policy is affected when one takes ITC into account. 

Environmental pressure groups and researchers are divided on the question 

of whether climate policies in the near future should be set especially 

stringent in order to speed up the process of innovations. Typically, 

environmental pressure groups advocate a tough climate policy in order to 

have alternatives to the current fossil fuel based energy system in place as 

soon as possible. On the other hand, research done in the field of 

economics, seems to arrive at the extreme opposite conclusion. That is, the 

contributions generally find that the presence of induced technological 

change implies a lower carbon emission tax rate and less abatement in the 

near future than without induced technological change. Since scientific 

advances will make carbon abatement less costly in the more distant future, 
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society will benefit from waiting to set a tough climate policy (e.g. Goulder 

and Mathai 2000).  

Our result differs from the rest of this literature. Our main finding is that the 

initial carbon emission tax rate should be higher under ITC than under 

exogenous technological change. The reason is that the total number of 

innovations is external to the R&D sector. More innovations imply more 

carbon abatement opportunities, and hence, the carbon emission tax rate 

should be high initially in order to spur the number of innovations. Our 

point of departure is Romer's endogenous growth model from 1990 (Romer 

1990), which we adapt to the issue of carbon abatement and energy 

production. A research and development sector (R&D sector) invents ideas 

for carbon abatement, and an intermediate goods sector supplies new 

abatement equipment, which is utilized by the energy sector. We then find 

that governments should set a high carbon tax today in order to speed up 

innovation of new carbon abatement technology. The main contribution to 

the literature and the strength of this study is endogenising the market for 

energy R&D inspired by the endogenous growth model of Romer (1990). 

There is no uncertainty in the model, which might seem rather unrealistic 

since especially the return from investments in R&D is very uncertain. 

Introducing uncertainty into the model could be a topic for future research. 

Furthermore, it could be interesting to investigate the effects of introducing 

subsidies in the model to analyse the optimal mixture of carbon taxes and 

subsidies for R&D, abatement equipment production or abatement 

equipment investments.  

1.9 Chapter 4: Climate policy of a small open economy under 

induced technological change and technological diffusion 

In chapter four I develop the partial equilibrium model introduced in 

Chapter 3 and investigate the consequences for the optimal climate policy 
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for a small open country. I introduce the rest of the world represented as an 

exogenous foreign country affecting the technological development of the 

domestic country through technological spillovers to the domestic R&D 

sector from the R&D sectors in the foreign country. Only few other 

researchers have touched upon this subject (e.g. Buonanno et al. 2003, 

Rosendahl 2004, Kemfert 2005), None of those studies address induced 

technological change and technological diffusion with regard to the optimal 

timing of the climate policy for a small open country. 

The question I attempt to answer is how the social planner of a small open 

country should arrange the optimal climate policy under an international 

agreement, e.g. Kyoto, requiring the country to reduce the CO2 emissions 

by a certain percentage at a given time. I set up a partial equilibrium model 

with induced technological change in the market for carbon reducing 

technologies. I introduce the rest of the world represented as an exogenous 

foreign country affecting the technological development of the domestic 

country through technological spillovers to the domestic R&D sector from 

the R&D sectors in the foreign country. The technological development in 

the foreign country is taken as exogenous and cannot be affected by the 

domestic country. I find that the optimal climate policy is quite robust with 

respect to the foreign technological path. Only the initial level of the 

technology in the foreign country is of great importance. Under perfect 

information about the technological development in the foreign country the 

domestic technological development will take the opposite shape compared 

to the one of the foreign country. However, the taxation paths of the 

domestic country mainly differ in level, not so much in shape. Whether the 

domestic country should start setting the CO2 tax high in the first period 

depends on the initial knowledge stock in the foreign country. If the foreign 

country has a high initial knowledge stock, then the social planner should 

wait setting the CO2 tax high until the emission reduction target comes into 
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force. However, if the initial knowledge stock in the foreign country is low 

then the social planner should respond by setting the CO2 tax high in the 

very beginning followed by a lower tax in the remaining periods compared 

to when the knowledge stock in the foreign country is high.   

The main contribution to the literature of Chapter 4 is the analysis of the 

optimal climate policy of a small open country when spillover effects and 

technological diffusion between countries are introduced. However, in the 

present study technological diffusion and spillovers only occur through the 

R&D sector and not through trade in ideas.  

Topics for future research are the introduction of spillovers and diffusion 

through international trade in ideas, abatement equipment and energy. In 

the present article the domestic country is characterised by full information. 

Further, it could be interesting to introduce uncertainty in the model such 

that e.g. the social planner does not have knowledge about the production 

function of the R&D sector or the technological development in the foreign 

country. A final possibility is to introduce subsidies in the model in order to 

analyse the optimal mix of taxes and subsidies.  

1.10 Summary 

The main contribution of this dissertation is to address the issues of climate 

policy, energy efficiency and technological change at several levels. 

Combining DEA and regression analyses Chapter 1 gives useful insight into 

what a policy maker should be aware of, planning how to regulate the 

Danish district heating sector: whether short term economic efficiency is 

the goal or long term environmental problems are relevant. We find that 

DEA points at different best practice dependent on the goal of the 

regulation. Further, we find that adding regression analyses to the results 

obtained using DEA did not point at specific characteristics determining the 

ranking of the district heating firms.  
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Using cross country structural decomposition analysis Chapter 2 sheds light 

on the differences in CO2 emissions between countries and tends to answer 

the question of what causes these differences. That analysis is useful for 

determining in which areas a country might be able to make efficiency 

improvements with respect to energy intensity and industrial structure, but 

also if changes in the energy composition could benefit the CO2 emissions 

of the country. I find that Sweden and Germany could improve their energy 

efficiency compared to Denmark whereas Denmark and Germany could 

reduce their CO2 emissions by changing the composition of energy.  

Chapter 3 challenges existing literature on the field of climate policy and 

induced technological change. The results presented in this dissertation 

contradict the results obtained in other articles thanks to how we model the 

R&D sector. The model is inspired by the endogenous growth model by 

Romer (1990). It makes us capable of analysing the connection between the 

R&D sector, its responses to need for inventions created by the demand for 

CO2 abating technologies, and the climate policy creating these demands. 

Unlike other studies in the field we find that carbon taxes should be set high 

right away in order to speed up innovation of new carbon abatement 

technologies. Finally, Chapter 4 takes us one step further by introducing the 

surrounding world. I shed light on the optimal timing of the climate policy 

of a small open country dependent on the technological level and the 

technological development of the surrounding world. Chapter 4 adds to the 

existing literature tending to include technological diffusion in the literature 

on the field of climate policy and induced technological change. I find that 

the path of the technological development in the surrounding world is of 

less importance to the optimal carbon tax in the small open country 

compared to the initial technological level in the surrounding world. If the 

initial technological level in the surrounding world is high the small open 

country should set the carbon tax high when the emission restrictions come 
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into force. However, if the initial technological level in the surrounding 

world is low the small open country should set the carbon tax high from the 

very beginning in order to assure a sufficiently high technological level 

itself when emission restrictions come into force.  

 

Finally, let me close by pointing to a few subjects for future research that 

are closely related to this dissertation.  

The cross country structural decomposition analysis in Chapter 2 could be 

followed up by making similar analyses on the level of goods and sectors. 

However, the data requirement for such a study is beyond the scope of this 

dissertation. Chapter 3 and 4 leave room for interesting future research. In 

both articles the only policy instrument is a carbon tax. Other instruments 

such as environmental subsidies might of course also be used to spur the 

number of innovations in carbon abatement technology. Uncertainty could 

be introduced in the model, e.g. the social planner does not have knowledge 

about the production function of the R&D sector. Finally, the analysis in 

Chapter 4 could be extended by opening up the open economy even more 

such that there would be trade in the other sectors, energy trade, trade in 

equipment, or trade in ideas. 
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Abstract 

Facing a market structure of independent heating systems and cost-of-

service regulation the regulator considers ways to create incentives for 

increasing efficiency in heat production. One way is to implement 

benchmark regulation. The aim of this paper is twofold: (1) To investigate 

the potential for increasing productivity in Danish district heating 

production and (2) to examine whether benchmarking has a role to play. 

Using DEA (Data Envelopment Analysis) our analyses show that by 

assuming variable re-turns to scale a potential exists to reduce production 

costs by 5-27% depending on the portfolio of inputs and outputs included in 

the model. Further, our analyses show that the ranking of producers is much 

dependent on the combination of inputs and outputs included in the model. 

Therefore, great care should be taken when deciding on the appropriate 

model to be used when implementing benchmarking as a regulatory mean. 
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1 Introduction 

Energy markets are in a process towards liberalisation. From a status as 

local monopolies protected by the government, energy suppliers of 

electricity, natural gas and district heating are now forced into a market 

paradigm, where competition is considered to be the way to increase 

efficiency. 

Whereas liberalisation has made some progress in the natural gas and 

electricity markets, progress has been more modest in the district heating 

markets. This is primarily due to the monopolised market structure of 

district heating distribution. District heating is supplied in local distribution 

systems in which consumers are connected to a single heating supplier. This 

is very different from the markets for natural gas and electricity, which are 

supported by international transmission grids connecting all producers and 

consumers. The absence of physical linkage between distribution areas 

makes the district heating markets look like a sample of natural monopolies 

each characterised by a group of heating consumers captured by a single 

producer. This scenario of independent natural monopolies makes it 

difficult, or even impossible, to increase efficiency in production through 

increased competition. 

From a regulatory point of view monopoly power in the district heating 

sector gives the opportunity to generate profits at the expense of the 

customers who even might face a regulatory claim of being connected to 

the district heating system. This emphasises the need for an appropriate 

type of regulation.  

The principle of cost-of-service has been widely used for monopoly price 

regulation, and has been the pricing principle for years to regulate district 

heating prices and electricity prices in Denmark. The cost-of-service 

principle implies that customers have to pay the actual costs of production. 

The aim of the principle is to eliminate monopoly abuse, i.e. the charge of 
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monopoly rent. Unfortunately, this pricing principle fails to provide 

incentives to minimise costs. This problem applies to all price schemes 

based on reimbursement of costs, whether cost-of-service or rate-of-return, 

cf. Averch & Johnson (1962) and Besanko & Sappington (1987).  

Fortunately, public choice and public finance literature has proposed means 

to overcome this problem of lacking incentives. One of these approaches is 

Groves-Clarke mechanisms, cf. Groves (1973), Clarke (1971) and Laffont 

(1988). We focus on mechanisms of this family better known as best 

practice regulation, benchmark regulation or yardstick competition. For the 

latter see Schleifer (1985). These mechanisms generate cost reductions by 

correlating the income of the individual heating plant to the costs of other 

heating plants. This provides the desired incentives to reduce costs, since 

the heating plants with low costs will be able to cover all their expenses by 

their income.  

In this paper we investigate the potential for improving efficiency in the 

Danish district heating production. By the use of Data Envelopment 

Analysis (DEA) we analyse whether the Danish district heating producers 

are minimising production costs or if a potential for improving efficiency 

can be detected. For inefficient producers the potential for increasing 

efficiency is estimated. Thereby, an estimate for the reduction of total 

production costs in Danish district heating supply will appear as well as a 

benchmark for the production costs of each individual production plant.  

The possibility of applying these benchmarks as regulatory instrument is 

dependent on the robustness of the results obtained in the DEA analysis. 

Therefore, the efficiency scores of the district heating plants going from one 

model to the other are compared in order to analyse the robustness of the 

model results. Particularly, the ranking of the district heating plants going 

from one model to the other is analysed since inconsistencies of the ranking 

indicate some randomness in the model results. 
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Furthermore, by means of regression analysis we attempt to identify causes 

for variations in efficiency scores. The parameters from the DEA analysis 

are introduced as explanatory variables and efficiency scores are introduced 

as dependent variables.  

Based on these findings we finally discuss the pros and cons of using 

benchmarking as a regulatory mean towards district heating producers.  

The paper is structured as follows: In Section 2 the concepts of 

benchmarking, productivity analysis and DEA are introduced. In Section 3 

we give a brief overview of some studies of relevance from the energy area 

based on benchmarking and productivity analysis. Results from using 

different types of DEA modelling on the potential gains from eliminating 

inefficiency in the Danish district heating market are discussed in Section 4. 

Section 5 addresses the problem of lack of robustness in results from using 

different DEA models based on the same data sample. In Section 6 we try 

to identify the characteristics of inefficient producers and remedies for 

efficiency improvements. The regulatory aspects of benchmarking in 

district-heating production are discussed in Section 7. Finally, Section 8 

concludes the paper. 

2 Best practice, benchmarks and yardstick 

competition 

Lack of competition in any market calls for a regulatory body to regulate 

the firms in order to ensure efficiency and fair and low consumer prices. In 

order to implement a well functioning regulation system it might be useful 

to compare different natural monopolies providing more or less the same 

services. Systematic benchmarking through efficiency measurement is one 

method to ensure fair and low prices for the consumers. The aim of 

benchmarking as a regulatory tool is to improve efficiency by rewarding 

good performance where actual performance is measured relative to some 
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pre-defined benchmark. What characterises benchmarking is that best 

practice among a sample of organisations is used as a yardstick for 

efficiency. In that way benchmarking is regulation based on incentives as 

contrary to regulation based on pure cost-of-service pricing or rate-of-return 

regulation. 

A benchmarking analysis normally includes the selection of methods 

aiming at answering the following three questions (cf. Danish Ministry of 

Finance, 2000): How is best practice or other norms properly determined in 

a specific analysis? What characterises best practice? How much and in 

which way does each organisation deviate from the norm? 

Benchmarks for performance evaluation need not reflect best practice, but 

could be chosen arbitrarily as performance goals in a regulation process. 

Such benchmarks for performance could e.g. be last year’s own 

performance with an x% improvement or 80% of best practice. The use of 

benchmarks for performance evaluation has two consequences (Agrell & 

Bogetoft, 2001): First, the regulated firms are exposed to a quasi-

competition where the performance of the individual district heating 

producer is measured more severe than the actual economic realisation of 

the district heating producer. This information motivates the firms to learn 

from successful technologies, routines and organisational forms. Second, 

the regulator and the captured consumers are given norms, against which 

they may compare the performance of an individual firm. 

As the rewards are based on performance measurements, two key issues are 

the choice of benchmarks and the techniques used to measure the 

performance. Different methods and models have been developed for 

benchmarking (Jamasb & Pollitt, 2003 and Dutch Electricity Regulation 

Service (DTe), 1999), e.g. simple key figures, econometrics (Corrected 

Ordinary Least Squares and Stochastic Frontier Analysis), and DEA 

models. The method implies that each producer is compared to best practice 
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in the field assuming that each producer should produce as much output as 

possible using as little input as possible. Other alternatives exist (cf. DTe, 

1999) such as total factor productivity analysis and regression analysis.  

Section 2.1 elaborates on the problem of using DEA to determine a proper 

benchmark. The Danish district heating industry is suited for the flexible 

production space description in the DEA analysis. The reason for using the 

DEA approach is the flexible production frontier possessing the benefits of 

highlighting best practice compared to average practice (Agrell & Bogetoft, 

2001). 

2.1 Productivity analysis by DEA 

DEA is a non-parametric method and uses piecewise linear programming to 

calculate the efficient or best-practice frontier of a sample of producers. 

Economists know this mathematical method as the Data Envelopment 

Analysis, cf. Charnes, Cooper & Rhodes (1978) – a linear programming 

solution to a performance comparison problem formulated in Farrell (1957). 

The method implies that each producer is compared to best practice in the 

field assuming that each producer should produce as much output as 

possible using as little input as possible.  

The purpose of DEA is to measure the relative efficiency of each producer. 

The production frontier enveloped by efficient producers represents the 

reference technology. The input efficiency of the individual firms relative to 

this reference technology is calculated in terms of scores on a scale from 

zero to unity, with frontier firms receiving a score of unity. Hence the 

scores reflect how much performance should be changed in a firm to 

become part of the efficient frontier.  

Efficiency measures can also be output based, leading to a score greater 

than or equal to unity. In this case the score indicates how much output 

should be expanded to move the individual firm to the production frontier. 
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Whether the analysis is input or output oriented depends on which of the 

variables the producer can control. Considering district heating production 

it seems appropriate to apply an input oriented specification. The demand 

for heating can be treated exogenously since heat demand in Denmark is 

quite price inelastic and heavily weather dependent.  

One characteristic of the DEA approach is the empirically foundation of the 

method. Thus, DEA is a useful method when well-defined objectives and 

especially a well-defined theoretical description of the performance of the 

producers are missing. DEA is not requiring a theoretical defined model in 

advance. The efficiency scores are calculated relative to an empirically 

based reference technology. Furthermore, DEA is based on quantitative 

measures for inputs and outputs not necessarily calculated in the same units. 

DEA is designed so that each producer gets the highest efficiency score 

possible. Therefore, the efficiency measures in DEA are conservative or 

moderate.   

The advantage of the DEA method is the ability to handle several inputs 

and outputs simultaneously. This quality is contrasting to the econometric 

approach, where either input or output must be aggregated to a single 

variable. Another advantage of the DEA method is that it only requires a 

limited amount of data, since no coefficient needs to be estimated. This lack 

of estimation is one of the severe disadvantages of the method, since data 

errors might have significant influence on the results. The number of 

variables included in DEA has a strong influence on the results. The more 

variables included, the more efficient the firms tend to be. That is a simple 

mathematical result. Another mathematical result is that the individual 

efficiency tends to increase as the sample is reduced. These two features 

generate the problem that an analysis with many variables and few firms is 

likely to range most of the firms fully efficient. The rule of thumb is that the 

number of observations has to exceed three times the number of variables 
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(inputs + outputs) and exceed as well the number of inputs times the 

number of outputs. Also, the method is sensitive to producers performing 

well in one specific variable. Furthermore, there are no intrinsic methods 

for testing the relevance of variables. Hence, it is essential to ensure the 

relevance and completeness of the variables. Consequently, non-

redundancy is demanded to ensure that the variables included are strictly 

necessary and that there is no correlation between the variables. Finally, a 

high quality of data is important. This points to a need to validate the 

quality of the data, i.e. preliminary results should be examined thoroughly 

in order to identify extreme variations and errors (Agrell & Bogetoft, 2000). 

The DEA measures can be chosen to compensate for scale effects. 

Assumptions about scale effects affect the determination of the efficient 

frontier. The assumption of Constant Returns to Scale (CRS) generates the 

most restrictive frontier, since a single highly productive company will be a 

benchmark for all other companies. Non-Increasing Returns to Scale 

(NIRS) is less restrictive for firms operating at a high scale, so the average 

input scores under NIRS will be higher than under CRS. Variable Returns 

to Scale (VRS) is the less restrictive because it contains no assumptions 

about scale effects, hence companies will only be compared to companies 

operating at a similar scale. Under the assumption of VRS the average 

efficiency is even higher than under the assumption of NIRS.  

The assumption of VRS seems to be in accordance with the producer 

options in the case of district heating, where output is given by customer 

demand. It should be noted that comparisons of the efficiency scores under 

all three assumptions might lead to information on the actual scale 

efficiency of the individual companies. If the efficiency scores of CRS and 

NIRS coincide below unity, but the efficiency scores of VRS assign a unity 

score, then the company produces below the level of what is most efficient 

scale in the sample. Conversely, if the efficiency scores of NIRS and VRS 
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coincide at unity, and the efficiency scores of CRS assign lower score, then 

the company operates at a level above most efficient scale. 

2.2 Yardstick competition by DEA 

The term yardstick competition (cf. Shleifer, 1985) refers to the case where 

the benchmark for cost reimbursement to each participant is the 

performance by the competitors. The idea behind yardstick competition is 

to encourage suppliers to reduce their production cost, by exposing them to 

refund schemes independent of their own cost. Instead the refund will be 

linked to a yardstick, i.e. to a company that is expected to be cost 

minimising. In order to use DEA for yardstick competition we must define 

a best practice cost norm. The ideal yardstick would of course be the true 

minimal cost. Unfortunately, the true minimal cost will be private 

knowledge to the firms. Being in possession of accounting data the 

regulator can set the norm equivalent to the DEA efficient frontier (cf. 

Bogetoft, 1997).  

In order to induce cost minimising behaviour, the regulator proposes refund 

schemes that will reward firms with a score above unity and penalise firms 

with a score below unity. How much the individual firm should be 

penalised or rewarded depends on the individual firm's valuation of 

expenditures. Following Averch & Johnson (1962) a regulated monopoly 

will gain from excess expenditures, but the consumption value of the 

expenditures is expected to be less than the actual expenditures. This means 

that the regulator can opt to appropriate some of these excess expenditures 

by offering a monetary compensation. Full compensation will lead to a 

Nash-equilibrium where cost minimising is best response of the individual 

firm. This result on yardstick competition through DEA is very strong, 

since it covers a large class of methods to determine the efficient frontier 

envelope. All three scale efficiency assumptions above will fit. The hard 
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task for the regulator is to determine just how small the rewards can be if 

the scheme should be able to induce cost efficiency. Also, DEA could show 

that the sector was already cost minimising, which would reduce the 

regulator's task to mere monitoring. 

 

3 DEA used in the energy sector 

Several benchmark studies have been conducted in areas like e.g. hospitals, 

schools, post offices, transportation services and public utilities. Electricity 

regulators in many countries have now adopted benchmarking. Regulators 

in e.g. Great Britain, Norway, the Netherlands, Italy, Spain and the US use 

some kind of benchmarking in regulating electricity transmission and 

distribution utilities (Jamasb & Pollitt, 2003). There are also several studies 

of DEA used in the electricity sector. These examples are from different 

countries and cover electricity generation as well as distribution. To our 

knowledge, however, no studies so far have been made for district heating 

production. 

Diewert & Nakamura (1999) analyse best practice efficiency in electricity 

generation in 28 countries, both developing and developed. They provide 

efficiency measures from single factor indicators, unit costs, unit variable 

cost, and the multiple-factor best practice efficiency measure. The study 

concludes that there are large potential productivity gains from using 

benchmarking. 

The performance of the Malaysian electricity production sector is compared 

to those of other countries, e.g. the UK, in a study made by Yunos & 

Hawdon (1997). Based on data from 1975 to 1990 they find that electricity 

generation in Malaysia is less efficient as compared to electricity generation 

in Thailand and the UK. Results show a potential for reducing production 
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costs by more than 40%. The poor performance stems from high excess 

capacity, low thermal efficiency and failure to complete power projects.  

Førsund & Kittelsen (1998) examine the productivity development of the 

Norwegian electricity distribution utilities from 1983 and 1989. Based on 

data for 150 companies the development in productivity is measured using 

the Malmquist index decomposed into change in efficiency and shift in 

frontier technology. The analysis shows a positive productivity 

development just below 2% per year. 

A similar study has been made for the Danish electricity distribution 

companies by Hougaard (1994). The analysis includes four models, each 

with a different subset of the input and output parameters. The study 

concludes that there is considerable inefficiency among the companies. In 

the worst case only nine companies out of 82 come out as efficient, and the 

average score is 56%. The model with least inefficiency shows 48 efficient 

and an average score of 83%. 

A Swedish study on efficiency in electricity distribution has been published 

by Hjalmarsson & Veiderpass (1992). Multiple-input, multiple-output 

models are applied and the input saving measure is regarded as the most 

relevant using both the assumption of VRS as well as CRS. The study 

indicates a savings potential of 37% for the industry as a whole. 

Inefficiency is primarily due to technical inefficiency rather than scale 

efficiency. 

Agrell, Bogetoft & Tind (2000) deal with the conditions concerning 

regulation of the Scandinavian electricity industry. The paper suggests a 

regulatory framework for the multiple-input, multiple-output, multiple-

period case based on efficiency benchmarking and incentive theory. The 

approach is illustrated with a numerical comparison with the Norwegian 

DEA based regulation (cf. Førsund & Kittelsen, 1998). 
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In the Netherlands the Dutch Electricity Regulation Service (DTe) desires 

to move to a system of yardstick competition in the network and supply 

business of the electricity sector. A DEA approach including international 

transmission companies has been used for the Dutch network companies 

(DTe, 2000). Out of 20 companies the analysis showed evidence of 

inefficiency in only two companies. Neither changing from CRS to VRS 

nor including particular environmental control variables changed the 

picture. 

An international benchmarking study of 63 electricity distribution utilities 

in six European countries is presented in Jamasb & Pollitt (2003). The 

study aims to illustrate the methodological and data issues in the use of 

international benchmarking.   

A nationwide study has been made by Hawden (2003) for the natural gas 

industry. The study concludes that the market reforms introduced in Great 

Britain have led to a higher level of efficiency in the British natural gas 

industry. More surprising is that the analyses carried out do not give 

support to the hypotheses of economies of scale in the natural gas industry.   

4 DEA analysis on Danish district heating   

Using the data and efficiency scores from Agrell & Bogetoft (2001) a DEA 

study has been carried through with the aim to investigate whether there is a 

potential for efficiency gains in the Danish district heating sector. The study 

is based on accounting reports for the year 1999/2000 from 320 individual 

district heating plants.  

The sample includes 253 district heating suppliers adding up to a total heat 

production of 75 PJ that year. The smallest heating plant produced 0.30 TJ 

as compared to 11 PJ for the largest plant. Besides large differences in 

annual heat production the plants are different in areas such as type of fuel 

input (oil, coal, natural gas, biomass and solid waste) and technology used 



 

 39

(co-generation of heat and electricity, production of heat exclusively, or 

pure transmission). The original data set contains 126 variables such as: 

Heat production, electricity production, fuel use, number of heat customers, 

length of pipelines, emissions of CO2, different kinds of production costs, 

and many more. The total annual non-capital cost of all analysed plants 

sums to almost 1 billion Euro. An average heating plant in the sample has 

the following characteristics: Heat production of 296 TJ, power production 

of 10 GWh, 2002 customers, 73 km of pipelines, 484 tons of CO2 

emissions, fuel expenditures of mDKK 21.4 (3 mEuro), and operation and 

maintenance expenditures of MDKK 7.2 (1 mEuro). It should be noted that 

fuel, operation and maintenance expenditures amounts to about 85% of total 

expenditures. Hence cost reduction on these three expenditures should be 

closely reflected in consumer prices. 

Based on the sample of production plants a series of efficiency analyses has 

been made using the DEA method. The analyses assign to each production 

plant an efficiency measure indicating how much actual cost would have 

been reduced if production were (hypothetically) taken over by the efficient 

producer. The models and the results from the study are summarised in 

Table 1.  

The average weighted efficiency is calculated as the sum of best practice 

costs relative to total actual cost in the sector. The first score in the last 

column relates to the assumption of constant returns to scale (CRS). The 

second score relates to variable returns to scale (VRS). 

The five models have different overall aims. One model is highly 

aggregated and focuses on the societal effects of producing district heat. 

Two models focus on the economic impact of inefficiencies due to lack of 

fuel substitution, and further two models focus on the efficiency of the plant 

management within each technology, by dividing the plants into groups 
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depending on their technology. The names used below for each model 

originate from Agrell & Bogetoft (2001). 

The most aggregated model, “Aggregated Profit and Environmental 

Efficiency” (APEE), focuses on the main activity: heat production, and on 

the emissions of carbon dioxide. Hence it benchmarks all heat producers 

against a best practice norm derived from net variable cost of heat 

production and carbon dioxide emissions only. This model totally ignores 

technological lock-in such as commitment to specific fuels and the joint 

production of heat and electricity. Furthermore, if the technology is 

assumed to exhibit constant returns to scale, which makes any scaling of a 

best practice plant likely productive, a very high potential exists for 

efficiency improvement – 60% of variable cost. If we omit the possibility of 

"right-sizing" of best practice plants, the VRS assumption detects only half 

the savings potential. Still, the APEE model relies on some very crude 

assumptions about free substitutions between fuels, and no direct 

accounting of the potential benefits of co-generation.  

The “Aggregated Cost and Environmental Efficiency” model (ACEE) 

reflects that the plants produce both heat and electricity, but not that the 

plants are limited in fuel substitution. The output is divided into heat and 

electricity, which implies that co-generation plants are compared to neither 

pure heating plants nor heat transmission companies. Furthermore, cost is 

divided into operating cost and energy cost. The energy cost covers fuels as 

well as purchased heat, which means that distributors of heat are compared 

to producers generating heat from fuels. These two relaxations reduce the 

potential to 36% of incurred cost under the CRS assumptions and 21% 

under the VRS assumptions.  

The “Aggregated Cost Efficiency” model (ACE) is similar to the ACEE 

model except there is no accounting for the carbon dioxide emission. This 

should make natural gas come out less favourable in the analysis. 
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Disregarding the emissions the potential increase in efficiency rises to 42% 

under CRS and to 26% under VRS. 

The first three models disregard the fact, that the plant might not have the 

opportunity to substitute between fuel inputs. These models have a long-

term focus in the sense that technology lock-in, investments, local 

knowledge, and fuel supply infrastructure reduce the short term flexibility. 

To emphasise short term operations, day to day operational management, 

the individual plants must be compared to other that are highly similar.  
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Model Scope Input Output Average 
weighted 
efficiency
CRS, 
VRS 

APEE 

Heat only 
Long term cost 
Penalising 
emissions 

Net variable cost 
of heat 
production 
Carbon dioxide 
emissions 

Heat (TJ) 
Customers 
served 

40%, 
73% 

ACEE 

Introducing the 
joint production 
of heat and 
electricity 
Penalising 
emissions 

Operating 
expenditures 
Energy 
consumption 
Carbon dioxide 
emissions 

Heat (TJ) 
Electricity 
(GWh) 
Customers 
served 

64%, 
79% 

ACE 

Competitive 
model 
Joint production  
of heat and  
electricity 
Ignoring 
emissions 

Operating 
expenditures 
Energy 
consumption 

Heat (TJ) 
Electricity 
(GWh) 
Customers 
served 

58%, 
74% 

OCE 

Operational 
model 
Cost efficiency 
No fuel 
substitution 
 

Operating 
expenditures 
Electricity 
consumption 
Cost of four 
groups of fuels 
(mDKK) 

Heat (TJ) 
Electricity 
(GWh) 
Customers 
served 

 n.a., 
91% 
 

OTE 

Operational 
model 
Technical 
efficiency 
No fuel 
substitution 

Operating 
expenditures 
Electricity 
consumption 
Consumption of 
four groups of 
fuels (TJ) 

Heat (TJ) 
Electricity 
(GWh) 
Customers 
served 

  n.a., 
95% 

Table 1 DEA models, input, output and detected average efficiency, year 

1999/2000 
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The “Operational Cost Efficiency” model (OCE) divides the energy cost 

into five groups: (1) Electricity used at the heat plant and in the distribution 

system, (2) natural gas, (3) oil and coal, (4) biofuels, and (5) heat purchased 

from external sources. In this model there is no assumption of fuel 

substitutions between group (2) to (5). The plants are compared to their 

proper peers and consequently the potential is reduced to a mere 9% under 

VRS. The efficiency scores reflect the plant managers ability to be cost 

efficient using the given plant technology. 

The “Operational Technical Efficiency” model (OTE) accounts energy use 

in physical units and is a pure operations model intended to take into 

account the observation that fuel prices vary through the year, which makes 

it hard to react on fuel prices. Consequently, the derived potential is further 

reduced to 5% under VRS. 

The large variations in model results stress the need for handling the 

concept of benchmarking carefully. If benchmarking has to be used in a 

short-term perspective it is beyond the scope of realism to assume the 

possibility of substituting to new production technologies or to other kinds 

of fuels. Hence, the results of the APEE, ACEE, and ACE give a highly 

overstated estimate of the gains in short-term efficiency. These approaches 

imply that investments are carried out in order to get improved efficiency. 

The DEA approach, however, is not suited to handle the trade-off between 

short-term efficiency gains and long-term investments. If benchmarking has 

to be fair to the manager of the specific production plant it has to consider 

that there is not much room left to the plant operator to increase efficiency 

in production given the technological constraints in the short-term 

perspective. It is unfair that a benchmark is based on the performance of a 

natural gas fired cogeneration plant if the plant considered is using biomass 

for the production of district heating only. Therefore, the potential to reduce 

production costs as shown in benchmarking analysis can be overestimated 
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if the short-term lack of operational flexibility is not considered. Our results 

indicate that efficiency gains of 5-10% are more realistic which are far from 

gains in the range of 50% which at first glance seems possible.  

In the next section we will have a closer look at whether the efficiency 

analysis provides reliable indications of the potential efficiency gains. 

5 Testing robustness of model results 

Results from DEA showed large differences in total inefficiencies for the 

Danish district heating sector depending on the scale assumptions and on 

the choice of model. As the choice of the proper model to be used for 

benchmarking is hard to make on theoretical ground this calls for analysing 

the robustness of model results. The aim of this section is to analyse 

whether the ranking of district heating plants according to efficiency scores 

is dependent on the specific model chosen, i.e. whether the different models 

assign efficiency scores in a consistent way or if the choice of model 

induces an element of randomness.  

First step in our analysis is to illustrate by two figures the influence on the 

efficiency scores from using alternative DEA models. By plotting the 

efficiency scores of one model against the efficiency scores of another 

model the differences in efficiencies on detailed plant level are shown. If 

estimated efficiencies in two different models are identical (complete 

robustness) then combinations of efficiencies will make a diagonal line 

from point (0.0) to (1.1).  

Three models have been selected for comparison: ACEE, OTE and OCE. 

First, the long-term model ACEE is compared to the short-term model 

OTE. Second, OTE is compared to another short-term model, OCE. The 

difference between the two short-term models is that OTE includes energy 

inputs in physical units (TJ) whereas OCE includes inputs of energy in 

economic terms (MDKK). The two figures will indicate whether robustness 
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of the model results is influenced by the time perspective in the model 

approach.  

In Figure 1 the efficiency scores of the aggregated ACEE model (CRS) are 

compared to the efficiency scores of the OTE model (VRS)1. Obviously, 

combinations of efficiency scores are not making the diagonal line. That 

was expected too, since the aggregated efficiency scores were quite 

different, cf. Table 1. As shown in Figure 1 most district heating plants 

perform better in the OTE model approach. However, some plants are 

performing worse. In some extreme cases estimated efficiencies have been 

reduced from 100 to 40% by using model OTE as compared to ACEE. 

Contrary to this there are also plants being inefficient under the ACEE 

model turning into 100% efficiency in the OTE model.  
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Figure 1 Difference in efficiency scores between ACEE and OTE 

 

As is demonstrated in Figure 1 lack of robustness in efficiency scores is 

obvious when comparing the long-term ACEE and the short-term OTE 

                                              
1 The assumption of Constant Returns to Scale is chosen for the ACEE model because it further 

captures the long-term aspects (free scaling possibilities), whereas the assumption of Variable 

Returns to Scale is chosen for the OTE model in order to highlight the short-term aspects (no 

scaling possibilities). 
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model, However, does that result also hold when comparing the two short-

term models, OTE and OCE, revealing very similar gains in efficiency on 

the aggregated level (OTE: 5%, OCE: 9%, cf. Table 1)? In OTE energy 

inputs are measured in physical units whereas OCE includes energy inputs 

in economic units. 

As seen in Figure 2 comparing the two short-term models does not change 

the picture very much. Many plants considered inefficient when using the 

OTE model are considered efficient using the OCE model and opposite 

indicating that whether it is an economic model or technical model affects 

the ranking of the plants.  
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Figure 2 Difference in efficiency scores between OCE and OTE 

 

Figures 1 and 2 showed a lack of robustness in efficiency scores when two 

different models are compared. Many district heating plants considered 

efficient when using one model are highly inefficient when using an 

alternative model. 

Second step in our analysis is now to find out how much the ranking of 

district heating plants is affected by the choice of model. This can be 

illustrated by plotting the efficiency scores of one model, sorted with 

respect to increasing efficiency scores, with the efficiency scores of another 
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model using the ranking of district heating plants given by the first model. 

If the ranking of the plants is identical for two models, then the plotted 

efficiency scores will make two non-decreasing curves. Figure 3 clearly 

shows that this is not so when comparing the ACEE and the OTE model. 

The solid curve represents the plants sorted according to their efficiency 

score in the ACEE model, whereas the fluctuating curve depicts the 

corresponding plant scores based on the OTE model. Figure 3 confirms that 

the scores in the OTE model are only vaguely related to the scores in the 

ACEE model.  
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Figure 3 Efficiency scores for the ACEE and OTE models, sorted for the ACEE 

model 

 

Third step in our analysis is by means of the Spearman rank correlation 

coefficient to estimate the extent to which the ranking of the plants in the 

five models are related to each other. The Spearman rank correlation 

coefficient is a measure of the correlation between two variables, cf. Siegel 

& Castallan (1988).2 The Spearman rank correlation coefficients of the 

                                              
2 Given the possibility of the same ranking of different variables (tied ranks) the formula for the 

Spearman rank correlation coefficient is given by  
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efficiency scores for all models are shown in Table 2. Not very surprisingly 

one of the highest correlation coefficient, .88, is found between similar 

models under different assumptions of returns to scale. And the poor 

correlation between the efficiency scores of ACEE and OTE as seen in 

Figure 3 is confirmed by the Spearman rank coefficient which is as low a 

.33, indicating that the plants have been reshuffled. What is surprising is 

that the ranking in the two least aggregated models exhibiting similar 

savings potentials, OTE and OCE, is just as vaguely correlated (.33). This 

means that the ranking of efficiencies is highly dependent on whether a 

technical or an economic approach to benchmarking is used.  

 

 
APEE 
(CRS) 

ACEE 
(CRS) 

ACE 
(CRS) 

ACE 
(VRS) 

OTE 
(VRS) 

OCE 
(VRS) 

APEE 
(CRS) 1 0.51 0.54 0.48 0.34 0.28 
ACEE 
(CRS)  1 0.89 0.83 0.33 0.42 
ACE 
(CRS)   1 0.88 0.33 0.26 
ACE 
(VRS)    1 0.37 0.34 
OTE 
(VRS)     1 0.33 
OCE 
(VRS)      1 
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where N is the number of observations, id is the difference between the rankings such that  

i i id X Y  , where X is the ranking of one variable and Y is the ranking of the other variable. 

xT and yT are a correction factors, where 3

1

( )
g

x i i
i

T t t


  , g is the number of groupings of 

different tied ranks, it is the number of tied ranks in the i’th grouping (equivalent for yT ). 
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Table 2 Spearman rank correlation coefficients 

 

In conclusion, the robustness analyses showed that the efficiency score of 

the individual plants as well as the ranking of the plants are very much 

dependent on the choice of variables in the DEA model applied. This holds 

even when comparing very similar models. Consequently, the efficiency 

gains detected by DEA are highly dependent on the specification of the 

model, i.e. the portfolio of variables taken into account.  

6 Causes of inefficiencies 

The aim of this section is to investigate whether some production 

characteristics can be identified as causes for differences in inefficiencies. 

By using linear regression analysis we will attempt to detect whether the 

choice of fuel, being a co-generating heating plant, or ownership affects the 

efficiency level.  

Such regression analysis risks to prove unsuccessful since all the efficiency 

scores have been calculated with a truncation at unity. To improve the 

effect of the analysis, efficiency score can be calculated as super-efficiency 

scores where the individual plants is unbounded when it is compared to the 

truncated best performers (see Andersen and Petersen (1993)). Since our 

analysis relies on the scores calculated by Agrell and Bogetoft, the super-

efficiency approach has not been an option.  

A series of six regression analyses has been made on three of the models 

above: ACEE, OTE and OCE. The reason for choosing these models is to 

investigate if the causes of inefficiencies differ between the long-run and 

the short-run. The ACEE model represents the long-run given the 

assumptions of free substitution between fuel types. Analysing the ACEE 

model and not the APEE model is due to the fact that the ACEE model 

takes co-production of heat and electricity into consideration. The OTE 
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model represents the short-run given the assumption of technological lock-

in to specific fuels as well as co-generation. The OCE model represents the 

short-run as well. The reason why the regression analyses have been carried 

out on the OCE model, too, is the desire to investigate whether some plants 

are different as considered from an economic as compared to a 

technological point of view. The regression analyses include the following 

key parameters: 

 Fuel types and quantities, as dummy variables with values in TJ 

 Heat delivered 

 Number of customers 

 Electricity generation, as dummy variables and values in MWh 

 Small scale natural gas plants (see below) 

 Ownership. 

 

The results of the regression analyses are summarised in Table 3. As the 

table indicates identical analyses have been carried out including and 

excluding the dummy for the type of ownership. Table 3 shows which 

parameters affect the efficiency scores significantly (95% level) in a 

positive as well as negative direction for the three models. Table 3 shows 

that for the ACEE model the parameters affecting the efficiency score 

positively are not dependent on whether ownership is accounted for or not. 

Similar, for the OCE model the parameters affecting the efficiency score 

negatively are not dependent on whether ownership is accounted for.  
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  Positive Negative 

ACEE 

Ignoring  
ownership 

To produce rather than to 
transmit 
Decentralised power production 
Quantity of decentralised 
electricity production 
CHP production 

Use of natural gas 
 Including  

ownership 

OTE 

Ignoring 
ownership 

Small scale natural gas plant 
Decentralised power plant 

Use of natural gas 
CHP production 

Including 
ownership 

Small scale natural gas 
production 
Use of wood pellets  
Public or private ownership 

Use of natural gas 
Transmission 
company 

OCE 

Ignoring 
ownership 

Small scale natural gas 
production 
CHP production 

Use of straw 
Use of  bio fuels  
  Including 

ownership 
CHP production 

Table 3 Results of regression analysis 

 

A contra-intuitive result from the regression analysis is that in the OTE 

model using natural gas as such has a negative impact on the efficiency 

score, whereas being a small-scale natural gas plant has a positive impact. 

The positive effect from being a small-scale natural gas plant almost offsets 

the negative effect from using natural gas as such placing small-scale 

natural gas plants on line with plants using other fuels. This is surprising, 

since the Danish small-scale natural gas plants find themselves in serious 

financial difficulties, which has led to governmental support schemes.  

Another interesting result from the regression analysis is that the OTE 

model puts CHP in an unfavourable light opposite to the OCE model. So 

although the savings potentials in the OTE and the OCE models are very 

similar, they have opposite results on CHP.  

Furthermore, it appears that even though results for the OTE and OCE 

models do not exist, the OTE and OCE models have captured most of the 
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economies of scale effects since the quantity of electricity and heat 

production does not affect the efficiency score. In the very rude ACEE 

model the quantity of decentralised electricity production has some positive 

impact on the efficiency score. 

To conclude, the linear regression analysis carried out in order to detect the 

origins of inefficiencies does not lead to any clear answers. In the VRS 

version of the ACEE model, in which the average efficiency is as low as 

73%, the intercept values are found around 60% leaving only a small part of 

the inefficiencies to be explained by the variables. As indicated in Table 2 

there are inconsistencies in technology choice, since CHP is promoted 

under OCE, but demoted under OTE, meaning that CHP plant owners 

would prefer fuels to be measured in monetary terms rather than in terms of 

their energy content. 

7 Regulatory aspects 

Before implementing benchmarking and DEA in district heating regulation 

some issues have to be considered. 

First, efficiency scores are very sensitive to the specification of the output 

and input variables as is demonstrated by the results of our analysis. This 

uncertainty related to the robustness of the efficiency scores raises the 

questions of how to choose the right model to use. Contrary to statistical 

methods the DEA-method provides no indication on how well a model 

describes data. This makes it difficult to decide how the model should be 

specified. The only relevant criterion will be whether the model reflects 

central issues in the production environment. Thus model selection 

demands knowledge on these issues. 

Second, a general characteristic of using DEA is that adding more variables 

to the analysis tends to reduce the detected lack of efficiency. However, if 

the model is too aggregated the analysis does not include instructions for 
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the actions that have to be taken. On the one hand, the regulatory body can 

manage a benchmarking approach leaving it to the plant operator to 

implement the efficiency gain shown by the DEA analysis. On the other 

hand, a more detailed approach can be managed which identifies activities 

for efficiency improvements. 

Third, our results show that the assumption of scale has a big influence on 

the results from the analysis. Whether constant or variable returns to scale is 

the appropriate assumption is hard to judge. However, if the scope of the 

imposed regulation is to impose market-like conditions, constant returns to 

scale would be the right approach. However, regarding the fact that heat 

customers are captured, the plants should rather be treated as local 

monopolies of a given size. This calls for the variable returns to scale 

approach.  

Fourth, benchmarking should ideally apply to total costs, i.e. capital costs 

and operational costs as well. Often, however, only operational costs are 

taken into account. That is due to: (1) in a competitive world all fixed costs 

are sunk costs and should not influence production decision, but only the 

decision to terminate production; and (2) many public utilities do not have 

access to a proper record of the value of their production assets.  

Fifth, the quality of data is extremely important. Poor and invalid data will 

lead to distorted efficiency scores and unfair claims of efficiency 

improvements from the regulator. 

Besides these issues the regulator has to decide the annual productivity 

growth to be met by the producers and the speed of convergence to a given 

efficiency target, i.e. the rate at which efficiency gaps can be closed. Also, 

the variables to include in the benchmarking model design should be within 

the operational control of the producer in order to create a system of real 

incentives. 
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8 Conclusion 

The ongoing process of liberalising energy markets highlights the 

possibility to increase efficiency in district heating production. However, 

due to the monopoly market structure of district heating it is hard to 

imagine that real competition will be the scenario of tomorrow. This 

emphasises the need for an appropriate type of regulation. The benefit of 

using cost-of-service pricing is that the effects of monopoly abuse are 

eliminated. The drawback is, however, that the principle fails to provide an 

incentive to minimise production costs. That calls for combining cost-of-

service pricing with benchmark regulation in order to set up incentive 

schemes based on measuring the relative efficiency of producers. 

Efficiency in Danish district heating production has been analysed by 

Agrell and Bogetoft (2001). Their results show a potential for reducing 

production costs by 5-60% depending on the combination of input and 

output variables considered and the scale assumptions applied. Despite the 

wide range in results there is no indication of what is the most reliable 

figure for the potential of improving efficiency in Danish district heating 

production. 

By using regression analysis we tried to detect some production 

characteristics as causes for differences in inefficiencies. However, the 

analysis did not come up with any clear answers – neither in the short run 

nor the long run.  

Based on the same database as is used in Agrell and Bogetoft (2001) we 

have tested for the robustness of efficiency scores and rank order of plants 

according to the choice of model design. Results show that the efficiency 

score as well as the rank order of the individual plants are much dependent 

on the model applied.  

Hence, regulators should be very careful with the choice of regulation 

model and the object for regulation. Our analysis shows that choosing a 
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short-run model the regulation system will either favour technical efficiency 

or cost efficiency – not both. Additionally, choosing a short term model to 

design the regulation system will not lead to the achievement of the 

desirable long-run efficiency gains as for example lower CO2 emissions and 

cogeneration of heat and electricity. Contrary, choosing the long-run model 

to design the regulation system might result in financial difficulties for the 

majority of the plants. 

To conclude, the design of an incentive scheme based on the DEA-method 

has to reflect a well defined objective. Having in mind several objectives to 

be considered will probably end up with results which are difficult to 

interpret. 
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Abstract 

The main objective of the present article is to determine the reasons for the 

differences in CO2 emissions between Denmark, Sweden and Germany. I 

apply input-output based structural decomposition analysis and decompose 

the effects on CO2 emissions of energy mix, energy intensity, input mix and 

final demand. I find that the main contributor to the differences in CO2 

emissions is the size of the economy, i.e. the German emissions are greater 

than the emissions of Denmark and Sweden mainly because Germany is a 

much bigger country. However, I also show that the Danish energy 

intensity reduces the emissions, that the German final demand composition 

is favourable with respect to reducing CO2 emissions, and finally that the 

Swedish energy mix has a positive effect with respect to CO2 emissions. 

Furthermore, I estimate potential emission improvements from learning 

better practices. I estimate the learning gains under several scenarios 

ranging from a very optimistic upper bound scenario where energy mix, 

energy intensity, input mix and final demand can be changed, to a more 

realistic scenario where only energy intensity and input mix can be 

transferred. I find that there is great potential for reducing CO2 emissions 

for Sweden and Germany by learning from the Danish energy intensity. 
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1 Introduction 

In 1997, the Kyoto protocol was signed by 185 countries, and thus the first 

step was taken towards a joint reduction of global CO2 emissions. The 

countries that were party to the agreement were assigned differentiated CO2 

emission reduction targets, confronting them with very divergent challenges 

as to how to obtain their reduction targets. Many different strategies and 

economic instruments have been discussed, but one of the questions that 

remains is if there are significant gains to be made learning from the 

countries with the best-practice technologies.  

 

There are obvious differences in energy and emission structures across the 

various countries concerned. For example, coal makes up 21% of the total 

primary energy supply in Denmark, compared to 5% in Sweden 

(International Energy Agency 2004). The differences in energy composition 

give rise to a CO2 emission of 61 tons per tera joule in production in 

Denmark compared to 22 tons in Sweden. However, the average energy 

intensity of Denmark is 5.5 tera joule per million EUR of industrial 

production, whereas the average energy intensity of Sweden is 9.3 tera joule 

per million EUR of production (IEA 2004). These differences in the energy 

structures of the two countries suggest that there are possibilities for 

reducing energy consumption and CO2 emissions by learning from 

neighbouring countries.  

 

The purpose of this article is twofold. First and foremost, the aim is to use 

input-output analysis and cross-country structural decomposition analysis to 

find out which characteristics determine the differences in the CO2 

emissions of Denmark, Sweden and Germany. I investigate the areas in 
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which Denmark, Sweden and Germany have energy structures or industrial 

structures which are markedly different to those of the other two countries. 

Second, I estimate potential learning effects by considering fictive CO2 

emissions for the three countries on the basis of “transferable elements”, the 

factors which it would be politically and physically possible to alter, 

namely energy intensity and industrial structure. “Transferable elements” 

are defined as those factors which determine a country’s CO2 emissions that 

could be transferred directly from one country to the others, e.g. energy 

intensity or industrial structure.  

 

I find that the Danish energy intensity reduces emissions, that the German 

final demand composition is favourable with respect to reducing CO2 

emissions, and finally that the Swedish energy mix is attractive with respect 

to CO2 emissions. I find also that there is limited learning potential for 

Denmark, but Sweden and Germany could with advantage learn from the 

Danish energy intensity. 

 

First, based on the Leontief extended input-output production functions 

(Leontief and Ford, 1972) of Denmark, Germany and Sweden, I investigate 

whether one country produces goods more CO2-efficiently than the others 

by benchmarking the production technologies of the three countries. The 

origins of these differences are then investigated by applying cross-country 

structural decomposition analysis (SDA) (Jensen-Butler and Madsen 2005; 

Chung and Rhee 2001; Ang and Zhang 1999; Alcántara and Duarte 2004; 

Schipper et al. 2001; Zhang and Ang 2001). The analyses are based on data 

from 1997 for Denmark, Germany and Sweden.  

 

The article is structured as follows. In Section 2 the modelling behind the 

analyses is outlined and relevant literature is presented. Data collection and 
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preparation are presented in Section 3. Section 4 outlines the analytic 

procedure, and the results of the analyses are presented in Section 5. 

Finally, Section 6 contains a discussion and concluding remarks. 

2 Modelling 

The purpose of the following section is to set up a model capable of 

explaining the national CO2 emissions caused by industrial production. I 

introduce a general model, ( )M , in order to create clarity and simplify the 

notation. The general model (1) expresses the total annual CO2 emissions of 

a country, depending on energy use, input mix and final demand: 

2 ( , , )CO M  E A Y                                                                             (1) 

The parameters explaining the CO2 emissions are  

E  is a fuel mix matrix, i.e. the demand for m energy types for all 

the n production sectors, GJ (m×n) 

A  is a coefficient matrix, supply by domestic industry to domestic 

industry per total industrial output, €/€ (n×n) 

Y  is a matrix of the domestically-produced final demand of the n 

sectors, € (n×1) 

  is a residual containing the emissions not explained by the 

model. 

 

The model explaining the CO2 emissions could be an econometric model, a 

computable general equilibrium model or an input-output model, for 

example.1 In contrast to an econometric model where it is not possible to 

replicate actual CO2 emissions using, i.e. 0  , the residual in CGE 

analysis and input-output analysis is zero, i.e. 0  . 

                                              
1 In principle, IO analysis is a special case of CGE analysis setting the substitution elasticities 

equal to zero (Burniaux and Troung 2002). 
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The methodology behind the structural decomposition analysis is the 

extended input-output system introduced by Leontief and Ford (1972). The 

extended input-output system deals with inter-industrial relationships 

connected to environmental data, e.g. emissions data. This is very useful for 

calculating the energy and CO2 emissions incorporated in products because 

the entire production cycle is covered, including the infinite chain of 

derived effects throughout the economy. 

 

Using input-output analysis, the annual industrial CO2 emissions caused by 

production satisfying final demand are given by (2). 

2 ( , , , , , )CO M y c E R A Y                                                                       (2) 

where 

2CO  is the total yearly CO2 emissions caused by production, kg 

(1×1) 

c  is an emission coefficient vector, i.e. CO2 emissions in kg per 

GJ energy used, kg/GJ (1×m), for the m different fuel types 

E  is a coefficient fuel mix matrix, i.e. demand for the m energy 

types per unit of total demand for energy for all the n 

production sectors, GJ/GJ (m×n) 

R  is a diagonal matrix of energy intensities, i.e. total annual 

energy consumption per unit of production in the n sectors, 

GJ/€ (n×n) 

I  is the unity matrix (n×n) 

A  is a coefficient matrix, supply by domestic industry to domestic 

industry per total industrial output, €/€ (n×n)  

1( )I A  is the Leontief inverse 

Y  is a (n×1) coefficient matrix of domestic final demand from the 

n sectors, €/€ 
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y  is a (1×1) scalar, total annual value of final demand, € 

 

I include only the domestic inter-industrial supply and the final demand 

from domestic industries. The imported part of the A-matrix and the 

imported final demand are not the “responsibility” of the producers in the 

importing country. Furthermore, including the imports in the A-matrix 

would be similar to presuming that the imports were produced with 

technology similar to that of the importing country, which is not necessarily 

correct. The way imports are handled in these calculations enables me to 

determine the CO2 emissions actually connected with production in 

Denmark, Sweden and Germany, and it is the production-related CO2 

emissions that are incorporated in the Kyoto protocol, not those related to 

consumption or imports. 

  

Structural decomposition analysis has, been widely applied to analysing the 

origins of changes over time. For example, Munksgaard et al. (2000), Wier 

(1998) and Lee and Lin (2001) have used structural decomposition to 

analyse trends in CO2 emissions. Wier (1998) also included the emissions 

of SO2 and NOx in the analysis. Greening et al. (1998, 1999, 2001) and 

Greening (2004) apply the Adaptive Weighted Divisia rolling base year 

index specification to ten OECD countries over a 20- to 25-year period. 

They analyse the changes in CO2 emissions in four sectors in the ten 

countries: manufacturing (Greening et al. 1998), residential end-uses 

(Greening et al. 2001), personal transport (Greening 2004) and freight 

(Greening et al. 1999), comparing the causes of the changes in the different 

countries. Furthermore, Wier and Hasler (1999) have analysed the changes 

in the nitrogen content in the Danish aquatic environment 1966-1988. Chen 

and Wu (1994) and Kagawa et al. (2002) have analysed changes in 
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electricity use and energy use respectively. For a thorough review see 

Hoekstra and van den Bergh (2002).  

 

Another application of structural decomposition analyses is as a cross-

country decomposition analyses tool which can identify the sources of 

differences between countries. In the field of energy and CO2 emissions 

analysis, cross-country structural decomposition analysis has been carried 

out by Chung and Rhee (2001), decomposing the differences in CO2 

emissions between Japan and South Korea into differences in energy use 

techniques, input techniques, final demand composition, the size of 

economy, and finally a residual. They find that the largest contributor to the 

difference in CO2 emissions between Japan and South Korea is the 

difference in the size of the countries, followed by the energy use 

techniques, composition of final demand, and input techniques. Ang and 

Zhang (1999) decompose the differences in energy-related CO2 emissions 

in three OECD regions and in three world regions. The differences in 

energy-related CO2 emissions are decomposed into emission factors, fuel 

consumption, energy intensity and GDP per capita (income level), 

presented as pair-wise comparisons. Alcántara and Duarte (2004) conduct 

an input-output based structural decomposition analysis and compare the 

energy intensities of the European Union countries with the European 

Union average for fifteen sectors. They decompose the energy intensities 

into the “intensity effect”, which measures the part of the difference due to 

different energy consumption of the sectors, the “structure effect”, which 

measures the difference due to different input mix of the sectors, the 

“demand effect”, which measures the difference due to differences in 

demand structure, and a residual. They find that, in general, the direct 

energy intensity and final demand play important roles. They also find that 

the contribution of each country to the aggregate energy intensity of the EU 
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is not equally distributed across all the sectors of the economy. Schipper et 

al. (2001) compare the CO2 emissions of fourteen International Energy 

Agency members, among these Denmark, Sweden and the former West 

Germany. They decompose the CO2 emissions into sectoral activity, 

structure, energy intensity, final fuel mix, and utility carbon intensity. They 

analyse the CO2 emissions of manufacturing, households, the service sector, 

travel and freight, comparing each country’s emissions to the average of all 

the other countries. In this way, Schipper et al. are able to determine which 

characteristics of a country cause the emissions to differ from the average. 

They find that apart from the per capita activity level, the most important 

determinants of the differences in emissions are the utility carbon intensity 

and the energy intensities. Finally, Zhang and Ang (2001) describe 

methodological considerations regarding cross-country decomposition of 

energy and environment indicators. 

 

The annual CO2 emissions caused by production given in (2) can be 

presented as a general model (Jensen-Butler and Madsen, 2005), M , i.e. as 

a function of the emission coefficients, energy mix, energy intensity, input 

mix, final demand composition and final demand level:  

2 ( , , , , , )CO M y c E R A Y                                                                        (3) 

Then the differences in CO2 emissions between countries i  and j  can be 

expressed as 

2 2 2 ( , , , , , ) ( , , , , , )i j i i i i i i j j j j j jCO CO CO M y M y    c E R A Y c E R A Y  (4) 

The differences in CO2 emissions between countries i  and j  can be 

decomposed so that the elements are changed one at a time in order to 

isolate the contribution of each element in the production technology. The 

order in which the elements are decomposed is given by an assumption of 

controllability. First I detect the effect of the most controllable element then 

I add the effect from the second most controllable element etc. I assume 
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that the most controllable element is the energy intensity, followed by the 

input mix. Since final demand composition, energy mix, emissions 

coefficients are elements which are determined by natural factors (through 

the energy mix) or determined by activity outside the country (as exports, 

included in the final demand composition) these are assumed to be less 

alterable. Finally the final demand level is assumed to be the least alterable 

element. This is represented in (5) 

2

( , , , , , ) ( , , , , , )
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  (5) 

 

(5) is interpreted as follows: 

ΔCO2  = effects of differences in energy intensity  

 + effects of differences in intermediate demand/input mix  

 + effects of differences in composition of final demand 

 + effects of differences in energy mix 

 + effects of differences in emission coefficients  

 + effects of differences in level of final demand. 

Decomposition of the CO2 emissions across countries is then calculated as 

presented in (6). 

2CO y            R A Y E c                                                 (6) 

The value of each of the elements in the structural decomposition analysis 

indicates its contribution to the differences in total CO2 emissions between 

two countries. One element itself can contribute more than the total 

difference as long as other elements contribute in the opposite direction. 
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2.1 Non-uniqueness of decomposition results 

A problem connected to SDA is the non-uniqueness of the decomposition 

results. This methodology suffers from that the results are affected by the 

order in which the components are applied. This is because the difference in 

an element between the countries, e.g.R , influences the calculation of the 

effects of succeeding elements, i.e. A , Y and y  (Jensen-Butler and 

Madsen 2005). Therefore the magnitude as well as the sign of the 

contribution of the elements might vary if the order is changed.2 One way to 

deal with the problem is to perform the decomposition as a set of isolated 

calculations where the remaining elements are held fixed at the value of one 

of the countries and the calculations are made step by step on the value of 

the other country. The disadvantage of this method is that the sum of the 

isolated elements of the decomposition will not necessarily (and will not 

usually) equal the total difference between the two countries (Jensen-Butler 

and Madsen 2005) and will instead result in a residual not explained in the 

SDA analysis (Rørmose and Olsen 2005). According to Rørmose and Olsen 

(2005), this problem is often addressed in an ad-hoc manner so that the 

residual is avoided. As noted above, in the present article I choose to base 

the decomposition analysis on a specific order of elements founded on an 

assumption of controllability (Jensen-Butler and Madsen 2005). I assume 

that the most controllable element is the energy intensity, followed by the 

input mix. Final demand composition, energy mix, emissions coefficients 

and finally the final demand level are assumed to be the least alterable 

elements, in that order. 

                                              
2 I am graetful to the anonymous referee making this important point clear to me. However, it is 

beyond the scope of this article to investigate the effect on the decomposition results from 

diverging orders of elements. See Rørmose and Olsen (2005) for further discussion. 
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3 Data 

In the analyses I have used data from Denmark, Germany and Sweden for the year 

1997. The data used to perform the analyses are national input-output data, A  

(industry×industry), Y  (industry×consumption) and X (industry×output); and the 

energy account E (energy use×industry) andc (emission coefficients×energy 

types). The structure of the data is illustrated in Table 1. 
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Country Data source Account Industries Products Final demand 

categories 

Energy 

types 

Denmark Danmarks 

Statistik 

Input-output 130 130 1 - 

Energy account 130 - - 40 

Sweden Statistiska 

centralbyrån 

Input-output 39 39 1 - 

Energy account 39 - - 29 

Germany Statistisches 

Bundesamt 

Deutschland 

Input-output 59 59 1 - 

Energy account 59 - - 37 

Table 1 Data structure, 1997 

 

The energy intensity matrices, R , are calculated from the energy mix 

matrices, E , and the total output vector, X . The energy mix coefficient 

matrices, E , are determined from the energy mix matrices, E .  

3.1 Aggregation 

In order to perform the analyses, the matrices containing data for the three 

countries had to be conformable. As the numbers of industries and energy 

types are the lower for Sweden than for Denmark and Germany, the Danish 

and German data were aggregated to fit the Swedish accounts. The numbers 

of Danish and German industries were aggregated using the aggregation 

matrices formed by Lenzen et al. (2004, App. A).  

 

The energy types were aggregated taking two side constraints into 

consideration. The first was the similarity between energy types; for 

example, different types of coal products were aggregated into one group of 

coal products. Second, the similarity between the emission coefficients was 
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taken into consideration, i.e. if there were two aggregations of coal 

products, the coal product was aggregated into the group of coal products 

with the most similar emission coefficients.  

 

Next, having aggregated the energy types, it was necessary that the 

emission coefficients should be aggregated as well. I chose to aggregate the 

emission coefficients under the condition that the total yearly CO2 

emissions should be the same using the original national number of energy 

types (energy use and emission coefficients) and using the aggregated 

common number of energy types. Therefore, the emission coefficients were 

adjusted in order to maintain the following condition: 

1 1
i i i i
k kn m mnc E c E                                                                                       (7) 

where ,i DK DE . k is the initial number of energy types (40 for Denmark 

and 37 for Germany) and m is the common number of energy types (29 for 

Sweden). n is the common number of industries (39 for Sweden). 

The aggregation was carried out as illustrated in (8)-(12) 
'

1 1
i i
m k mkc c T                                                                                              (8) 

i i
mn mk kl lnE T E T                                                                                         (9)  

'
1 1

i i
n ln lX T X                                                                                             (10) 

'i i
nn ln ll lnA T A T                                                                                         (11) 

'
1 1

i i
n ln lY T Y                                                                                              (12) 

where l  is the initial number of industries (130 for Denmark and 59 for 

Germany), and xyT  are the aggregation matrices containing ones and zeroes. 

As the A-matrices are in fact coefficient matrices they cannot be aggregated 

directly. In order to aggregate the A-matrices I took the point of departure 

in the flow matrices of inter-industrial deliveries and aggregated those. 

Then I turned them into coefficient matrices with the proper dimensions. 
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Thus, the analyses are based on the common number of industries, 39, and 

the common number of energy types, 29 (Appendix A), with differentiated 

emission coefficients (Appendix B).  

4 Analysis 

The analysis is as follows:  

I. The CO2 emissions due to industrial production in each country are 

calculated on the basis of national emission coefficients, energy mix, 

energy intensity, input mix and final demand composition and level 

in order to establish a reference to potential learning. 

 1
2 ( )i i i i i i iCO y c E R I A Yg g g g g                                                (13) 

 , ,i DK DE SW . These CO2 emissions correspond to replicating the 

model, 0   

II. The CO2 emissions caused by industrial production in each country 

are calculated on the basis of the emission coefficients, energy mix, 

energy intensity and input mix of the other countries. 

 1
2 ( )ij j j j j i iCO y c E R I A Yg g g g g                                               (14) 

 , , ,i j DK DE SW and i j  

These emissions are compared to the national emissions in order to 

find out if one country possesses a more favourable energy structure 

or industrial structure compared to the other countries. 

III. The cross-country structural decomposition analysis is conducted as 

described in Section 2. 

IV. The results from the cross-country structural decomposition analysis 

indicate “best practice” regarding energy intensity, input mix, final 

demand composition, energy mix and CO2 emission coefficients. 

The “best practice combination” is then defined on the basis of “best 

practice” for the different elements. The “best practice CO2 
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emissions” caused by production in each country are estimated on 

the basis of the “best practice combination”. 

 1
2 ( )ij j j j j j iCO y c E R I A Yg g g g g                                             (15) 

, ,i DK DE SW and j  ”best practice” for each element. 

V. I examine the non-uniqueness problem by comparing the “best 

practice emissions” found under IV with the “optimal emissions”. 

The optimal emissions are found by calculating the CO2 emissions of 

the three countries based on all possible combinations (53 = 243) of 

energy mix, energy intensity, input mix and final demand 

composition, i.e. min, 1
2, , , ,

min ( )i j k l m n i

j k l m n
CO y c E R I A Yg g g g g  

VI. Finally, I calculate learning potentials based on assumptions of 

transferability, i.e. I estimate the CO2 emissions based on the “best 

practice” and “optimal” transferable elements detected under V: 
1

2 ( , ) ( )i j j i i j j i iCO y R A c E R I A Yg g g g g   (16) 

, ,i DK DE SW and j  ”best practice” or “optimal” for each element. 

5 Results 

5.1 Replicating the model 

The CO2 emissions caused by industrial production are 54 Mt, 799 Mt and 

69 Mt in Denmark, Germany and Sweden respectively. The diagonal 

(italicised) of Table 2 illustrates the replicated CO2 emissions caused by 

industrial production in the different countries, 0  . 

5.2 Detecting potential gains by learning 

In order to determine whether there are potential gains to be obtained by 

learning from the other countries, the CO2 emissions caused by industrial 

production in the three countries calculated on the basis of the elements of 

the other countries are shown in Table 2. Furthermore, the table shows 
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potential CO2 reductions using the known combination of elements for 

Denmark, Germany and Sweden respectively, producing the final demand 

for Denmark, Germany and Sweden respectively.  

 

Table 2 shows that if Danish final demand were met using the Swedish 

combination of elements, the CO2 emissions would be 52 Mt (bold). The 

CO2 emissions caused by German production using Danish production 

technology would be 594 Mt (bold). This implies that the Swedish 

composition would be favourable with regard to CO2 emissions produced in 

meeting the Danish final demand. More surprisingly, the composition of the 

German final demand is such that the Danish combination of elements 

would lead to a lower CO2 emission compared to either German or Swedish 

production technology. As the Swedish CO2 emissions caused by 

production based on the Swedish combination of elements are lower than if 

the Danish or German combinations were used, there is no apparent 

potential for reducing CO2 by learning from the other countries at the 

aggregated level.  

 

  Production in  

  Denmark Germany Sweden Total 

P
ro

du
ct

io
n 

te
ch

no
lo

gy
 o

f 

Denmark 54 594 76 725 

Germany 69 799 106 974 

Sweden 52 667 69 789 

 Δ emissions, % 4% 26% 0% 22% 

Note: The total difference in emissions of 22% is based on the sum of the 

actual (italic) CO2 emissions (922 Mt) compared to the sum of the 

minimum (bold) CO2 emissions (715 Mt) 
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Table 2 Total CO2 emissions caused by production, Mt, 1997 

 

5.3 Cross-country structural decomposition analysis 

The differences in the total CO2 emissions of Germany from the emissions 

of Denmark and Sweden are not surprising, being primarily due to the 

different levels of final demand of the countries.  

 

The decomposition results are shown in Table 3 and reveal that apart from 

the activity level, the main contributor to the difference in CO2 emissions 

between Denmark and Germany is the energy intensity, R , where the 

Danish energy intensity gives relatively lower CO2 emissions of 249 Mt. 

Furthermore, the German final demand composition, Y , reduces the CO2 

emissions by 51 Mt.  

 

The total difference in CO2 emissions between Sweden and Denmark is 

only 15 Mt. However, there are two elements which each contribute much 

more than this to the total difference: the Danish energy intensity,R , 

reduces the CO2 emissions by 33 Mt compared to the Swedish energy 

intensity, and Swedish energy mix, E , reduces the CO2 emissions by 35 

Mt compared to the Danish energy mix.  

 

Apart from the activity level, the main contributor to the difference between 

the CO2 emissions for Germany and Sweden is the energy mix, with the 

German energy mix contributing an additional 29 Mt to CO2 emissions. 

Furthermore, the German final demand composition contributes a reduction 

in CO2 emissions of 17 Mt.  
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 Denmark-Germany Denmark-Sweden Germany-Sweden

ΔCO2 emissions -744 -15 729 

Δenergy intensity -249 34% -33 219% 0 -0.03%

Δinput mix -11 2% -1 8% -1 -0.1% 

Δfinal demand composition 51 -7% -2 15% -17 -2% 

Δenergy mix 105 -14% 35 -235% 29 4% 

Δemission coefficients -30 4% 1 -10% 4 0.5% 

Δfinal demand level -610 82% -15 103% 715 98% 

Table 3 Decomposition results, Mt, per cent, 1997 

5.4 “Best practice” 

Having determined the origins of the differences of the CO2 emissions, I 

define “best practice” with regard to energy intensity, input mix, final 

demand composition, energy mix and CO2 emission coefficients as the 

elements which are most favourable with respect to CO2 emissions. Based 

on the direction in which any given element contributes to total CO2 

emissions, I define the symbol  as expressing “better than” in the sense 

that the element for one country, e.g. energy mix or energy intensity, that is 

“better than” the element of another country, in that it reduces CO2 

emissions. The following relationships are derived from Table 3: 

, ,DK DE DK SW DE SW DK DE SWR R R R R R R R R      

, ,DK DE DK SW DE SW DK DE SWA A A A A A A A A      

, ,     DE DK DK SW DE SW DE DK SWY Y Y Y Y Y Y Y Y  

, ,DE DK SW DK SW DE SW DK DEE E E E E E E E E      

, ,DK DE SW DK SW DE SW DK DEc c c c c c c c c      

In order to summarise the structural decomposition results, the effects of 

energy intensity, input mix, final demand composition, energy mix and CO2 

emission coefficients are shown in Table 4. The table shows that the Danish 



 

 76

energy intensity and input mix also reduce the CO2 emissions. The German 

final demand composition has a beneficial effect on CO2 emissions. Finally, 

the Swedish energy mix reduces CO2 emissions. 

 

 Denmark Germany Sweden

 Denmark Germany Sweden

Energy intensity  Reduce  Increase

Input mix  Reduce  Increase 

Final demand composition  Reduce Increase

Energy mix  Increase  Reduce

Emission coefficients   Increase Reduce

Table 4 Contribution to the CO2 emissions of the elements 

 

On the basis of the findings summarised in Table 4, I define the “best practice 

combination of elements” as being given by the Swedish emission factors (c ) and 

energy mix ( E ), Danish energy intensity ( R ), Danish input mix ( A ) and German 

final demand composition ( Y ), as illustrated in (17). I then calculate fictive the 

CO2 emissions which would be brought about by Danish, German and Swedish 

final demand levels given the best-practice elements. 

1
2 ( )bestpractice SW SW DK DK DE iCO y c E R I A Y  (17) 

where , ,i DK DE SW  

The fictive CO2 emissions calculated by applying the “best practice combination” 

are illustrated in Table 5, and would correspond to 62% lower CO2 emissions. 

5.5 Analysing the non-uniqueness problem 

The non-uniqueness problem mentioned in relation to the order of the 

elements means that using this methodology to benchmark the elements of 

the production technologies may lead to ambiguous figures for the 



 

 77

contributions of each element. In order to clarify whether the results I have 

obtained are affected by the order in which the components are applied, I 

determine the “optimal” CO2 emission for each country using any 

combination of c , E , R , A  and Y (53=243 combinations) 

min, 1
2, , , ,

min ( )i j k l m n i

j k l m n
CO y c E R I A Yg g g g g   (18) 

, ,i DK DE SW and , , , , , ,j k l m n DK DE SW  

I find that the “optimal” combination of elements is  

min, 1
2 ( )i SW SW DK DE DE iCO y c E R I A Yg g g g g     

The “optimal” CO2 emissions are shown in Table 5. Comparing the “best 

practice” CO2 emissions with the “optimal” CO2 emissions reveals that the 

differences between the results are insignificant, limiting to 1.7% for 

Denmark and Germany and 1.3% for Sweden. The estimations of “optimal” 

and “best practice” CO2 emissions serve to illustrate that there are 

technological differences between the countries that might suggest in which 

areas the different countries could make an effort with respect to obtaining 

CO2 emission reductions. 

 

 Final demand in 

 Denmark Germany Sweden 

Actual 54.3 799 69 

“Best practice technology” 24.3 298 31.2 

”Optimal” combination 23.9 293 30.8 

Danish Energy intensity (54.3) 549 36.5 

Danish Input mix (54.3) 753 78 

German Input mix 53.8 (799) 74.3 

Danish Energy intensity Input mix (54.3) 538 35.3 

Danish Energy intensity and 

German Input mix (53.8) (549) 35.3 
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Note: The figures in parenthesis equal figures other places in the table 

Table 5 Learning potentials for CO2 emissions, Mt 

 

5.6 Learning potentials based on transferable elements 

The energy mixes of Denmark, Sweden and Germany differ significantly, 

mainly due to differences in natural conditions which are beyond the power 

of policy to alter. It is therefore not feasible that Denmark and Germany 

could learn from the desirable Swedish energy mix. Furthermore, a 

significant share of a country’s final demand is determined by economic 

activity external to the country, i.e. the share determined by exports. It 

could be argued that those emissions are the responsibility of another nation 

(Lenzen et al. 2004; Kondo et al. 1998; Machado et al. 2001; Munksgaard 

and Pedersen 2001; Sanchez-Chóliz and Duarte 2004), but it is definitely 

beyond the power of policy to alter them. However, it is more feasible that 

the countries could learn from each other’s industrial structures and energy 

intensities.3 Through an active climate policy, the incentive mechanisms in 

a country might change the industrial structure in such a way that the 

derived effects from inter-industrial supply of goods would lead to lower 

CO2 emissions. Further, an active climate policy might equally encourage 

energy savings, which would lead to improved energy intensity. I therefore 

assume that the energy mix and final demand are beyond the scope of 

policy to alter, and I restrict the potential learning effects considered to 

energy intensity and industrial structure. Since the decomposition analysis 

points in the direction of the Danish energy intensity and input mix being 

the most favourable, but the total enumeration showed that the German 

input mix was the most attractive, the following combinations have been 

studied: 

                                              
3 I would to thank an anonymous referee for making this important point to me.  
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1
2 ( ) ( )DK DE DK DK DK DE DK DKCO y A c E R I A Yg g g g g  

1
2 ( ) ( )DE DK DE DE DK DE DE DECO y R c E R I A Yg g g g g  

1
2 ( ) ( )DE DK DE DE DE DK DE DECO y A c E R I A Yg g g g g  

1
2 ( , ) ( )DE DK DK DE DE DK DK DE DECO y R A c E R I A Yg g g g g  

1
2 ( ) ( )SW DK SW SW DK SW SW SWCO y R c E R I A Yg g g g g  

1
2 ( ) ( )SW DK SW SW SW DK SW SWCO y A c E R I A Yg g g g g  

1
2 ( ) ( )SW DE SW SW SW DE SW SWCO y A c E R I A Yg g g g g  

1
2 ( , ) ( )SW DK DK SW SW DK DK SW SWCO y R A c E R I A Yg g g g g  

1
2 ( , ) ( )SW DK DE SW SW DK DE SW SWCO y R A c E R I A Yg g g g g  

where the right hand side expresses for the last equation: “Swedish CO2 

emissions if it learns energy intensity, R , from Denmark and industrial 

structure, A , from Germany. 

The results are illustrated in Table 5. Table 5 shows that the possible 

learning effects are rather small for Denmark but substantial for Sweden 

and Germany. However, if Sweden only learned from the German or 

Danish input mix without learning from the Danish energy intensity, 

Sweden would be worse off compared to using their own technology. 

Intuitively, it would seem from this that the German and Danish input 

mixes are linked to energy types in the Swedish energy composition that are 

burdened by higher CO2 intensities than the energy types linked to the 

Swedish input mix. Without the desirable Danish energy intensity, the 

German and Danish input mixes would increase the Swedish emissions. 

Germany could reduce CO2 emissions substantially by learning from 

Danish energy intensity and industrial structure. Denmark would be best off 

by learning from German input mix, as the Danish energy intensity is the 

most preferable for Denmark. 
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6 Discussion  

It is important to emphasise that “best practice emissions” and the “optimal 

emissions” determined in Section 5.6 and 5.7 are based on unrealistic 

assumptions, e.g.: “What if Germany and Denmark were as rainy and hilly 

and as sparsely populated as Sweden?” The attractive energy mix in 

Sweden is mainly due to the country using a large proportion of hydro 

power and nuclear power. It would be impossible for Denmark and 

Germany to directly copy the hydro power of Sweden, and there is political 

opposition against nuclear power. The estimations of “optimal” and “best 

practice” CO2 emissions serve to illustrate that there are technological 

differences between the countries that might suggest in which areas the 

different countries could make an effort with respect to obtaining CO2 

emission reductions.  

 

The learning potentials estimated in this article are based on the transferable 

elements energy intensity and industrial structure. These are more likely to 

be affected by the political interventions necessary for achieving the Kyoto 

targets. Political interventions could include a carbon tax or the introduction 

of tradable quotas. This would provide incentives for reducing energy 

consumption, or requiring the use of intermediate products with lower 

carbon intensity.  

 

The analysis in the present article is based on an input-output analysis 

founded on the assumption of a Leontief (1972) production function. In 

input-output analysis there is zero substitution between the inputs and the 

outputs; i.e. intermediate demand, energy consumption, and final demand 

composition. Therefore the model is not useful for analysing the effects of 

climate policy. However, one of the best applications of input-output 

analysis is the structural, static analysis providing a precise picture of a 
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given situation. For the purpose of this article, namely to measure the 

effects of the structural differences between countries in terms of CO2 

emissions, the input-output based structural decomposition analysis is quite 

useful.  

 

The decomposition methodology applied in this paper suffers from the 

weakness that the results are affected by the order in which the components 

are applied, and consequently the methodology is not useful for pointing 

out best practice. In order to identify the “optimal production technology” it 

was necessary to calculate the total effect of each of the 243 possible 

combinations. However, the decomposition analysis performed in the 

present article is founded on the assumption of controllability, and on this 

basis the analysis is capable of determining what causes the differences in 

CO2 emissions between the three countries.  

 

In both this analysis and that by Chung and Rhee (2001) using an input-

output based SDA, the results suggest that the energy-use technique is quite 

important and that the input technique is less important. Ang and Chang 

(1999) use a different methodology and find that energy intensity and 

income level are the most important factors, both for the analysis of the 

differences between the three OECD regions and for that of the differences 

between the three world regions. For the latter, the effect from the income 

level was found to be even more significant. Schipper et al. (2001) find that 

the per capita activity level, the utility carbon intensity and the energy 

intensities are the most important determinants of the differences in 

emissions. They explicitly include Denmark, Sweden and West Germany in 

the analysis and find that at the aggregated level the energy intensity of 

Denmark is below average, that of Sweden slightly above average and that 

of Germany below average. Further, the effect of the fuel mix on the CO2 
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emissions is below average for both Sweden and Denmark, while it is 

above average for Germany. The utility carbon intensity is far below 

average for Sweden, but above average for both Denmark and Germany. 

The results obtained by Schipper et al. (2001) do not contradict with the 

results obtained in the present analysis. In the present analysis, the utility 

carbon intensity is not separated, i.e. it is not included in the effect of the 

fuel mix, and therefore in perfect accordance with the results obtained by 

Schipper et al. (2001). A direct comparison of the results is not possible, 

however, since the base year for Schipper et al. (2001) is 1994 and for my 

analysis is 1997. More importantly, the present analysis compares the 

countries with each other and therefore provides useful knowledge on the 

specific differences between countries, while the study by Schipper et al. 

(2001) compares the countries with an average of 13 other countries. The 

input-output based SDA conducted by Alcántara and Duarte (2004) shows 

that the direct energy intensity and final demand play important roles. Not 

surprisingly, all of these studies find, like the present one, that energy 

technology is an important factor in determining CO2 emissions. However, 

only the present study and the study by Schipper et al. (2001) separate 

energy technology into energy mix and energy intensity, thus providing 

additional information. 

7 Concluding remarks 

In this paper I have analysed the differences in production technologies 

with regard to total CO2 emissions between Denmark, Germany and 

Sweden. I found that apart from the activity level given by the final demand 

level, the main contributor to the differences in CO2 emissions between 

Denmark and Germany is the energy intensity, where the Danish intensity 

is the most favourable, followed by the final demand composition, with 

Germany having the best composition with respect to CO2 emissions. 
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Regarding the differences between Denmark and Sweden, the two main 

contributors to differences are energy mix and energy intensity, with these 

factors pulling in different directions. It appears that Germany and Sweden 

are rather alike, since the final demand level accounts for 98% of the 

differences in CO2 emissions; however, the energy mix and the final 

demand composition also have an effect.  

 

When I investigated the possibilities for Denmark, Sweden and Germany to 

learn from one another with respect to reducing CO2 emissions based on 

transferable elements I find that there is limited potential for learning in the 

case of Denmark, but that Sweden and Germany could with advantage learn 

from the Danish energy intensity. Denmark and Germany could learn from 

Sweden with regard to energy mix. Since it is physically impossible to copy 

Sweden’s hydro power and not politically popular to copy their nuclear 

power, the obvious alternative strategy is to develop the carbon-free 

technologies such as wind, solar and biomass energy in Germany and 

Denmark. 
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9 Appendices 

Appendix A. Energy aggregation based on Swedish national account  

Energy types 

Sweden Germany  Denmark 

Blast furnace gas Refinery gas  

Coke oven coke 

Coke oven coke from brown 

coal Brown coal briquettes 

 

Coke oven coke from brown 

coal Coke 

 

Coke oven coke from brown 

coal Furnace coke 

 Brown coal briquettes Petroleum coke 

 Brown coal briquettes  



 

 87

Energy types 

Sweden Germany  Denmark 

 Petroleum coke  

 Patent fuels  

 

Coke oven coke from hard 

coal  

Coke oven gas Blast furnace gas Refinery gas 

Coking coal Brown coal Brown coal 

 Brown coal Coal (Anden stenkul) 

 Brown coal Coal (Elværkskul) 

 Hard brown coal  

 Hard coal  

 Hard coal  

 Hard coal  

Diesel oil Diesel oil  

Electricity Electricity Electricity 

Gas works gas Coke oven/gas works gas Town gas 

Gas/diesel oil Gas oil Gas oil 

  Gas oil 

  Marine gas oil 

Gasoline Naphtha Light virgin naphtha 

  Petrol, leaded 

  Petrol, unleaded 

  Tax free petrol 

Heat Heat District heating 

Hydro power Hydro power Water power 

Jet gasoline Aviation fuels (Flybenzin) 

 Aviation fuels JP1 
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Energy types 

Sweden Germany  Denmark 

  JP4 

Liquefied petroleum 

gas Liquefied petroleum gases LPG 1 

  LPG 2 

Municipal solid 

waste, elec., gas, DH   

Municipal solid 

waste, industry Sewage sludge, wastes etc. Straw 

  Waste 

Natural  gas 

Natural gas from crude oil 

extraction Natural gas 2 

 Natural gas from coal mines Natural gas 3 

Nuclear power Nuclear power  

Other kerosene Other mineral oil products Kerosene 

   

Other renewables Other renewables Biogas 

Peat, elec., gas, DH   

Peat, industry Peat  

Residual fuel oil Residual oil Heavy fuel oil 

  Waste oil 

Sulphur lies (black 

liquor) Crude oil Crude oil 

   

  Light fuel oil 

  Natural gas 1 

  Refinery feed stocks 
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Energy types 

Sweden Germany  Denmark 

Transformation 

losses, coke  (Orimulsion) 

Transformation 

losses, refineries   

Wind power Wind power Wind power 

Wood waste  Wood 

  Wood waste 

 

Appendix B. Emission coefficients for the common energy types, kg/GJ 

 Emission coefficients 

Energy type Denmark Germany Sweden 

Other kerosene 72 80 73.1 

Gasoline 73 80 72.6 

Diesel oil 75.3 74 75.3 

Gas/diesel oil 74 74 75.3 

Residual fuel oil 78 78 76.2 

Jet gasoline 72 72.9 72.3 

Other kerosene 73.1 73.1 73.1 

Liquefied petroleum gas 65 65 65.1 

Coke oven coke 100.7 104.2 103 

Coke oven gas 56.9 105 60 

Blast furnace gas 103 60 103 

Natural gas 56.9 57 56.5 

Transformation losses, coke 80 79 79 

Transformation losses, refineries 76.2 76.2 76.2 

Municipal solid waste, elec., gas, 0 0 0 
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 Emission coefficients 

Energy type Denmark Germany Sweden 

DH 

Municipal solid waste, industry 0 0 0 

Gas works gas 56.9 44 77.5 

Coking coal 95 100.5 90.7 

Peat, elec., gas, DH 107.3 107.3 107.3 

Peat, industry 97.1 80 97.1 

Wood waste 102 96 96 

Sulphur lies (black liquor) 0 0 0 

Sulphur lies (black liquor) 108 108 108 

Nuclear power 0 0 0 

Hydro power 0 0 0 

Wind power 0 0 0 

Other renewables 0 0 0 

Electricity 0 0 0 

Heat 0 0 0 
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Abstract 

Research done in the field of economics finds that the presence of induced 

technological change implies a lower carbon emission tax rate and less 

abatement in the near future than without induced technological change. 

Since scientific advances will make carbon abatement less costly in the 

more distant future, society will benefit from waiting to set a tough climate 

policy. Our result differs from the rest of this literature. We find that 

governments should set a high carbon tax today in order to speed up 

innovation and diffusion of new carbon abatement technology. Our point of 

departure is Romer's endogenous growth model from 1990, which we adapt 

to the issue of carbon abatement and energy production. A research and 

development sector (R&D sector) invents ideas for carbon abatement, and 

an intermediate goods sector supplies new abatement equipment, which is 

utilised by the energy sector. The more ideas, the more carbon abatement is 

carried out, and the lower the cost of a given policy. However, since the 

number of ideas is external both to the abatement equipment firms and the 
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energy sector, climate policy should be tough in order to internalise this 

positive externality. 

1 Introduction 

The United Nations Framework Convention on Climate Change aims to 

stabilise greenhouse gas concentrations at levels that avoid "dangerous 

anthropogenic interference with the climate system" (UNFCCC). 

Atmospheric CO₂ stabilisation targets as low as 450 ppm could be needed 

to forestall coral reef bleaching, thermohaline circulation shutdown, and sea 

level rise from disintegration of the West Antarctic Ice Sheet (Caldeira et al. 

2002). With reasonable projections of world economic growth, such 

stabilisation targets require more than twice as much emission-free power 

by mid-century than we now derive from fossil fuels (Caldeira et al. 2002). 

Hence, combating global warming by radical restructuring of the global 

energy system could be the technology challenge of the century. 

Radical policy intervention is obviously necessary if suggested stabilisation 

targets of 450 ppm or lower are to be obtained. Many different policy tools 

have been suggested, e.g. carbon taxes, subsidies to technology 

development, and some are about to be implemented in parts of the world, 

i.e. emission quota trading, the clean development mechanism and joint 

implementation. Since climate policies will put a price on the emissions 

from fossil fuels, they will reduce the demand for such fuels, and affect the 

incentives to conduct research within carbon-free energy technologies. This 

phenomenon is referred to as induced technological change (ITC). 

Environmental pressure groups and researchers are divided on the question 

of whether climate policies should be especially tough from the beginning 

in order to take account of ITC. Typically, environmental pressure groups 

advocate a tough climate policy in order to get many new innovations in 

carbon-free energy technologies rather fast. Consequently, future carbon 
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abatement will be cheaper, which will make it possible to reach ambitious 

stabilisation targets. On the other hand, research done in the field of 

economics seems to arrive at another conclusion. For instance, Goulder and 

Mathai (2000) find that the presence of ITC generally implies a lower 

carbon emission tax rate in the near future than without ITC. Since 

scientific advances will make carbon abatement less costly in the more 

distant future, society will benefit from waiting to set a tough climate 

policy. 

However, Goulder and Mathai (2000) assume that all market failures in the 

market for new innovations are taken care of by other policies than climate 

policy. Unlike Goulder and Mathai (2000) we have chosen to model the 

market for new innovations in energy technology explicitly. We then find 

that governments should set a high carbon tax today in order to speed up 

innovation and diffusion of new carbon abatement technology. Our point of 

departure is the endogenous growth model by Romer (1990), which we 

adapt to the issue of carbon abatement and energy production. A research 

and development sector (R&D sector) invents ideas for carbon abatement, 

and an intermediate goods sector supplies new abatement equipment which 

is utilised by the energy sector. Our way of modelling the energy relevant 

R&D is more realistic than the way Goulder and Mathai (2000) model 

knowledge accumulation. We then derive the optimal carbon tax path in a 

scenario with only R&D driven technological change. This derived tax path 

corresponds to a path for the induced technological change, i.e. the 

accumulated number of carbon abatement ideas at each point in time. The 

latter path is then implemented in the model as exogenous, and a new 

optimal taxation path is found. By comparing the two carbon tax paths it 

becomes clear that the presence of ITC implies a much higher carbon tax 

from the start than in the situation with purely exogenous technological 

development. 
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ITC did not occur in the environmental economics literature until recently. 

However, since the first step was taken, many have followed along. Many 

studies analyse how ITC is likely to influence the costs of implementing 

tough climate targets, for example Buonanno et al. (2003) and Goulder and 

Schnieder (1999), and everybody seems to agree that ignoring the existence 

of ITC leads to overestimation of the costs of achieving various climate 

targets. 

On the other hand, there seems to be disagreement over the importance of 

ITC relative to factor substitution. Both Nordhaus (2002) and Popp (2004) 

find that factor substitution is more important than ITC, and that the 

existence of ITC is not enough to achieve the climate goals of the Kyoto 

agreement. Nordhaus (2002) simply concludes that investments in inventive 

activity are too small to make a major difference. Popp (2004) finds that 

crowding out of research and development (R&D) in other sectors, and 

market failures such as non-internal spillover effects are the main reason for 

the lack of success of ITC. 

Gerlagh and Lise (2005) do not share the more pessimistic view on ITC 

found in Nordhaus (2002) and Popp (2004). The focus in the article by 

Gerlagh and Lise (2005) is also to verify the role of ITC in climate change 

policy, i.e. to find out to what extent ITC is important to the abatement 

policies. They compare the reduction in cumulative emissions with and 

without ITC, and they use the ratio between the two as a measure for the 

relative impact and significance of ITC. The authors conclude that taking 

ITC into consideration, a much more optimistic perspective arises on the 

possibilities of emission reductions than without it. 

Like Goulder and Mathai (2000), van der Zwaan et al. (2002) intend to 

explore the effect of including ITC on the optimal timing of the abatement 

of greenhouse gases and the optimal path of taxes and subsidies. The 

authors set up five models: A business as usual (BAU) scenario where the 
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climate change is not internalised in the model (no temperature constraint). 

Further, four scenarios are set up where a restriction is put on the maximum 

temperature increase. In these four scenarios the energy demand can either 

be endogenous or exogenous and technological development can either be 

endogenous via learning by doing (LBD) or exogenous. When the energy 

demand or the technological development is assumed to be exogenous, the 

exogenous paths are the ones depicted in the BAU-scenario. They conclude 

that including endogenous innovation implies earlier reduction compared to 

a model with exogenous innovation. Furthermore, they find that the optimal 

carbon tax levels are lower during the entire period with ITC than without. 

Compared to the analysis of van der Zwaan et al. (2002) our analysis differs 

in the way that the effect on the optimal abatement path of ITC is 

determined. In van der Zwaan et al. the optimal taxation path assuming 

endogenous technology development is compared with the optimal taxation 

path assuming the exogenous technology development similar to the one 

derived under the BAU-scenario where there is no restriction on the rise in 

the temperature. Unlike van der Zwaan et al. (2002) we implement the 

optimal endogenous technology development derived under a concentration 

target as exogenous and rederive the optimal taxation path. Thus in our 

paper the pure effect of exogenous growth compared to endogenous is 

emphasised. 

The remainder of the article is structured as follows. The model is presented 

in Section 2 and in Section 3 the model is solved. Section 4 goes through 

the numerical examples, scenarios, the results and sensitivity analysis. In 

Section 5 we discuss and conclude. 

2 The model 

The way we model the economy differs from what is done in the existing 

literature in the way we manage to connect the demand for energy, carbon 
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concentration target and R&D in the field of carbon abatement. We do that 

through modelling the market for new innovations in energy technology 

explicitly. 

We look at a closed economy with one representative energy producer, N  

producers of abatement equipment and a research and development sector 

(R&D sector) inventing new abatement technologies. The representative 

energy producer emits CO₂, and is subject to a carbon tax per unit of 

emissions. The energy producer can reduce tax payments by renting 

abatement equipment from producers of abatement equipment. 

With respect to the type of abatement technology, a close alternative is 

carbon capture and sequestration (CCS). Clearly, the optimal type of such 

equipment will depend on the type of project that is being considered, that 

is, if a new gas power station is being installed, or if an old coal fired plant 

is being retrofitted with carbon capture technology etc. We assume that our 

representative energy producer runs a series of different fossil fuel based 

power plants. Further, that some of the plants may be retrofitted with 

carbon capture equipment, while others are written off and displaced with 

state-of-the art carbon free technology. Hence, it makes sense to assume 

that carbon abatement efficiency increases with the number of different 

CCS technologies available. 

Dividing the economy into three sectors are in conformity with the 

endogenous growth model set up by Romer (1990). Similar to Romer 

(1990) we have an R&D sector, an abatement equipment sector 

corresponding to Romer's (1990) intermediate goods sector and energy 

sector corresponding to the final output sector in the model by Romer 

(1990). As in Romer (1990), the energy producer (final output) sector is 

given by one representative producer, the abatement equipment 

(intermediate goods) sector is characterised by imperfect competition and 
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the R&D sector is given free entry and therefore characterised by perfect 

competition. 

In Section 2.1 the energy producer is introduced. Section 2.2 introduces the 

carbon capture equipment sector. Section 2.3 introduces the R&D sector. 

Finally, Section 2.4 presents energy demand and carbon concentration. 

2.1 The energy producer 

Let tq  denote the amount of energy produced at time t . Further, we assume 

that the proportional factor relating emissions of CO2 to energy output for 

the initial configuration of plants is normalised to unity. Then the laissez-

faire emissions are given by tq . As mentioned, our energy producer can 

reduce emissions by renting CCS equipment. At each point in time there are 

tN  different CCS technologies available to the energy producer. We assume 

that each type of CCS technology has a limited potential, and hence, that 

there are decreasing returns to scale for each technology. Emissions t  are 

then given: 

   
1

tN
i

t t ti
q u





     (1) 

where i
tu  is the amount of CCS equipment of type i  rented at time t , and 

tN  is the number of different technologies available at time t . The 

parameter 1   ensures that there are decreasing returns to each type of 

carbon capture equipment. 

We assume that electricity from fossil fuels can be produced to a constant 

marginal cost 0c . This is a common assumption in energy economics (see 

e.g. Rees 1984). The period t  cost function of the representative energy 

producer is then given: 

   1
, 0

1 1

,..., ,
t t

t

N N
n i i i

t t t t t t t t t t
i i

c q u u c q q u p u



 

 
    

 
   (2) 
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where t  is the carbon tax rate at time t , and i
tp  is the per period rental 

price of CCS equipment of type i . Note that the second term in (2) is the 

carbon tax payments, and that the third term in (2) is the rental costs of CCS 

equipment, which of course increase in the amount of each particular type 

of carbon capture equipment rented i
tu . 

The energy producer minimises costs with respect to the amount of CCS 

equipment rented at each point in time such that: 

 1
, 1

,...,
( ) 0,

tn
t t t t i i

t t ti
t

c q u u
u p

u
  


   


 

which after some rearranging results in: 

1

1
i t

t i
t

u
p

   
  
 

  (3) 

that is, the demand for each type of CCS equipment as a function of the tax 

  and the rental price of carbon capture equipment i
tp . Hence, each type of 

CCS equipment is used up to level at which marginal abatement cost for 

that particular type of equipment is equal to the tax rate, i.e. 
1( )

i

i

p

u 
  . 

2.2 The carbon capture equipment sector 

We assume that each equipment supplier produces only one specific kind of 

CCS equipment. Similar to the intermediate inputs sector in Romer (1990) 

each type of CCS equipment is unique, and hence, each supplier faces a 

downward sloping demand curve for its equipment. Due to the uniqueness 

of each type of equipment, competition in the capture equipment market is 

monopolistic. The profits per period of the suppliers are given: 

i i i i i
t t t t tp u b u     (4) 

where i
tb  is the per period cost of providing a standardised piece of CCS 

equipment of type i . Rearranging (3) we get the inverse demand function 
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for abatement equipment: 1( )i i
t t tp u    , which can be inserted into the 

profit expression (4). Each equipment supplier then maximises profit with 

respect to the amount of equipment to offer: 
1max ( )

i
t

i i i i i
t t t t t t

u
u u b u      

which after solving the first-order condition yields the supply of abatement 

equipment at each point in time: 

1
2 1

( )i t
t t i

t

u
b

 
 

  
 

  (5) 

By inserting (5) into the inverse demand function for abatement equipment 

we obtain for the rental price: 

i
i t

t

b
p


   (6) 

Note that each CCS supplier charges a mark-up over costs. We assume 

from now on that all kinds of equipment have the same per period costs, 

and that these costs are constant over time and equal to b . This is a suitable 

simplification1 implying that all available technologies will be used at each 

point in time. 

Finally, we have for the instantaneous profit of the CCS suppliers: 

 
1 1

1 1 11t tb
 
     

 
      (7) 

Note that profits are increasing in the carbon tax rate (for simplicity we 

write 
1

1
t t

    with  
1

1 11 b
 
   

 
   . 

The optimal emission tax rate   is a function of time, i.e. we have ( )t t   

where  0,t  . From (7) we observe that the future income of each CCS 

supplier will depend on the future path of  . Hence, the undiscounted profit 

                                              
1 Obviously other specification of b  would be more realistic, however, it is beyond the scope of 

this article to deal with that. 
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of each CCS supplier at time t  is equal to: 
1

1( )
t

s ds 


 . For the discounted 

stream of profits we thus have the following integral: 

1
( )1( ) ,r s t

t

t

s e ds 


      (8) 

where r  denotes the market discount rate, and t  denotes the time at which 

the innovation occurs. Clearly, the future income made from an innovation 

at time t  should be discounted as if time started at zero. On the other hand, 

when calculating the future profit potential of the innovation it is the part of 

the emission tax path that starts in t  that is relevant. 

2.3 The research and development sector 

Similar to the specifications of the intermediate inputs sector in Romer 

(1990) each CCS supplier buys the right to supply one specific kind of CCS 

equipment from the R&D sector. The licence is infinite, and we denote the 

licence fee by tf . Furthermore, in each period the R&D sector offers tn  

new technologies for CCS. This leads tn  new CCS suppliers to enter the 

carbon capture market by acquiring the right to supply one of the new 

technologies. Hence, the total number of capture technologies (and CCS 

supplier firms) will accumulate according to: 

 

t tN n   (9) 

where tN  denotes the time derivative of tN . 

There is free entry of researchers into the R&D sector. In particular, we 

assume that in each period, researchers make entry decisions 

simultaneously, and that their development costs are identical. The total 

costs of innovating and developing tn  new technologies in a given period 

are given by    2 3

1( , )t t t ta n N N n
   , where 1  is a positive parameter, 
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and we have 21 1    and 3 1  .2 We then have that the cost per idea/per 

researcher is given as    2 3 1

1 t tN n
    . 

Note that within each period, the costs of developing an additional 

technology are increasing in the number of technologies that are made 

available in the period. Or in other words; the more researchers who enter 

the R&D sector in each period, the more effort will be required from each 

researcher for him or her to succeed in developing a unique, and thus, 

patentable idea. Further, if 1 0  , the cost is decreasing in the total number 

of technologies that has been made available historically. In the literature, 

this case is often coined "standing on shoulders of others", while the case in 

which 1 0  , and the costs of developing an additional technology is 

increasing in the accumulated number of technologies, is coined "fishing 

out". The development in tN  is external to each researcher in the R&D 

sector. 

In a free-entry equilibrium the cost per idea will equal the licence fee: 

   2 3 1

1 t t tN n f
     . Further, due to competitive bidding, the per period 

licence fee tf  will equal the net present value of profits from the 

technology, t . We then have: 

   2 3

1
1 ( )1

1 ( ) ,r s t
t t t t

t

f N n s e ds
    


         (10) 

where we have inserted from (8) to obtain the expression for total profits. 

We can then also solve for tn : 

 
3

2

1
1 1

( )1

1

( ) r s t
t t

t

n N s e ds


  


 
 

 
  
  

  (11) 

                                              
2 The cost function for new ideas can be derived from the following production function: 

   2
3

1

1t t tn N L


 , where tL  is the number of working hours at a given wage rate. 
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As already mentioned, the carbon tax rate is a function of time i.e. ( )t t  . 

When the government chooses the time path of the emission tax rate ( )t , it 

simultaneously chooses the value of the integral 
1

( )1( ) r s t

t

s e ds


   for all 

future points in time t . We denote the value of the integral by ( ( ))t  . We 

will need to know how tn  is influenced by a small, future change in the 

emission tax rate. Let ( ) ' ( ) ''t t   except when 0t t . In 0t t , we have 

0 0( ) ' ( ) ''t t  . Since 
1

1( )t    is an increasing function of ( )t , we must have 

' ''t t   for all 0t t . Hence, we also have  

 
3

3
2

2

1

3 1

1 ( )
( ( )) 0

1
t

t
t

n
N t


   

   


  

     
. 

In other words, if the government chooses a time path for the emission tax 

rate with a higher emission tax rate for some future point in time 0t , the 

value of all innovations made in the period  00, t  will increase in value. 

This will induce more researchers to enter the R&D sector, and the number 

of ideas is spurred. 

2.4 Energy demand, consumer surplus and emissions 

Energy demand at each point in time is given from the following general 

demand function: 

( ),t tw w q   (12) 

where tw  is the price of energy, and the function ( )w   is time invariant. The 

instantaneous consumer surplus tCS  is equal to 
*

* * *

0

( ) ( )
tq

t t t tw q dq w q q  where 

*
tq   is the equilibrium quantity of energy produced at each point in time. 

We assume that 0t

t

CS

q





. 
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The environmental constraint in this article is a stock constraint, i.e. 

restricting the emission (flow) path so that the concentration (stock) level is 

below a given target. Let the concentration of CO2 in the atmosphere at 

time t  be denoted by t . The instantaneous emissions give rise to the 

following change in the concentration of CO2 in the atmosphere: 

t t t      (13) 

The instantaneous emissions are added to the concentration at the given 

time and a certain share of the concentration ( , the constant decay rate) is 

broke down in the atmosphere. Observe that even for 0,t t    stabilisation 

of the CO2 concentration at 



  will happen. The concentration function 

(13) is of course simplified, but we have chosen to follow the rest of the 

economic literature with respect to the concentration function. 

3 Solving the model 

In the following the maximisation problem is presented in Section 3.1. In 

Section 3.2 the case without induced technological change is presented and 

in 3.3 we present the case with induced technological change. 

3.1 The maximisation problem 

Inserting (5) and (6) into the cost function of the representative energy firm 

yields: 

 
1

1
0 ,t t t t t tc q c q q N  


    (14) 

where tN  is external to the representative energy firm. In the static case tN  

simply equalises the number of ideas developed in the same period, i.e. the 

number of ideas is equal to the profit that can be obtained from 
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commercialising an idea in the period times a constant: 
1

1
t t tN a a      . 

Hence, we have 0t

t

N







. 

Equilibrium in the energy market requires that the price tw  is equal to 

marginal cost 0( )tc  . We then have for energy output: 

* 1
0( ),t tq w c     (15) 

There will be positive profit in the power sector at each instant in time. The 

representative firm has marginal costs equal to 0( )tc   since for the “last” 

unit of output it pays t tq  in emission taxes. However, it buys carbon 

capture equipment according to
1

tN
i

t
i

pu

 , and thus saves emission taxes 

according to  
1

tN
i

t t
i

u




 . Since the saving is greater than the cost, then 

1

1 0t tN  


   and the representative firm receives a positive profit equal to 

the difference. 

On the other hand, there will be zero profit in the upstream abatement 

sector due to competitive bidding for licences. Furthermore, there is also 

zero profit in the R&D sector, since there is free entry of researchers. The 

social planner is assumed to maximise total surplus, which at each instant in 

time is given by consumer surplus, producer surplus and emission tax 

income: 

      
1

1
1 1

0 0

0

max
t

rtt
t t t t tCS w c N w c N u e dt






  


 
  

 
         
 
    (16) 

given: 

    1
0t t t t tw c N u

       (17) 



 

 105

 
3

2

1

1

1

( )t t tN N
  



 
  
 

   (18) 

and: 

0
ˆ ˆ(0) , ( ) , ,t t T T          

Note that the first term in (16) is consumer surplus, the second term is 

producer surplus and the third term is emission tax income. Emission tax 

income is included in the maximisation problem since it can be used by the 

social planner to reduce other distorting taxes in the economy. 

Inserting for tu  we obtain the current value Hamiltonian: 
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 (19) 

Further, for ˆt T  we have the following Lagrangian 

 3t t tL H        (20) 

where 1 , 2 and 3  are Lagrange multipliers. 

As already announced we will compare two cases; with and without 

induced technological change. The case with induced technological change 

is identical to the case we have described so far. In the case without induced 

technological change, we assume that the time path of tN  is given. That is, 

for each instant in time, the number of ideas that are made available (and 

the number of upstream CCS firms) are given exogenously. The emission 

tax rate then only affects the usage of each technology. Consequently, in 

this case (18) can be written ( )tN n t  where ( )n t  is exogenous and 

independent of t . 
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3.2 The case without induced technological change  

After some rearranging, the maximum principle yields: 

     1

1
0

' 1
t

t t t
t t

H
N u

w
 

  
 

      
 (21) 

The terms inside the brackets in (21) are the marginal reductions in 

emissions that follow an increase in the emission tax rate. The marginal 

reductions consist of i) a marginal reduction in output and ii) a marginal 

increase in the level of abatement, that is, the usage of each CCS 

technology is increased. Clearly, we have 
   1

0
' 1 t t

t

N u
w


 

 


, and 

hence, in order for (21) to hold, we must have 1t   . This states that the 

optimal carbon emission tax should equal the negative of the shadow value 

of the carbon concentration restriction. (Since carbon emissions are a bad, 

their shadow value is negative). 

The costate equation with respect to the atmospheric concentration of 

emissions is precisely the same as in Goulder and Mathai (2000): 

1

1

.r
 


 


  (22) 

Equation (22) tells us that the shadow value of the carbon concentration 

restriction should increase with the rate r  . Since carbon emissions are 

removed from the atmosphere by a natural process, and since this process is 

more effective the higher the concentration of carbon, society can gain from 

postponing carbon abatement. Further, the postponing is taken care of by 

starting with a low emission tax rate, and letting the emission tax rate 

increase faster than the rate of interest. 

3.3 The case with induced technological change 

In this case we obtain another expression for the maximum principle: 
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(23) 

In (23) we observe that there is one new term coming from (18). The last 

expression on the right-hand side is the gain from having more types of 

CCS equipment at each instant in time. This is a typical positive externality. 

Neither the creator of a new idea, nor the upstream firm supplying the CCS 

equipment, has any incentive to take this effect into account. Thus, in 

setting the emission tax rate the government seeks to internalise this 

externality as well as the emission constraint.3  

For the terms inside  , we still have 
   1

0
' 1 t t

t

N u
w


 

 


. Hence, 

since the last expression in (23) is positive, we must have 1 0t   . (Since 

new carbon abatement ideas are a good, their shadow value is positive), 

The costate equation is unchanged given as 1

1

.r
 


 


 However, the growth 

rate of the shadow value of the carbon concentration restriction no longer 

tells us how the carbon emission tax rate will develop. For the emission tax 

rate we have the following proposition. 

Proposition: The carbon tax rate in the case with induced technological 

change exceeds the absolute value of the shadow value of the future carbon 

emission restriction, and consequently, for 0t  , the carbon tax rate in the 

case with induced technological change, exceeds the carbon tax rate in the 

case without induced technological change. 

When 0t   the concentration of carbon and the number of ideas are 

identical in the two cases. Thus, the shadow value of the future carbon 

                                              
3 Due to the structure of the energy market with constant marginal cost equal to 0 tc  , the gain 

shows up as an increase in total producer surplus. 
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emission restriction must also be identical. The proposition then follows 

directly. 

Corollary: The carbon tax rate for 0t   in the case with induced 

technological change, exceeds the carbon tax rate for 0t   in the case 

without induced technological change both in the case of “fishing out” and 

in the case of “standing on shoulders”. 

If the parameter 2  is negative we have “standing on shoulders” and if it is 

positive we have “fishing out” as explained in Section 2.3. However, note 

that the sign on the parameter α does not influence the sign on the last term 

in (23). The corollary then follows directly. We illustrate the proposition 

and the corollary in more detail below by the help of a numerical example. 

On the other hand, the sign on the parameter 2  will influence the time path 

of the emission tax. The other costate equation reads: 

     2 112
2

2 2 1

( ) .t t
t t

u
r N


    

  
  

   
 


 (24) 

Note that if 2  is negative and we have a “standing on shoulders” case, the 

last term in (24), inside brackets, is positive. Given a high initial tax rate 

such that 1t   is positive as well, this implies that the shadow value of 

new ideas is increasing. Clearly, this will influence the time path of the 

carbon emission tax, but it is difficult to say in what direction. 

4 Numerical examples 

In the following we introduce the scenarios we have analysed (Section 4.1). 

In Section 4.2 we present the results and Section 4.3 briefly presents the 

sensitivity analyses. 

4.1 Scenarios 

In order to illustrate our theoretical results a numerical version of the model 

is programmed in GAMS. In order to programme the model in GAMS few 
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changes from the theoretical model had to be made. The general demand 

function was replaced by a simple linear demand function 

t tw M mq   

where tw  is the price of energy. The reservation price for energy, M , and 

the slope of the demand curve, m , are time invariant parameters. 

Furthermore, the model is programmed as a discrete time model. The model 

is solved for 200 periods in order to avoid problems regarding the last-

period discounting. The model is solved such that CO₂ concentration target 

is given by a doubling of the initial concentration. The reduction targets 

have to be reached in 2050. The numerical simulations have been 

conducted with the following parameter values: 0 2c  , 0.5  , 1 0.5  , 

2 0.1  ,  3 2  , 2b  , 0.04r  , 1m   , 100M   and 0.0001  . 

As mentioned we are looking at two different scenarios: 

ITC: The first scenario we call ITC in which we assume induced 

technological change. In this scenario we have a concentration target to be 

reached within 2050 years, and we solve for the optimal taxation path. The 

optimal taxation path then gives us the levels of all other variables in the 

model and in particular we obtain the path of the technological development 

given by the variables tn  and tN . 

EXTC: In the second scenario, which we call EXTC, the technological 

development found in the ITC scenario is implemented as an exogenous 

time path, t tN N . We have identical concentration target as in ITC, and 

the model is solved one more time for the optimal taxation path. 

4.2 Results 

The technological development is by assumption equal in the scenarios ITC 

and EXTC. In Figure 1 the number of new ideas each year is illustrated. We 

see that the growth in the development of new ideas is largest in the 
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beginning. From year 2000 to year 2001 the growth is 34% and from year 

two to year three the growth in the number of new ideas is 9%. The 

explanation of the large growth in the new ideas in the first year is that the 

tax in the first period under ITC is very high (see Figure 2) which leads to a 

large demand for abatement equipment.  

The R&D sector keeps on growing in the next years even though the tax 

level drops significantly (as seen in Figure 2). The growth decreases over 

the periods and from year 2043 to 2050 the number of new ideas only 

increases by 0.2% each year. 
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Figure 1 New ideas per year 

In Figure 2 the optimal taxation paths are illustrated assuming induced 

technological change (ITC) and assuming exogenous technological change 

(EXTC). In order to obtain the EXTC emission tax path, technological 

change, given by the accumulated number of ideas in the economy at each 

instant in time, is implemented into the model as exogenous. We then 

resolve for the optimal taxation path under similar assumptions regarding 

concentration target etc.    

2000 2020 2040 2060 2080 2100

Year

C
ar

b
o

n
 t

ax
 r

at
e

tax ITC tax EXTC

 



 

 112

Figure 2 The emission tax paths 

From Figure 2 we can see that the emission tax rate should be very high in 

the first period under ITC. The extremely high taxation level in the first 

year is due to the need to kick off the technological development. Hereafter 

the taxation level declines drastically compared to the first year and the 

taxation level under ITC reaches a local minimum after eight years. 

Hereafter, the carbon tax under ITC increases again. 

Comparing the optimal taxation path under ITC with the optimal taxation 

path under EXTC, we see that under EXTC the taxation path starts at a 

much lower level compared to the situation with ITC. The taxation path 

under EXTC increases from the beginning and until it reaches its maximum 

level in year 2031. In year 2014 the tax under EXTC exceeds the tax under 

ITC. In year 2032 where the taxation level under ITC reaches its maximum 

the two taxation paths coincide and remain equal for the rest of the periods. 

The taxation paths illustrated in Figure 2 give rise to the development in 

concentration levels illustrated in Figure 3. 
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Figure 3 Concentration levels 

The emissions under ITC decreases steadily (except for the first till the 

second year) until they stabilise in year 2032 at a level corresponding to the 

concentration level (which equals the concentration target) times the decay 
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rate ( 0, 32t t     ). Comparing these findings with the emissions in 

the EXTC scenario we see that the emissions decrease steadily until they 

similar to under ITC stabilise in year 2031 (one year earlier than under ITC) 

at a level corresponding to the concentration target times the decay rate 

( 0, 31t t     ). 

It is also interesting to compare the “standing on shoulders” case with the 

“fishing out” case. The corollary above tells us that the initial tax rate 

should be high in both cases, while costate equation indicates that the time 

path of the emission tax rate could differ. This is also the case in the 

simulation below (see Figure 4). Analysing the “fishing out” case the only 

difference in the simulations is the value of the parameter 2 . Under 

“fishing out” we assume 2 0.1   .  
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Figure 4 Comparing "standing on shoulders" with "fishing out" 

We note that the emission tax rate is always higher in the “fishing out” case 

reflecting that more effort is needed to develop new ideas. 

The total discounted welfare decreases by 0.24% going from EXTC to ITC. 

The reason for the rather small decline in the welfare is due to the higher 

tax in the first periods which leads to lower energy production since the 

carbon capture equipment sector is not large enough to reduce the emissions 

sufficiently. So the decrease in the welfare is due to a loss in consumer 

surplus that exceeds the gain in producer surplus. Since the welfare loss 
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from assuming ITC compared to assuming EXTC is rather small the social 

planner should follow the taxation path corresponding to ITC. Furthermore, 

we have not included the costs of global warming in our analysis. If the 

carbon concentration target and thereby the tax is set optimally, the welfare 

effect of introducing a carbon concentration target should presumably be 

positive. 

4.3 Sensitivity analyses 

We have tested the sensitivity of the results to varying parameter values in 

order to assure that our results are robust to changes in essential parameter 

values. 

Changing the discount rate to 4.5% and 2% does not affect the shape of the 

taxation path, only the level. The taxation level is significantly higher 

assuming the high interest rate compared to the lower ones, except for the 

very first year where the tax level assuming the high discount rate is much 

lower than under the lower discount rates. 

We test the impact of  0.42,0.51  . Changing the size of   does not 

affect the shape of the taxation path either. The tax in the first year is higher 

for the ITC scenario ( 0.5  ) compared to situations when   is both 

bigger and smaller. The smaller   is the lower is the tax in the first year 

followed by a taxation path where the tax is higher for the rest of the years. 

In the sensitivity analyses we let the concentration target vary from an 

increase of 25% to 150% of the initial concentration. Independent of the 

chosen concentration target the taxation paths for the different 

concentration targets show that the tax level peaks (except for the high tax 

level in the first year) the same year as the concentration target is reached. 

And the taxation paths take similar shapes in all situations. 

We have conducted sensitivity analyses assuming 0.75m    and 0.5m   . 

Furthermore, we have analysed the effect of an increasing energy demand, 
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i.e. where  1, 0.5m    and reaches -0.5 after respectively 50 and 100 

years. The simulations showed that the higher the energy demand is 

( 0.75m    and 0.5m   ) the higher the tax has to be. Further, the 

concentration target is reached earlier the higher the energy demand and 

therefore the tax level peaks (except for the tax level in the first year) the 

year the concentration target is reached. 

The sensitivity analyses showed us that our results are robust to changes in 

key parameters. Furthermore, our results do not rely on the assumption of 

“standing on shoulders” in the R&D sector. The results are also valid under 

the assumption of “fishing out”. 

5 Conclusion and Discussion 

The purpose of this paper was to analyse the optimal carbon abatement 

policy under the assumption of ITC and compare it with the optimal carbon 

abatement policy under exogenous technological change. Setting up our 

model we were primarily inspired by Romer (1990) making us capable of 

endogenising the supply and demand for environmental R&D. Our main 

finding is that the initial carbon emission tax rate should be higher under 

ITC than under exogenous technological change. The reason is that the total 

number of innovations is external to the R&D sector. More innovations 

imply more carbon abatement opportunities, and hence, the carbon emission 

tax rate should be high initially in order to spur the number of innovations. 

Other instruments like environmental subsidies might of course also be 

used to spur the number of innovations in carbon abatement technology. 

However, in this paper we focus solely on the emission tax rate. As 

mentioned our article has as its point of departure the article by Goulder and 

Mathai (2000) who find that introducing ITC into the economy implies a 

lower emission tax rate initially. This result is partly explained by the 

assumption made by Goulder and Mathai (2000) that all possible market 
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failures in the market for environmental R&D are corrected by other 

instruments kept outside the model in their paper. To the extent that this 

assumption does not hold, our results show that setting a high emission tax 

initially may be desirable. 

Our paper only takes into account one way of reducing carbon emission, 

namely by abating carbon from fossil fuel combustion. We are of course 

aware of that other alternatives exist such as substituting energy from fossil 

fuels with renewable energy. On the other hand, it should be possible to 

reinterpret the model such that renewable energy is covered. The abatement 

cost is then the additional cost of producing electricity from for instance 

wind or solar, and the reduction in emissions is the amount of electricity 

production replaced by the renewables. We plan to look more deeply into 

this in a future paper. 

We have also purposely left the analysis of environmental subsidies to 

future research. Subsidies can be included in the model in a variety of ways. 

Many advocate so-called deployment subsidies, which can be included in 

our model by introducing a subsidy per unit of abatement equipment bought 

by the power sector. Further, R&D subsidies can be included as a subsidy 

to the production of ideas. The latter will surely spur the number of ideas, 

and may reduce the need for setting a high initial emission tax. On the other 

hand, we should probably take even more care in modelling the R&D sector 

properly, and not rely on the reduced form cost function for idea 

production. 

Finally, we have not looked at the benefit-cost criterion. We know from 

textbooks on environmental economics that the optimal amount of 

emissions should be set such that marginal abatement cost equals marginal 

environmental damage. In our model this would probably result in another 

argument for setting a high emission tax rate. Since the intermediate sector 

supplying carbon abatement equipment sets a price which includes a mark-
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up over costs, the power sector is not confronted by the actual marginal 

abatement cost. If the emission tax is set equal to marginal environmental 

damage, this implies that marginal environmental damage will not be equal 

to the actual marginal abatement cost. Hence, in order to get an optimal 

utilisation of each type of abatement equipment the emission tax should 

probably be set higher such that marginal environmental damage equals 

actual marginal abatement cost. 

5.1.1 Acknowledgements 

This article is a part of a Ph.D. project funded by Nordic Energy Research 

under the research programme NEMIEC, and also a minor part of a 

research project under the Norwegian Research Program SAMSTEMT. 

6 References 

Buonanno, P., C. Carraro and M. Galeotti (2003). “Endogenous induced 

technical change and the costs of Kyoto”, Resource and Energy Economics, 

25: 11-34. 

Caldeira et al. (2002). “Advanced Technology Paths to Global Climate 

Stability: Energy for the Greenhouse Planet.” Science 298: 981-987 

Gerlagh, R. and W. Lise (2005). “Carbon taxes: A drop in the ocean, or a 

drop that erodes the stone? The effect of carbon taxes on technological 

change.” Ecological Economics 54: 241-260. 

Goulder, L.H., K. Mathai (2000). “Optimal CO₂ Abatement in the Presence 

of Induced Technical Change.” Journal of Environmental Economics and 

Management 39: 1-38. 

Goulder, L.H. and S.H. Schnieder (1999). “Induced technological change 

and the attractiveness of CO2 abatement policies.” Resource and Energy 

Economics 21: 211-253. 



 

 118

Nordhaus, W.D. (2002) “Modelling induced innovation in climate-change 

policy”, in A. Grübler, N. Nakicenovic, W.D. Nordhaus (Eds.), Technical 

Change and the Environment, Resources for the Future, Washington, DC. 

Popp, D. (2004). “ENTICE: endogenous technological change in the DICE 

model of global warming.” Journal of Environmental Economics and 

Management 48: 742-768. 

Rees, R. (1984) Public enterprise economics, Phillip Allan publishers: 

Oxford. 

Romer P.M. (1990). “Endogenous Technological Change.” The Journal of 

Political Economy, 98(5): 71-102. 

UNFCCC (http://unfccc.int). 

van der Zwaan, B.C.C., R. Gerlagh, G. Klaassen and L. Schrattenholzer 

(2002). ”Endogenous technological change in climate change modelling,” 

Energy Economics, 24: 1-19. 

Climate policy of a small open economy under induced 

technological change and technological diffusion 

Lise-Lotte Padea,b* 

 
a Akf, institute of local government studies, Nyropsgade 37, DK-1602 Copenhagen V, Denmark 
b Department of Economics, Royal Agricultural University (KVL), 23 Rolighedsvej, DK-1958 

Frederiksberg C, Denmark 

* Corresponding author: e-mail: lph@akf.dk 

 
Abstract 

In this paper, we investigate the optimal timing of the climate policy of a small open 

economy under CO2 reduction targets in the presence of induced technological change 

and technological spillover effects. We use a partial equilibrium model to study the 

dependence on the technological development of the surrounding world. We find that 

if the initial technological level in the foreign country is low the social planner in the 



 

 

domestic country should start reducing emissions at once by setting the carbon tax 

high. If the initial technological level in the foreign is high the social planner should 

wait until the emission reduction target comes into force and then set the carbon tax 

high. Further, under high technological level in the foreign country the tax level in the 

domestic country is higher in all the periods than under low technological level in the 

foreign country. 

1 Introduction 

“All doubt has melted away” the Danish newspaper, Information (27th may 2006), 

wrote, referring to the tremendous meltdown of ice caps and glacial ice in for example 

Greenland. This development is interpreted as evidence of the global warming caused 

by human activities. The aim of the United Nations Framework Convention on 

Climate Change is to stabilise greenhouse gas concentrations at levels that avoid 

“dangerous anthropogenic interference with the climate system” (UN 1992). 

Atmospheric CO2 stabilisation targets as low as 450 ppm could be needed to avoid 

serious consequences of global warming (Caldeira et al. 2002). With reasonable 

projections of world economic growth, such stabilization targets require more than 

twice as much emission-free power by mid-century than what we now derive from 

fossil fuels (Caldeira et al. 2002, Köhler et al. 2006). 

In this article we will investigate the consequences for the optimal climate policy of a 

small open economy dependent on the technological development of the surrounding 

world in the presence of induced technological change and technological diffusion. 

Induced technological change (ITC) refers to the mechanism resulting in technological 

changes induced by e.g. a strong climate policy. If the social planner chooses to tax 

carbon emissions the demand for carbon based energy types will decrease and the 

demand for carbon free (or less carbon intensive) energy types will increase. This 

might result in increase research and development within the area of carbon free 

energy. Technological diffusion refers to the spreading of technologies on the 

economy. As new technologies mature they become cheaper and more and more 

countries and industries will be able to adopt the new technologies.  



 

 

We set up a partial equilibrium model with induced technological change in the market 

for carbon-reducing technologies. The rest of the world is represented as an exogenous 

foreign country affecting the technological development of the domestic country 

through technological spillovers. The spillovers take place from the foreign R&D 

sectors to the domestic R&D10. The technological development in the foreign country 

is taken as exogenous and cannot be affected by the domestic country. We investigate 

the following scenarios where the foreign country can have either: 

1. progressive technological change, i.e. increasing number of new abatement 

technologies, 

2. regressive technological change, i.e. decreasing number of new abatement 

technologies, 

3. constant technological change, i.e. constant number of new abatement 

technologies in each period. 

The consequences of different initial technological levels in the foreign country are 

analysed. It is assumed that the initial technological level in the foreign country can be 

either high or low. The question we attempt to answer is how the social planner of a 

small open country should arrange the optimal climate policy under an international 

agreement, e.g. Kyoto, requiring the country to reduce the CO2 emissions by a certain 

percentage at a given time.  

The main contribution of the present article is that the optimal climate policy is quite 

robust with respect to the foreign technological path. Only the initial level of the 

technology in the foreign country is of great importance to the optimal climate policy. 

However, the taxation paths of the domestic country mainly differ in level, not so 

much in shape. Whether the domestic country should start setting the CO2 tax high in 

the first period depends on the initial knowledge stock in the foreign country. If the 

foreign country has a high initial knowledge stock, then the social planner should wait 

setting the CO2 tax high until the emission reduction target comes into force. However, 

if the initial knowledge stock in the foreign country is low, then the social planner 

                                              
10 There are obviously other sources of spillover effects between countries, but it is beyond the scope of this 

article to include several kinds. We restrict this article only to introduce spillover effects in the R&D sector. 



 

 

should respond by setting the CO2 tax high in the very beginning followed by a lower 

tax in the remaining periods compared to when the knowledge stock in the foreign 

country is high. Finally, we find that the domestic technological development will take 

almost the opposite shape compared to the one of the foreign country. 

The rest of the article is structured as follows: Section 2 presents relevant literature. 

Section 3 introduces the model. In Section 4 the numerical simulations are presented 

including introduction to the scenarios and results. Finally, Section 5 concludes. 

2 Literature review 

Environmental pressure groups and researchers are divided on the question of whether 

climate policies should be especially tough from the beginning in order to take account 

of ITC. Typically, environmental pressure groups advocate a tough climate policy in 

order to get many new innovations rather fast. That is, by having relatively more 

carbon abatement in the short term, future carbon abatement will be cheaper, which 

will make it possible to reach ambitious stabilisation targets. On the other hand, 

research done in the field of economics, seems to arrive at another conclusion. For 

instance, Goulder and Mathai (2000) find that the presence of ITC generally implies a 

lower carbon emission tax rate in the short term than without ITC. Since scientific 

progress will make carbon abatement less costly in the more distant future, society will 

benefit from waiting to set a tough climate policy. Other studies deal with the issue of 

induced technological change, e.g. Goulder and Schnieder (1999), Nordhaus (2002), 

van der Zwaan et al. (2002), Buonanno et al. (2003), Kverndokk et al. 2004, Popp 

(2004), Rosendahl (2004) and Gerlagh and Lise (2005). Many of these studies analyse 

the importance of ITC in relation to estimating the costs of implementing the Kyoto 

agreement, for example Buonanno et al. (2003), Goulder and Schnieder (1999) and 

Popp (2004). All these authors seem to agree that ignoring the existence of ITC leads 

to overestimation of the costs of achieving various climate targets. Furthermore, 

Nordhaus (2002) and Popp (2004) analyse the importance of ITC relative to factor 

substitution. Both find that factor substitution is far more important than ITC, and that 

the existence of ITC is not enough to achieve the climate goals of the Kyoto 



 

 

agreement. This contrasts with Gerlagh and Lise (2005). The focus in Gerlagh and 

Lise (2005) is also to find out whether ITC is important to the abatement policies. The 

authors conclude that taking induced technological change into consideration, a more 

optimistic perspective arises on the possibilities of emission reductions than without it. 

Nordhaus (2002), Popp (2004), Gerlagh and Lise (2005) and Goulder and Schneider 

(1999) all consider the costs of achieving the Kyoto target and the effect of ITC on 

these costs. None of them analyse the optimal timing of the climate policy, nor 

technological diffusion as is done in the present article. Buonanno et al. (2003), 

however, introduce technological diffusion but the authors do not analyse the effect on 

the timing of the optimal climate policy from introducing technological diffusion.  

Like Goulder and Mathai (2000), van der Zwaan et al. (2002) intend to explore the 

effect of including ITC on the optimal timing of abating greenhouse gases and the 

optimal path of taxes and subsidies. They conclude that including endogenous 

innovation implies earlier reduction compared to a model with exogenous innovation. 

Furthermore, they find that the optimal carbon tax levels are lower during the entire 

period with ITC than without. The work by Pade and Greaker (2006) is inspired by the 

results obtained in Goulder and Mathai (2000) and van der Zwaan et al. (2002). The 

authors take the point of departure in the endogenous growth model introduced by 

Romer (Romer 1990). The model is adapted to the issue of carbon abatement and 

energy production. Contrary to the findings in Goulder and Mathai (2000) and van der 

Zwaan et al. (2002) Pade and Greaker (2006) find that governments should set a high 

carbon tax today in order to speed up innovation of new carbon abatement 

technologies. Unlike Goulder and Mathai (2000), van der Zwaan et al. (2002) and 

Pade and Greaker (2006) the present article analyses the optimal timing of climate 

policy in a small open economy with technological diffusion from the surrounding 

world.  

Only few of the above-mentioned studies cover the issue of ITC in a multi-region 

setting and, thereby, disregard the very important issue of technological diffusion. 

Cross-regional spillover effects are a large contributor of technological development of 

small countries and should not be ignored. There are many sources of R&D spillovers. 



 

 

Bernstein and Mohnen (1998) mention trade in goods and services, foreign direct 

investments, international migration of researchers and other high skilled labour, and 

international communication, e.g. conferences.  

Much of the literature dealing with R&D and international spillovers is mainly 

concerned with the long run growth effects (see e.g. Coe and Helpman 1995, Bernstein 

and Mohnen 1998, Doi and Mino 2005, Diao et al. 1999, Bayoumi et al. 1999, Kim 

and Lee 2004, Holod and Reed 2004 and Diao et al. 2005). Another group intends to 

quantify the spillover effects (see e.g. Coe and Helpman 1995, Diao et al. 1999, Arora 

et al. 2001, Jaffe 1986 and Coe et al. 1997). None of these studies deal with 

technological spillovers and growth in the setting of climate policy and ITC as we do 

in the present study.  

Some researchers deal with international spillovers with respect to induced 

technological change in the setting of climate policy. Golombek and Hoel (2005) 

address the issue of climate policy with sub-optimal climate agreement and spillover 

effects in a static, theoretical framework. Golombek and Hoel (2005) shed light on 

many issues. Among several interesting results they find that under a quota agreement, 

if the price of the quotas is given by the marginal damage costs of the emissions in the 

social optimum, the abatement level and technological level will be lower than in 

social optimum. Further, the optimal amount of quotas is such that the quota price is 

higher than the Pigouvian tax level. Kemfert (2005) addresses the issue of ITC and 

spillovers in a multi-region, multi-sectoral assessment model with the aim of 

quantifying the economic impact of climate policy when you take induced 

technological change and spillover effects into account. Spillover effects are mainly 

modelled through flexibility mechanism. Furthermore, non-cooperating countries can 

benefit from spillover effects through trade in technological innovations and capital 

flows that can be used for R&D investments. Kemfert (2005) finds that with induced 

technological change the negative effect on welfare of reaching an emission reduction 

target is reduced. In addition, taking spillover effects into consideration reduces the 

negative economic impacts even further. Unlike Kemfert (2005) the present article 



 

 

considers technological diffusion through the R&D sector in order to detect the effect 

on the optimal timing of the climate policy in a small open economy.  

Another example is Rosendahl (2004) who expands the model of Goulder and Mathai 

(2000) to a two-region model. The two regions differ in the sense that one region 

experiences learning by doing while the other region does not. The intention of the 

paper is to test the traditional hypothesis that similar pollution sources should be taxed 

with the same tax, namely the one corresponding to the Pigouvian level. Rosendahl 

(2004) finds that the region with learning by doing should be taxed higher in order to 

take into account the positive externalities from learning by doing. The author uses this 

result to challenge the popular opinion that the Kyoto protocol should be carried out 

with the most possible flexibility in emission trading and the flexibility mechanisms. 

Rosendahl (2004) finds that the costs of achieving the Kyoto targets are not minimised 

with the most flexibility as possible due to the learning effects in the one region 

compared to the other. Unlike Rosendahl (2004) the present article studies two equal 

economies in the sense that both economies undergo technological development.  

Finally, Buonanno et al. (2003) include cross-regional spillover effects in analysing 

ITC. The authors address different specifications of technological change to the costs 

of achieving the Kyoto targets. They set up a model and extend it in two manners. The 

base model is a model where the general technological change is represented as 

endogenous technological change, but the environmental technological change is 

implemented as exogenous. The first extension includes induced technological change 

by letting the emission output-ratio depend on the country's own knowledge stock 

which again is affected by investments in R&D. Second, cross-country spillover 

effects are introduced into the model by including the knowledge stock of the rest of 

the world in the emission-output ratio. Furthermore, Buonanno et al. (2003) analyse 

three scenarios. A scenario with no emission-trading, a scenario with emission-trading 

within the Annex-1 countries, and finally a scenario with emission trade possible in 

the whole world.  

Buonanno et al. (2003) find that in general costs are lowered the more you open up 

emission trading. Introducing induced technological change decreases compliance 



 

 

costs, and the R&D spending increases in the countries that are suppliers of emission 

permits. R&D is used strategically of these regions to increase the supply of emission 

permits. Introducing spillover effects gives less incentive to conduct research as a free 

rider incentive is introduced. However, the R&D spendings in the permit demanding 

countries are increased strategically to decrease their demand for emission permits. 

The differences between the study by Buonanno et al. (2003) and the present article is 

the aim of the analysis and the way technological diffusion is modelled. Buonanno et 

al. (2003) introduce technological diffusion through the emission-output ratio whereas 

the present article introduced technological spillovers through the R&D sector. The 

aim of Buonanno et al. (2003) is to quantify the economic effect of ITC on the costs of 

achieving the Kyoto targets whereas the present study analyses the effect on the 

optimal timing of the climate policy in a small open economy with technological 

diffusion from the rest of the world.  

Spillover effects in R&D are often modelled such that only a share of the foreign 

knowledge stock affects domestic production (Golombek and Hoel 2005, Rosendahl 

2004) or the effect of foreign knowledge stock on the domestic productivity is smaller 

than the effect of the domestic knowledge stock on the domestic productivity 

(Buonanno et al. 2003). In the present article the foreign knowledge stock has a 

smaller impact on the future technological development than the domestic knowledge 

stock (Diao et al. 1999). Diao et al. (1999) assume that spillovers from the foreign 

country depend on the import share and the elasticities of the home country’s R&D 

productivity with respect to the foreign R&D stock. The focus of the article by Diao et 

al. (1999) is the long run growth effect whereas the present article addresses the issue 

of the optimal climate policy given the technological diffusion from the foreign 

country. Unlike Golombek and Hoel (2005) the present article studies the issue in a 

dynamic framework.  

To my knowledge no other studies have attempted to model the impact of induced 

technological change and technological diffusion with regard to the optimal timing of 

the climate policy for a small open country.  



 

 

3 Model 

In this article we extend the model developed by Pade and Greaker (2006). The model 

by Pade and Greaker (2006) is in accordance with the endogenous growth model by 

Romer (1990). Similar to Romer (1990) the economy consists of three sectors. An 

R&D sector, which is characterised by free entry and therefore perfect competition, an 

abatement equipment sector corresponding to the intermediate goods sector in Romer 

(1990), which is characterised by imperfect competition, and finally an energy sector 

corresponding to the final output sector in Romer (1990) given by one representative 

producer.  

The economy considered in Pade and Greaker (2006) is a closed economy with one 

representative energy producer, tN  producers of abatement equipment and a research 

and development sector (R&D sector) inventing new abatement technologies. The 

representative energy producer emits CO2, and is subject to a carbon tax,  , per unit of 

emissions. The energy producer can reduce tax payments by renting abatement 

equipment from the producers of abatement equipment. The market for abatement 

equipment sector is, similar to Romer (1990), characterised by monopolistic 

competition since the different types of abatement equipment are unique, but close 

substitutes. Thus each abatement equipment producer faces a downward sloping 

demand curve for its equipment and maximises instantaneous profit charging the 

monopoly price from the energy producer. As in Romer (1990) there is free entry in 

the R&D sector and the R&D firms charge the cost per idea from the abatement 

equipment sector for licensing the right to produce the new technologies. Thus there is 

zero profit in the R&D sector. The licence fee equals the net present value of profits 

from the technology earned by the abatement equipment sector11. The cost of 

developing an additional technology is decreasing in the total number of technologies 

that has been made available historically since new ideas build on old ideas. On the 

other hand, within each period, the costs are increasing in the number of technologies 
                                              
11 There is no economic argument to divide the R&D sector and the abatement equipment sector. In principle the 

invention and production of the abatement equipment could be produced in the same firm. However, separating 

the two steps makes the effects and the driving forces of the model clearer.  



 

 

that are made available in the period since within each period it becomes more and 

more difficult to come up with something unique.  

The extension of the model in the present article consists of opening up the economy 

with regard to the technological development in the foreign country. Similar to Pade 

and Greaker (2006) the economy in the present article consists of one representative 

energy producer, tN  producers of abatement equipment and an R&D sector inventing 

new abatement technologies. The energy demand is given by a linear demand curve. In 

this model, however, the R&D sector is affected by the technology level and the 

technological development in the foreign country such that within each period, the cost 

of developing an additional technology is also increasing in the number of 

technologies that are made available in the period in the foreign country. Similar, the 

cost is decreasing in the total number of technologies available in the foreign country 

as well. In the following we present the R&D sector as it deviates from the model 

described in Pade and Greaker (2006).  

 

Similar to Pade and Greaker (2006) the domestic R&D sector supplies D
tn  new ideas 

or technologies for abatement equipment each period. Then the total domestic number 

of abatement technologies will accumulate according to: 
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Modelling the costs of innovating and developing D
tn  new technologies is an 

extension of those in Pade and Greaker (2006). In the present model the costs are 

affected by the technology level in the foreign country ( F
tN  and F

tn ) as well. The total 

costs in a given period are given by: 
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where 0 , 1 , 2  and 3  are positive parameters, and we have 2 10 1     and 

3 1  . This specification gives the following properties. Within each period, the costs 

of developing an additional technology are decreasing in the total number of 



 

 

technologies available, D
tN and F

tN . The marginal effect of the ideas in the foreign 

country is smaller than the marginal effect of the ideas in the domestic country, i.e. 
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. On the other hand, the costs are increasing in the number of technologies 

that are made available in the present period, D
tn  and F

tn . Similar, the ideas made 

available in the foreign country have smaller impact than the ideas made available in 

the domestic country; 
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, the spillover effects from the foreign country 

are not perfect. 

Free entry of researchers into the R&D sector assures that researchers will supply new 

ideas as long as the cost per idea is lower than the value of inventing an idea. From (2) 

the cost per idea is given by       1 2 3 1

0
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. As in Pade and Greaker 

(2006) each abatement equipment supplier licenses the right to produce and supply a 

specific kind of abatement equipment from the R&D sector. The licence fee is denoted 

by tf  and in equilibrium the cost per idea will equal the licence fee, such that 
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 . Further, due to competitive bidding, the licence 

fee per period, tf , will equal the net present value of profits from the technology 

earned by the abatement equipment sector: 
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where   is the parameter ensuring decreasing return to each type of abatement 

equipment, b  is the unit cost of producing one unit of abatement equipment,   is the 

tax and finally r  is the discount rate. 

Solving t tf    for tn  gives the number of new ideas in each period in the domestic 

country 

        31 2

1

1

0

tD D F
t t t F

t

n N N
n

   


 
  
 

 (4) 

where  
1

1 11 b
 
   

 
    and  

1

1( ) ( ) r s t
t t

s e ds  
    .  



 

 

Unlike Pade and Greaker (2006) the technological development in the domestic 

country now depends on the technological development in the foreign country as well. 

The technological development in the foreign country affects the domestic R&D sector 

in the sense that the domestic R&D sector can be sort of inspired by the inventions in 

the foreign R&D sector. However, the domestic R&D sector still has to make the 

inventions itself. A large knowledge stock in the foreign country makes it relatively 

cheaper to invent in the domestic R&D sector whereas many inventions in one period 

relatively increase the costs of inventing in that specific period.  

 
As in Pade and Greaker (2006) the social planner maximises total surplus with respect 

to the carbon tax. Total surplus is maximised under the constraint that the emissions 

cannot exceed a certain level12. Total surplus is given by consumer surplus, producer 

surplus13 and emission tax income.  

4 Numerical simulations 

The model is solved numerically using GAMS. The present study differs from the 

study of Pade and Greaker (2006). In Pade and Greaker (2006) the intention was to 

analyse the effect on optimal climate policy from the presence versus the absence of 

induced technological change in a large closed economy. The present study examines 

the effect on the optimal climate policy of a small open economy depending on the 

technological development in the foreign country under induced technological change 

and technological diffusion. 

In order to conduct the numerical simulations the following parameter values have 

been chosen: 0.5   assures that the effect of each abatement equipment is 

decreasing, 0 0.5   is a scaling parameter simply scaling the effect of the R&D costs, 

1 0.1   assures that the R&D sector is characterised by “standing on shoulders”14, 

                                              
12 See Pade and Greaker (2006) for further detail 
13 There is positive profit in the electricity sector. See Pade and Greaker (2006) for further details. 
14 ”Standing on shoulders” mirrors an assumption that the costs of R&D are decreasing in the total number of 

technologies that has been made available historically. Opposite we have “fishing out” where the costs of 



 

 

2 10.05    assures that the effect of the foreign technological level is smaller than 

the domestic technological level, 3 2   simplifies the equations without 

compromising the results, 2b   just scales the technological development and 0.04r   

corresponds to the normally chosen interest rate in similar studies. The general energy 

demand function presented in the theoretical part of Pade and Greaker (2006) is 

replaced by a simple linear demand function. 

4.1 Scenarios 

In order to shed light on the question of how the social planner of a small country 

should arrange the optimal climate policy we have set up three scenarios, which are 

different in the way the technology develops in the foreign country. The foreign 

country is represented by either 

1. progressive technological change, i.e. increasing number of new abatement 

technologies (pro),  

2. regressive technological change, i.e. decreasing number of new abatement 

technologies (reg),  

3. constant technological change, i.e. constant number of new abatement 

technologies in each period (cst). 

The three scenarios are constructed such that the initial and final number of ideas in 

the foreign country is identical for all three scenarios. 

The three scenarios are all analysed under two different assumptions of the initial and 

final level of ideas in order to enlighten the effect of the knowledge stock of the 

foreign country. We analyse a situation where the initial level of ideas is low (L) and 

high (H).  

In the progressive technology scenario we assume that the foreign technological 

development is characterised by an increasing number of new ideas over time (Figure 

1). This technological development mirrors an assumption that it is best to postpone 

the biggest reduction effort until the emission reduction targets have to be reached. 

                                                                                                                                             
developing an additional technology is increasing in the accumulated number of technologies. However, our 

results are robust to both assumptions. 



 

 

This is because postponing the large investments in technological development until 

the technology has reached a certain level gives larger payoffs from investments in 

R&D. 
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Figure 1 Technological development in the foreign country 

In the regressive technological development scenario we assume that the foreign 

technological development is regressive in the sense that the number of new ideas are 

largest in the first periods and then decreases (Figure 1). This development in the 

technological level builds on an assumption that it pays to kick off the technological 

development in a sense that the technological level reaches a certain level. After that 

the development stabilises at a sufficient level to obtain the emission reduction target 

in time.  

In the final scenario, the constant technological development scenario, we assume that 

the foreign country is characterised by a constant technological development over all 

the periods (Figure 1). This is based on an assumption that a constant technological 

development is the most beneficial.  

The analyses are based on a Kyoto-like scenario assuming that the country has to 

reduce the CO2 emissions by 30% in the period 2008-2012 which corresponds to the 

emission reduction target faced by Denmark in 2003 (Eurostat 2006). Furthermore, we 

assume the domestic country to reach a 50% reduction of the business as usual level 

within a century through a stepwise reduction reaching a 40% reduction after half a 

century. 



 

 

4.2 Results 

The main contribution of the present article is that the optimal climate policy is quite 

robust with respect to the foreign technological path. Only the initial level of the 

technology in the foreign country is of great importance.  

We find that the results are robust to the path of the technological development in the 

foreign country. This means that the social planner should choose more or less the 

same taxation path independent on whether the foreign country is characterised by 

progressive, regressive or constant technological development.  

However, the initial level of the knowledge stock of the foreign country is important 

for the choice of climate policy. With a high foreign knowledge stock the social 

planner should set the CO2 tax equal to zero until the first emission reduction target 

comes into force. Then the tax shall peak in the same period as the first emission 

reduction target comes into force. After that the tax declines with small “jumps” in the 

periods where new emission reduction targets become binding. With a low knowledge 

stock in the foreign country the social planner should set the CO2 tax highest in the 

first period followed by a declining taxation path with “jumps” when new emission 

reduction targets become binding. 

These results shed light on the question of how a small country should plan the climate 

policy when being able to determine whether the technological level of the foreign 

country is high or low. To our knowledge this is a new contribution to the literature on 

induced technological change and technological diffusion.   

4.2.1 High technological level in the foreign country 

In this section we analyse the optimal taxation path in the domestic country given the 

foreign country has a high technological level initially. The foreign taxation path 

develops in three different ways: progressive, regressive and constant.  

In response to the high technological level in the foreign country the domestic social 

planner sets taxation paths as illustrated in Figure 2. The figure shows that the tax is 

zero in the first period (2000-2010) and peaks in the second period (2010-2020) when 



 

 

the first emission reduction target comes into force. This goes for all three different 

technological paths of the foreign country: progressive, regressive and constant.  

The tax is highest in the beginning when the foreign country is characterised by 

regressive technological development because the domestic country produces less new 

ideas in the beginning of that scenario (see Figure 3). When the foreign country is 

characterised by progressive technological development the domestic country 

produces more new ideas in the beginning and fewer later (see Figure 3), and therefore 

the tax is lowest in the beginning and higher at the end. 
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Figure 2 Taxation paths 

We notice that the tax level peaks when the first emission reduction target comes into 

force and “jumps” when the next emission reduction targets come into force. The 

taxation level peaks early in order to kick off the technological development. The 

taxation paths illustrated in Figure 2 result in the technological development illustrated 

in Figure 3. We notice that the technological development under progressive and 

regressive technological development in the foreign country results in the opposite 

technological development in the domestic country.  
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Figure 3 Technological development 

When the foreign technological development is progressive the accumulated number 

of ideas in the foreign country makes it cheaper and cheaper to conduct research in the 

domestic country. However, this effect is dominated by the increasingly high number 

of new ideas per period in the foreign country making it progressively more and more 

expensive to conduct research in the domestic country. When the foreign technological 

development is regressive the number of new ideas per period in the foreign country 

decreases, which decreases the costs per idea over the periods. At the same time the 

total number of ideas in the economy available for the R&D sector still increases and 

decreases the costs of inventing new ideas even more. When the foreign technological 

development is constant the effect of the new ideas per period is the same in all the 

periods. However, the increasing accumulated number of ideas in the foreign country 

decreases the costs of inventing new ideas in the domestic country resulting in an 

increasing number of new ideas in each period in the domestic country. 

The taxation paths and technological developments illustrated in Figure 2 and Figure 3 

result in the energy production illustrated in Figure 4. 
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Figure 4 Energy production 

We observe that the energy production reaches the lowest level at the same time as the 

tax level peaks. In order to reach the first emission reduction target the energy 

production has to be reduced since the technological level is not yet sufficiently high 

to avoid reducing energy production. Hereafter the energy production increases as the 

technological level increases such that emissions can be avoided. We observe that the 

energy production increases the most when the foreign country is characterised by 

regressive technological development. As mentioned above this is because the 

regressive technological development in the foreign country gives rise to the most 

progressive technological development in the domestic country. This gives room for 

more energy production to the same emission target.  

The “jumps” in both the taxation path as well as the energy production are due to the 

discount rate being above zero. The social planner does prefer consumption today to 

consumption tomorrow. If the discount rate had been zero both the taxation path as 

well as the energy production would have been smooth. 

4.2.2 Low technological level in the foreign country 

In this section we analyse the optimal taxation path in the domestic country given the 

foreign country is characterised by a low initial technological level. The foreign 

taxation path develops in three different ways: progressive, regressive and constant.  



 

 

Responding to the low technological level in the foreign country the domestic social 

planner sets taxation paths as illustrated in Figure 5. We observe that the tax is positive 

in the first period – before the emission reduction target comes into force.  
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Figure 5 Taxation path 

When the foreign technological level is low the domestic country has to create the 

positive externalities for the future research itself by kicking off the technological 

development even earlier, compared to when the foreign technological level is high. 

Therefore, the tax level is above zero from the beginning when the foreign country is 

characterised by a low initial technological level compared to a high initial 

technological level.  

When the foreign technological development is regressive the tax level peaks at the 

same time as the first emission reduction target comes into force. The reason for this is 

that the technological level in the foreign country is higher in the beginning under 

regressive technological development compared to the two other situations. Therefore, 

it is more expensive to invent new ideas, the domestic technological level will be 

lower (see Figure 6), and the tax level has to be higher to obtain the emission reduction 

target compared to under progressive and constant technological development in the 

foreign country. This is also illustrated by the technological development (Figure 6) 

showing the domestic technological development corresponding to the three different 

foreign technological developments.  
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Figure 6  Technological development 

 

We observe that the number of new ideas per period is lowest in the beginning when 

the foreign country is characterised by regressive technological development resulting 

in the higher tax level to achieve the emission reduction target. This effect is also 

illustrated by the energy production shown in Figure 7. We observe that the energy 

production reaches its minimum when the first emission reduction target comes into 

force when the foreign country is characterised by regressive technological 

development whereas the energy production reaches its minimum in the beginning 

when the foreign country is characterised by progressive and constant technological 

development.  
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Figure 7 Energy production 

 



 

 

4.2.3 Comparing high and low 

In all the scenarios the emissions correspond to the emission reduction target with 

exception of the first year before the first emission reduction target comes into force. 

Then the emissions vary between 73% and 98% of the business as usual CO2 

emissions. In Figure 8 the CO2 emissions under the two scenarios where the foreign 

country is represented by progressive technological change are illustrated.  
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Figure 8 CO2 emissions, pct. of business as usual 

The emissions are generally lower in the scenarios where the foreign country is 

represented by low initial technological level. This is because the tax is positive the 

first period in the “low” scenarios, which leads to an emission reduction given by 

reductions in the energy production.  

Dependent on the initial amount of new ideas in the foreign economy the social 

planner has to choose between two options. If the initial number of ideas in the foreign 

country is high then the tax in the first period is zero and then increases to its peak in 

the first period when the first emission reduction target comes into force. Contrary, if 

the initial number of new ideas in the foreign country is low then the tax peaks in the 

first period, which accelerates the domestic technological development. The tax level 

is significantly lower in the remaining periods compared to an initially high 

technological level in the foreign country (see Figure 2 and Figure 5). 

 



 

 

The reason why the tax is higher (with exception of the first period) when the foreign 

country is characterised by high initial technological level is that the ideas in the 

foreign country cannot be used directly in the domestic research sector. The foreign 

technology level only makes it more expensive (ideas per period)/cheaper 

(accumulated number of ideas) to conduct research in the domestic country. In 

correspondence to this the tax in the domestic country has to be relatively higher when 

the foreign country is characterised by high technological level just to assure research 

and to reduce the production to reduce the CO2 emissions.  

 

The total welfare is higher when the foreign country is characterised by low initial 

technological level compared to the situation where the foreign country is 

characterised by high initial technological level. This is because, when the 

technological development in the foreign country is sufficiently high the domestic 

research sector is having a hard time to come up with new ideas to comply with the 

reduction targets and therefore has to reduce the energy production significantly. 

4.2.4 Sensitivity analysis 

We have tested whether the results are sensitive to changes in important parameters. 

We have analysed the impact of changes in the energy demand ( m ), the interest rate, 

r  and finally the effect of changes in the parameter   (the impact of each type of 

abatement equipment on the CO2 emissions). We conduct the same analyses as in 

Section 4.2.1 and 4.2.2 using other parameter values and then compare these results 

with those obtained in Section 4.2.1 and 4.2.2. The following was tested:  0.5;1.2m , 

 0.02;0.06r   and  0.1;0.9  . 

Changes in the energy demand simply imply that the higher the energy demand the 

higher the tax to achieve the emission reduction targets. This is the case for all 

scenarios. The interest rate only influences the reg_L and cst_L scenarios. In the first 

case a high interest rate changes the taxation path into a “high”-like path where the tax 

in the first period is zero and hereafter peaks in the second period. In the cst_L 

scenario a high interest rate simply means that the tax peaks in the second period, 



 

 

however, the tax remains positive in the first period. The intuition is that with a high 

interest rate the social planner prefers consumption today to consumption tomorrow to 

a higher extent. So in the cases with a higher interest rate the social planner will 

postpone the emission reduction and have a higher CO2 emission in the first period. 

Higher levels of the parameter   lead to a zero tax in the first period in the (L) 

scenarios. Sufficiently high level of   (close to one, i.e. constant return to each type 

of abatement equipment) leads to a very flat taxation path for the (H) scenarios. This is 

because, with a bigger effect of each abatement equipment type, fewer abatement 

technologies are necessary to comply with the emission reduction target.   

4.2.5 Summary 

The main contribution of the present article is that the optimal climate policy of a 

small open country is quite robust with respect to the foreign technological path. Only 

the initial level of the technology in the foreign country is of great importance.  

We find that the optimal domestic taxation path is robust to the path of the 

technological development in the foreign country. This means that the social planner 

should choose more or less the same taxation path independent of whether the foreign 

country is characterised by progressive, regressive or constant technological 

development.  

However, the initial level of the knowledge stock of the foreign country is important 

for the choice of climate policy. When the foreign knowledge stock is high the social 

planner should set the CO2 tax to zero until the period where the first emission 

reduction target shall be reached. In this period, the tax shall peak. After that the tax 

declines with small jumps in the periods where new emission reduction targets become 

binding.  

When the initial knowledge stock is low in the foreign country the tax level in the first 

period is positive in all scenarios. However, in the regressive technological 

development scenario the tax peaks in the second period as it peaks in the first period 

for the two other scenarios. Taxation paths jump when new emission reduction targets 

become binding. 



 

 

The technological developments in the domestic country appear to be almost opposite 

to those in the foreign country. If the number of new ideas in the foreign country is 

high in the beginning and declines over time (regressive technological development), 

then the number of new ideas in the domestic country is low in the beginning and 

increases over the periods. On the other hand, if the number of new ideas in the foreign 

country is low in the beginning and increases over time (progressive technological 

development), then the number of new ideas per period in the domestic country is high 

in the beginning and decreases over time. A constant technological development in the 

foreign country with a constant number of new ideas each period gives an approximate 

constant, slightly growing, technological development in the domestic country. These 

developments in the number of new ideas per period are to a large extent determined 

by the number of new ideas per period in the foreign country rather than the tax level. 

When the number of new ideas per period in the foreign country is increasing the costs 

of inventing a new idea in the domestic country are also increasing leading to fewer 

and fewer new ideas per period. When the number of new ideas per each period in the 

foreign country is decreasing the costs of inventing a new idea in the domestic country 

are decreasing as well. Therefore, the domestic technological change takes almost the 

opposite shape than the foreign country in the progressive and regressive technological 

change scenarios.  

The energy production of all three scenarios takes the reverse shape than the taxation 

path. Under the constant and progressive technological development in the foreign 

country the energy production dips in the first period. After that it increases rather 

smoothly with minor dips as new emission reduction targets come into force. Under 

regressive technological change in the foreign country the energy production dips in 

the second period as the tax level peaks. 

The sensitivity analyses showed us that our results are quite robust to changes in key 

parameters. Only with extremely large effect of each type of abatement equipment and 

high interest rate the emission reductions are postponed until the target comes into 

force.  



 

 

5 Conclusion 

In the present article we have analysed the optimal climate policy of a small economy 

under varying assumptions about the impact of the foreign country. The foreign 

country affects the domestic country through the R&D sector, where the domestic 

country can be inspired by what is going on in the foreign country such that a high 

knowledge stock in the foreign country decreases the costs of the R&D sector while a 

high research level in each period increases the costs of R&D in the domestic country. 

These effects are similar to the R&D sector’s effect on itself in the domestic country.  

I found that the shape of the taxation path mostly depends on the initial knowledge 

stock in the foreign country more than it is determined by the nature of the 

technological development. However, if the foreign country is characterised by 

progressive or constant technological change with a low initial knowledge stock 

(pro_L and cst_L) the tax level peaks in the first period. On the other hand, the tax 

level peaks in the second period assuming regressive technological change with a low 

initial knowledge stock (reg_L). If the initial knowledge stock in the foreign country is 

low the tax in the first period is positive whereas if the initial knowledge stock in the 

foreign country is high then the tax in the first period is zero and the policy-maker 

should wait interfering until it is necessary, i.e. until the first emission reduction target 

comes into force. Based on these analyses we are able to determine which climate 

policy the social planner should choose.   

The present article leaves room for interesting future research. First of all, it could be 

very interesting to analyse what the effects of opening up the open economy even 

more such that there would be trade in the other sectors, energy trade, trade in 

equipment, or trade in ideas. In the present article the domestic country is 

characterised by full information. A possibility is to introduce uncertainty in the model 

such that e.g. the social planner does not have knowledge about the production 

function of the R&D sector or the technological development in the foreign country. A 

final possibility is to introduce subsidies in the model in order to analyse the optimal 

mix of taxes and subsidies.  
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