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Thesis Summary

In the �eld of energy policy, climate change and the on-going depletion of fossil energy

sources are most likely the two issues that will dominate political agendas for many

years to come. Despite the widespread consensus that both of these issues require fast

and stringent political intervention, environmental regulation is still frequently opposed.

A concern often raised in this context is that energy conservation policies, for exam-

ple emission reduction targets, may have a negative e�ect on economic development.

Indeed, numerous studies show that energy has been a driving force behind economic

growth for the most part of the last century. If the relationship between energy use

and economic growth persists to be as close as it was in the past, then environmental

regulation may e�ectively hamper economic development in the future.

However, new growth theory indicates that energy use and economic growth can indeed

be decoupled. It emphasizes the role of innovation and of capital accumulation as

key elements for future economic development. Increased capital accumulation, most

notably of the accumulation of human capital and knowledge, increasingly substitutes

for energy use and thereby reduces the dependency on energy as an input to production.

Under certain conditions, environmental regulation may even spur economic growth,

because it increases the incentives to invest in new capital goods.

This thesis applies a computable general equilibrium model to simulate and analyze

the economic e�ects of environmental regulation. As a main novelty in comparison to

existing research, our model explicitly builds on the accomplishments of new growth

theory. Growth in our model is fully endogenous, and the links between regulatory

measures, innovation, capital accumulation and economic development are explicitly

captured.

The introductory chapter gives an overview of �ndings regarding the relationship be-
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VIII THESIS SUMMARY

tween energy use and economic growth, and it explains how computable general equi-

librium models can be used to evaluate the e�ects of energy policy measures.

The second chapter gives a non-technical summary of the model and presents the data

work and the parametrization. The main part of the chapter is devoted to an extensive

sensitivity analysis that tests for the robustness of the model results with respect to

variations of parameter values. We �nd that the model is very robust and that the

main results continue to hold when parameter values are varied.

The third chapter presents the scenarios and the simulation results. We model two

relatively stringent long-term oriented policies. The �rst one is closely related to the

idea of the 2000-Watt-society and aims at a signi�cant reduction in energy use. The

second one focuses on the reduction of carbon emissions and the frequently discussed 2◦-

target. Both policies have relatively moderate impacts on welfare, and some sectors even

perform better under environmental regulation. In both cases, we observe a structural

shift in favor of sectors with high innovation rates and with a relatively low energy

intensity.

Finally, the fourth chapter aims at uncovering the underlying dynamics that drive

the model results by using a simpli�ed and less complex model version. The results

indicate a close link between the energy intensity, innovation, capital accumulation and

sectoral growth. Under environmental regulation, sectors with a lower energy intensity

are more attractive for investors and attract more capital. As a result, these sectors

exhibit higher growth rates. Additionally, the last chapter identi�es two parameters that

seem especially relevant in applied energy policy analysis: the elasticity of substitution

between fossil and non-fossil energy and the rate of pure time preference. Because the

values of both of these parameters cannot be based on existing research due to the lack

of reliable estimations, the range of values used in the literature is very large. We show

that di�erent assumptions on the values of these parameters have a signi�cant in�uence

on the model results.



Kurzfassung

Die zukünftige Energiepolitik steht vor zwei grossen Herausforderungen. Der Klimawan-

del und der rasante Abbau fossiler Energieträger werden die politischen Diskussion-

en noch einige Jahre bestimmen. Trotz der weitgehenden Einigkeit, dass bezüglich

beider Herausforderungen relativ dringender Handlungsbedarf besteht, wehren sich

viele Kreise nach wie vor gegen energiepolitische Eingri�e. Ein wichtiges Argument

in diesem Zusammenhang ist die Befürchtung, dass beispielsweise das Einsetzen von

Reduktionszielen als regulatorische Massnahme der Wettbewerbsfähigkeit und damit

der wirtschaftlichen Entwicklung schadet. Viele Studien haben gezeigt, dass zwischen

Energieeinsatz und Wirtschaftswachtum zumindest im letzten Jahrhundert ein enger

Zusammenhang bestand. Falls es nicht gelingt, Wirtschaftswachstum und Energiever-

brauch zu trennen, dann könnten sich energiepolitische Eingri�e tatsächlich negativ auf

die wirtschaftliche Entwicklung auswirken.

Die neue Wachstumstheorie liefert allerdings einige Hinweise, dass Wachstum und En-

ergieverbrauch entkoppelt werden können. Sie betont insbesondere die Rolle von Inno-

vationen und der Akkumulation von Kapital als wesentiche Elemente für die zukünftige

wirtschaftliche Entwicklung. Die vermehrte Akkumulation von Kapital, vor allem von

Human- und Wissenskapital, reduziert den e�ektiven Energiebedarf und damit die Ab-

hängigkeit von Energie als Produktionsfaktor. Energiepolitische Eingri�e können sich

unter diesem Gesichtspunkt sogar positiv auswirken, weil sie die Anreize für Investition-

en in neue Kapitalgüter erhöhen.

In der vorliegenden Arbeit wird ein numerisches Simulationsmodell eingesetzt, um

mögliche energiepolitische Eingri�e und deren ökonomische E�ekte zu analysieren. Als

wesentliche Neuerung im Vergleich mit bestehenden Studien baut das verwendete Mo-

dell explizit auf den Ergebnissen der neuen Wachstumstheorie auf. Das Wachstum

der Wirtschaft folgt dabei einem vollständig endogenisierten Mechanismus, und die

IX
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Verbindungen zwischen regulatorischen Massnahmen, Innovationen und Kapitalakku-

mulation sowie wirtschaftlicher Entwicklung werden detailliert abgebildet.

Die Einleitung liefert einen Überblick über Ergebnisse vorhandener Studien, die sich mit

dem Zusammenspiel von Energieeinsatz und Wirtschaftswachstum auseinandersetzen.

Ausserdem wird erläutert, wie sich numerische Simulationsmodelle zur Evaluierung

möglicher Politikmassnahmen nutzen lassen.

Im zweiten Kapitel wird zunächst das theoretische Modell kurz vorgestellt. Anschliessend

werden Daten und Parametrisierung erklärt. Der grösste Teil des Kapitels ist einer

ausführlichen Sensitivitätsanalyse gewidmet. Diese Analyse überprüft, wie stark die

Modellergebnisse auf Änderungen der Parameterwerte reagieren. Es zeigt sich, dass

das vorliegende Modell diesbezüglich bis auf kleinere Ausnahmen sehr robust ist.

Im dritten Kapitel werden die Politikszenarien und die Modellresultate präsentiert.

Simuliert werden die Auswirkungen zweier Politikmassnahmen mit langfristigem Zeit-

horizont. Im ersten Szenario steht die Idee der 2000-Watt-Gesellschaft und damit eine

Eindämmung des Energieverbrauchs im Vordergrund. Im zweiten Fall liegt der Fokus

auf der Reduktion der Emissionen von Treibhausgasen und dem oft diskutierten 2◦-Ziel.

In beiden Szenarien sind die Auswirkungen moderat, und einzelne Sektoren können

sogar von den regulatorischen Massnahmen pro�teren. In beiden Fällen stellt sich ein

Strukturwandel in Richtung der Sektoren mit hohen Innovationsraten und niedriger

Energieintensität ein.

Schliesslich untersucht das letzte Kapitel anhand einer vereinfachten Modellversion

die dynamischen E�ekte, die zu den beobachteten Resultaten führen. Die Ergebnisse

deuten auf einen engen Zusammenhang zwischen der Energieintensität, der Innovations-

tätigkeit sowie der Akkumulation von Kapital und der sektoralen Wachstumsrate hin.

Als Folge von energiepolitischen Eingri�en steigt der Anreiz für Investitionen in neue

Kapitalgüter in Sektoren mit relativ tiefem Energieanteil. Daraus resultiert schliesslich

eine höhere Wachstumsrate in diesen Sektoren. Zusätzlich widmet sich dieses Kapitel

zwei Parametern, die in Modellen zur Analyse langfristig orientierter Energiepolitk eine

zentrale Rolle spielen: die Substitutionselastizität zwischen fossiler und nicht-fossiler

Energie sowie die intertemporale Diskontrate. Da für die Werte beider Parameter keine

verlässlichen empirischen Schätzungen vorliegen, ist die Bandbreite der verwendeten

Werte in der Literatur sehr gross. Die Berechnungen zeigen auf, dass unterschiedliche

Annahmen zu den Werten dieser Parameter die Resultate stark beein�ussen können.



Chapter 1

Introduction

Energy is widely considered as one of the major drivers of economic growth. Over the

last centuries, economic development was to a signi�cant extent spurred and facilitated

by the abundant supply and the use of energy and by technological advances in this

�eld. Today, growth and energy use persist to be closely interrelated, and energy is

still a vital production factor both in modern and developing economies. Given this

connection, the issue of climate change poses a major challenge to actors and decision

makers in various areas. Addressing climate change and therefore aiming at possibly

signi�cant reductions of greenhouse gas emissions implicitly means that ways must be

found to reduce the dependency on energy, most notably on fossil fuels, as an input to

production.

Due to the public good nature of the climate problem, market forces are unlikely to

provide su�cient incentives for the necessary emissions reductions. Political interven-

tion is therefore inevitable. On a global level, discussions for follow-up regulations to

the Kyoto protocol (which expires in 2012) are underway. A �rst signi�cant agreement

was reached at the United Nations Climate Change Conference in Cancun in 2010,

where the participating nations con�rmed the Copenhagen Accord (UNFCCC (2010))

and the limitation of global warming to 2◦ Celsius as the most important long-term

target. However, concrete binding regulations for the time after 2012 have not been

been put in place, and recent discussions, most notably at COP 15 in Copenhagen

in 2009, showed that there are still considerable disagreements on the exact nature of

future targets, and the willingness to reduce greenhouse gas emission diverges greatly

between di�erent regions. From a scienti�c point of view, there is no doubt that green-
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2 INTRODUCTION

house gas emissions have to be reduced by a large amount if the 2◦-target is to be

met. Rive et al. (2007) for example estimate that global reductions would have to be

80% or higher by 2050 (compared to 2000 levels) to have a su�ciently high chance to

meet the 2◦-target in the long run. This highlights that the challenge to mitigate or

even avoid the possibly dangerous consequences from climate change is substantial, and

considering the close interrelation between energy use and economic development, the

necessary political e�orts may have consequences on many di�erent levels.

Switzerland addresses the climate problem with a broad range of measures. Although

Switzerland's share on global emissions is very small, decision makers are willing to

comply to similarly ambitious targets as the European Union. For the shorter term up

to 2020, this most likely means that greenhouse gas emissions will have to be reduced

by at least 20% to 30%. In 2010, the Swiss parliament has already discussed a reduction

of domestic emissions by 20% until 2020. If the member states of the European Union

comply with even more stringent targets, Switzerland would adjust its goals to match

the European regulations. Switzerland already has several policies in place to address

the various issues related to climate change, but it is clear that these policies will

not be su�cient if more ambitious reduction targets are implemented. Discussions on

appropriate measures to reach these targets are still on-going.

1.1 Energy use and economic development

The link between energy use, innovation and economic performance is one of the central

topics of this thesis. From a historical point of view, energy and natural resources are

widely considered as a driving force behind the substantial economic progress over

the last centuries. The abundant supply of relatively cheap energy, most notably of

fossil fuels, has facilitated several major progressions on the way to the modern and

globally integrated world we live in today. For example, the industrial revolution or the

transition from agricultural societies to economies dominated by industries and services

and the related take-o�s in economic growth rates came in close connection with an

increasing use of energy. Even over the last century, energy use and economic growth

continued to be closely related. Given this connection, the issue of climate change

and the on-going depletion of non-renewable resources pose great challenges to decision

makers, because policies aiming at energy conservation and reducing emissions from
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the combustion of fossil fuels may be counteracting further economic development.

The decoupling of energy use and growth is therefore a central element in ensuring

sustainable development.

But how close is the connection between energy use and economic growth? Is there

even a causal relationship? Or is there any evidence that indicates that a decoupling

of economic development and energy use is already taking place? Schurr (1984) uses

U.S. data over the period from 1880 to 1980 to explore the relationship between the

energy intensity (measured by energy use relative to gross national product) and overall

productivity growth. He �nds that this 100 year period can be roughly divided into

four phases. Before World War I, the energy intensity was rising steadily. After World

War I, energy intensity began to decline. Between 1920 and 1953, this decline was

accompanied by a signi�cant increase in productivity growth. Energy intensity then

remained roughly constant between 1953 and 1973, while productivity increased further.

After 1973, energy intensity continued to decline, including a sharp decrease between

1979 and 1981 following the second oil price shock. During this period, productivity

also decreased.

Do these �gures imply that the dependency on energy has been declining over the

last 60 years of this sample? Schurr (1984) points out that this is not necessarily the

case. Between 1920 and 1973, energy use has in fact been rising and not declining. It

rose relative to other production factors, such as labor and capital, but not relative to

output. Thus technological progress must have been strong enough to allow output to

grow faster than energy use. Schurr (1984) shows that technological advances in this

period were largely fueled by advances and developments in energy supply and use.

Energy was cheap and abundant, and it was available in increasingly �exible forms.

This quickened the pace of technical progress over a large part of the last century. In

this sense, by rendering fast technological progress possible, energy was a key driver

of the acceleration of economic development. This also indicates that energy may

be particularly important for innovation and research and development. This link is

con�rmed by Jorgenson (1984), who shows that productivity growth in many industries

was driven by electri�cation the utilization of non-electrical energy. Innovative activity,

which lies at the heart of any expansion in productivity growth, can therefore clearly

be positively related to energy use.

Many studies have investigated whether there exists a causal relationship between en-
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ergy use (or energy consumption) and economic growth (generally measured by the

growth of gross nation product). If there exists a causal relationship running from en-

ergy use to GNP, then energy conservation policies may indeed have an adverse e�ect on

economic development. However, most studies fail to establish a causal connection in

this direction. Kraft and Kraft (1978) only �nd causality running from GNP to energy

input, but not in the opposite direction. This �nding was questioned by Akaraca and

Long (1980), who do not �nd any causal relationship between GNP and energy at all.

Yu and Hwang (1984) obtain the same result, but they do point out that there exists

a strong statistical relationship between GNP and energy consumption1. Stern (1993)

�nds a causal relationship between energy use and economic growth when controlling

for the quality of the energy input. He concludes that "energy use does cause economic

growth in some sense - put conservatively, we could say that energy is a limiting factor

in the growth of the economy."

A slightly di�erent perspective on the relation between energy and economic develop-

ment is taken by biophysical economics (e.g. Cleveland et al. (1984)). They criticize the

frequently used neoclassical assumption that capital and energy are perfect (or nearly

perfect) substitutes. Instead, applying a thermodynamical perspective, they argue that

energy is in fact an essential input in the production of goods. This implies that eco-

nomic growth will always be depending on the availability of energy inputs. Given the

fact that fossil resources are more and more depleted and exhausted, Cleveland et al.

(1984) point out that future economic growth will largely depend on the quality (or

the net energy yield) of alternative energy sources. Additionally, energy e�ciency in

production is supposed to become even more central than it already is today.

The literature thus points to a strong (although supposedly not causal) relationship

between energy and economic growth. Does this mean that decoupling energy use

from economic growth is not possible at all? Not necessarily. New growth theory (e.g.

Romer (1990) and Grossman and Helpman (1991)) emphasizes the role of innovation

and capital accumulation (most notably of human capital and knowledge) as the main

driver of economic development. The various capital stocks do not only serve as a

substitute for energy, but they also enhance productivity of the other inputs. Both

of these channels reduce the dependency on energy and thus contribute to a possible

decoupling of growth and energy use. This implies that a decreasing energy input in the

1This means that the two variables are signi�cantly correlated, but causality tests do not reveal a
causal link
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future must not be harmful for the economy. In fact, if the incentives to innovate and

invest are strong enough, the resulting bene�ts may even overcompensate the drag on

growth stemming from the reduced availability of energy. Bretschger (2010) for example

con�rms both theoretically and empirically, that (under certain conditions) economic

growth may even increase when energy prices are higher, because the incentives to

accumulate capital and the resulting gains in productivity have a pronounced bene�cial

e�ect. Moreover, Jin and Jorgenson (2010) show that more recently, technical change

has indeed been energy-saving rather than energy-using. This may indicate that the

process of decoupling growth and energy use is already underway, and that the degree

of dependency of innovative activity from energy used has been clearly reduced.

1.2 Switzerland's approach to energy policy

As a substantial part of this thesis deals with energy policy and the resulting economic

e�ects in Switzerland, we take a closer look at Switzerland's approach to energy and

climate policy in this subsection.

Being a signatory of the Kyoto Protocol, Switzerland committed itself to a reduction

of greenhouse gas emissions of 8% (compared to 1990 levels) between 2008 and 2012.

Recent projections (Ecoplan (2010)) show that it is likely that this target will be missed.

In addition to the Kyoto targets, the CO2-law includes reduction targets for energetic

carbon emissions (which sum up to about 80% of total emissions). It requires that these

emissions are reduced by 10% between 2008 and 2012, again compared to 1990 levels.

This target is split into two sub-targets: -15% for emissions from stationary fuels and

-8% for emissions for transport fuels. Whether or not these targets can be met is also

questionable.

For the time after 2012, there are no binding regulations put in place yet, and the

discussions on the revision of the CO2-law are still on-going. In 2010, the National

Council has agreed upon a 20% reduction of domestic greenhouse gas emissions until

2020. In accordance with international regulations, this target can be augmented to

up to 40%. In addition to the reduction target, the National Council also con�rmed

the introduction or the continuation of a number of policy measures and instruments.

Most notably, the carbon tax on fossil fuel use for heating (introduced in 2008) will be

continued and possibly further augmented. The revenue of this carbon tax is partly used
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to support a widespread program related to the building sector ("Gebäudeprogramm").

The main target of this program is to improve the energy e�ciency of new and renovated

buildings, mainly through better insulation and more e�cient heating systems. The

introduction of an emissions trading system, most probably coupled with the EU ETS,

for �rms that are excluded from the carbon tax is a further option that is still under

review. Finally, the National Council agreed upon an emissions cap for newly registered

cars of 150g CO2 per kilometer (which is considerably above the cap level of 130g in

the European Union). Given these instruments, it is however unlikely that the 20%

reduction target could be met. The discussion on the revision of the CO2-law will

continue in 2011 in the Council of States, and supposedly the revisions proposed by the

National Council described above will be adjusted.

Considering a longer time frame, the main focus in international discussions is on the

2◦-target. In order to reach this target with a su�ciently high probability, substantial

reductions (in a range of 80% to 95% up to 2050 for industrial countries) in greenhouse

gases are necessary. This means that also Switzerland will have to contribute its share

to global emissions reductions, and that additional and more stringent policy measures

will have to be implemented.

In the �eld of energy policy, the biggest challenge will be to secure future power supply

without substantially increasing dependency on foreign electricity. Three of the six

nuclear power plants will reach the end of their operational cycle within the next 10

years and will have to shut down. In 2008, these three power plants produced about

13% of total electricity. This raised concerns on how this share can be replaced in the

future. A straightforward way to address this issue is to implement policies that directly

aim at reducing energy use. In this context, the long-term vision of a 2000-Watt-society

(Jochem et al. (2004)) has drawn considerable attention. It postulates that constant

energy use per person is to be reduced to 2000 Watt in the long run. Considering that

the current �gure is between 5000 and 6000 Watt, this seems to be an ambitious target,

and it would require substantial progress in energy e�ciency as well as more rationality

in energy use. Nonetheless, and although it has been somewhat replaced by the idea of

a 1t CO2-society2, it has been adopted e.g. by the city of Zurich as a long-term goal

for a sustainable future.

2The 1t-CO2-society (Energy Science Center (2008)) includes, in contrast to the 2000-Watt-society,
and explicit long-term target for per-capita emissions. It therefore puts more emphasis on decarboniza-
tion rather than just focusing on decreasing energy use.
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An additional main area related to energy and climate policy is transportation (dis-

cussed in more detail in Bretschger and Brunnschweiler (2010)). Switzerland lies in

the center of Europe, and numerous important transportation routes cross the country.

This is a major challenge for policy makers, and Switzerland has undertaken consider-

able e�orts in this �eld. Most notably, transferring transport from road to railway has

been (and still is) a high priority. A major project in this �eld is the "NEAT" (New

Railway Link through the Alps). It includes the construction of two new tunnels on the

north-south axis. One of them has been opened for tra�c in 2007, the opening of the

other one is planned for 2016. Both of these projects allow for signi�cantly faster con-

nections between north and south and thus increase the incentives to transport goods

and freight on the railway rather than on the road. Besides the fact that the roadways

can be substantially disburdened when more freight tra�c can be handled on railways,

they also enable signi�cant reductions in emissions stemming from tra�c and transport.

Climate change and the challenges in energy supply call for long-term oriented strate-

gies and policies. Switzerland is willing to contribute its share to global emissions

reductions, and it has either planned or already adopted numerous measures that seem

promising with respect to their e�ects on greenhouse gas emissions and on energy use.

In its last full assessment report, the International Energy Agency (IEA) was mostly

positive about the Swiss approach to energy and climate policy. As the most impor-

tant challenges, the IEA identi�es electricity generation and climate change (see IEA

(2007)). For both of these areas, the IEA emphasizes the need for long-term oriented

policies supported by adequate measures. Now, in 2011, Switzerland is either discussing

or has already implemented several targets with a relatively long time horizon, but the

negotiations on the measures that support these targets are still underway.

A widespread concern that complicates the implementation of environmental regulation

is that it may negatively a�ect competitiveness and economic growth. Opponents of

political intervention argue that such regulations (especially if they are more stringent

than in other regions) weaken the position of �rms on the market and lead to a relocation

of jobs to economies with more favorable conditions. Careful evaluation and analysis of

policy measures is therefore very important. This thesis aims at providing new insights

on possible long-term economic e�ects of environmental regulation by applying a newly

developed computable general equilibrium (CGE) model.
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1.3 Computable general equilibrium models

Computable general equilibrium (CGE) models are a frequently applied tool for policy

analysis. In the context of environmental regulation, they are used to simulate and ana-

lyze the impacts of policy measures on di�erent levels of the economy and can therefore

provide important evidence for decision makers. By displaying complete economies in-

cluding all the relevant markets and interrelations between the di�erent actors within

the economy, CGE models can provide a holistic view on a given problem.

From a macroeconomic perspective, policy e�ects on growth (both on an aggregate and

on a sectoral level) as well as impacts on welfare and on consumption of the households

are the main points of interest. Environmental regulation, most notably �scal measures

such as carbon taxes, a�ects the economy through an increase in energy prices. Higher

energy prices imply, ceteris paribus, higher costs of production. Production sectors

have two ways to react to a change in the price of an input. They can either adjust

their level of output, or they can substitute the input that has become relatively more

expensive for other inputs. In the case of energy policy, this would mean that sectors

replace energy by other inputs such as labor or capital. Because sectors are di�erent

in the mix of their input factors (i.e. in the relative importance of energy, labor and

capital) and in their ability to substitute these inputs, the structure of the economy

will have to adapt over time. In CGE models, these sectoral reactions and the resulting

structural changes can be captured in detail.

CGE models are a valuable approach for numerous reasons. First of all, they can be

used to evaluate the impacts of policies over very long time horizons. Given that es-

pecially climate change is a long-term issue where the strongest negative impacts are

expected in a distant future, the analysis of long-run policy e�ects is particularly impor-

tant. Second, CGE models are able to handle a high degree of complexity. This allows

for very detailed representations of the di�erent levels of the economy (or even of multi-

ple economies) that are to be analyzed. One can therefore investigate e�ects on various

regions or, within a given region, on di�erent sectors and industries. When applying

a bottom-up perspective, the development, evolution and adoption of a broad range of

technologies and energy sources can be studied. Third, CGE models are generally very

�exible tools that can simulate a broad range of policies under di�erent constraints or

parameterizations. Hence, ideally, they do not depend on a given calibration, but they

can be simulated under various speci�cations. This allows for example for the consid-
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eration of di�erent regulatory frameworks and also for extensive sensitivity checks.

Besides the numerous advantages, the usage of CGE models in applied policy analysis

does also has its drawbacks. The high degree of complexity required for a sound and

detailed analysis may also be a disadvantage. The complex interactions between all

actors (sectors, households, governments) in the model may substantially aggravate the

understanding of the resulting e�ects. This is a reason why CGE models are often

criticized as being black boxes in the sense that they produce results that are di�cult

to comprehend. Another drawback of many models is the simpli�ed representation of

economic growth. The �rst class of CGE models and even some models that are used

today assume that growth is purely exogenous. The economy then grows at a prede-

�ned rate that cannot be in�uenced by policy and the corresponding reactions of the

di�erent actors in the economy. This is a possibly severe shortcoming. One of the many

components of economic growth is progress in productivity. Increases in productivity

require innovative activity and therefore investments in research and development or,

more generally, in both physical and non-physical capital. The incentives to build up

new capital are directly in�uenced by political intervention. Investors make their de-

cisions based on the return they can expect for their investments. By a�ecting input

prices, environmental regulation has an impact on these returns, and therefore on in-

vestments and on productivity growth. Models that ignore these links may not be able

to capture the full spectrum of e�ects that a given policy may have.

More recently, many modelers have tried to incorporate mechanisms that allow for

endogenous economic growth. Popular approaches are learning by doing (see Arrow

(1962) or Lucas (1988) for an extensive discussion), which is mostly used in bottom-

up models that have a detailed representation of the energy sector and the relevant

technologies, and the accumulation of productivity enhancing knowledge stocks. The

latter is typically used in top-down models that focus on the macroeconomic impacts

rather than on the development of di�erent technologies. Chapter 3 includes a more

extensive review of existing models and describes the di�erences in the underlying

approaches in more detail.
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1.4 Contributions of this thesis

This thesis aims at correcting for two possible drawbacks of applied policy analysis

explained in the previous section. First, we use a newly developed CGE model with

fully endogenous growth. The underlying theoretical background builds on new growth

theory, with Romer (1990) being the main reference. In our model, sectoral growth

is driven by investments in new capital varieties. Accumulation of capital enhances

sectoral productivity and thereby contributes to the growth rate. In contrast to other

models that apply a similar approach, and also in contrast to the original Romer (1990)

model, we assume that all types of capital (most notably also physical capital) are rel-

evant for productivity growth. Hence not only the accumulation of knowledge and of

human capital have a positive e�ect, but also investments in new machines or new

infrastructure. This approach emphasizes the importance of capital as a possible sub-

stitute for energy and stresses its role as the major driver for economic development

in the future. The interpretation of investments in physical capital as a productivity

enhancing activity is straightforward. New capital varieties, for example a more energy

e�cient machine, can be viewed as the result of innovative activity. Or, put di�er-

ently, physical capital embodies to a certain extent newly accumulated non-physical

capital. The two capital types are therefore closely interrelated, and restricting pro-

ductivity growth to progress in knowledge accumulation seems to be a limitation. The

model and its calibration, the simulation results and an extensive sensitivity analysis

are presented in the �rst two chapters of this thesis.

Second, this thesis tries to open the black box by closely investigating the dynamics

that are responsible for the observed e�ects. In Chapter 4, we use a simpli�ed and less

complex version of our CGE model. By using a model with reduced complexity, we

are better able to keep track of the dynamics. In addition, we identify two parameters

(the elasticity of substitution between fossil and non-fossil energy and the rate of in-

tertemporal discounting) that seem to be especially important in applied energy policy

analysis. These results also have a general application, because both of these parame-

ters cannot be based on empirical estimations. They can therefore be chosen freely by

the modeler. This leads to a wide range of values used in di�erent studies. Our results

indicate that the choice of these parameters may have a substantial in�uence on the

results.
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Outline of the thesis

Chapters 2 and 3 of this thesis were written during a long-term project in collaboration

with the Swiss Federal O�ce of Energy. The goal of this project was the development

of new CGE model with a strong focus on the Swiss economy. The main novelty of the

model, hereafter referred to as the CITE (Computable Induced Technology and Energy)

model, is the inclusion of new growth theory. In contrast to other models used for similar

purposes in Switzerland, economic growth is fully endogenous. A detailed description

of the theoretical model and a comparison of the CITE model to a conventional model

with exogenous growth are available in Schwark (2010).

Chapter 2 is split into four subsections. First, it gives a short non-formal introduction

to the model. The model includes twelve production sectors that produce �nal output.

With the exception of two sectors, they all share the same production function. Sectoral

production is divided into three stages. At the top level, �nal output is produced using

output from other sectors (re�ecting the inter-linkages between the sectors given in the

input-output table, which is the main data source for the model) and an intermediate

composite. This composite captures the sectoral endogenous growth dynamics. It as-

sembles all the individual capital varieties using a standard Dixit-Stiglitz production

function (see Dixit and Stiglitz (1977)). The invention of new capital varieties enhances

the sectoral capital stock and increases productivity. The individual varieties are pro-

duced using labor, energy and non-accumulable capital. These inputs are owned by a

representative household. The household allocates his income between consumption of

energy and non-energy goods and investments. Welfare is calculated as total discounted

intertemporal consumption.

Second, it describes the data and the corresponding adjustments. The model is based

on the most recent input-output table (IOT) for Switzerland (Nathani et al. (2005)).

This table holds information on the �ows of goods between sectors, on labor, capital

and energy inputs, on imports and exports and on consumption and investments. This

makes it an almost complete source of data for our model. Two major adjustments

have to be made to ensure conformity between the model and the data. The �rst ad-

justment concerns non-physical investments. The CITE model di�erentiates two types

of capital: physical and non-physical capital. The original IOT only includes data on

investments in physical capital. Non-physical capital is accumulated by investments in

R&D. We therefore have to add an additional column for R&D investments. The second
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modi�cation is related to the calibration of the model. As a starting point, the model

is calibrated to a balanced growth path, which implies that all sectors have to grow

at the same rate. The sectoral growth rates are directly linked to the capital shares.

Uniform sectoral growth rates thus require uniform capital shares. In the original data,

capital shares of course di�er considerably. We solve this issue by introducing an addi-

tional input (non-accumulable capital). The share of capital that can be accumulated

by investments is then set uniformly across all sectors, and the residual is used in the

production of intermediate varieties as non-accumulable capital.

Third, Chapter 2 gives detailed insights into the parametrization and the calibration

of the model. Parameters are chosen relatively conservatively in order to detain the

model from delivering too optimistic results. Whenever possible, we apply values from

existing research or from empirical estimations. The model is then, as indicated above,

calibrated to a balanced growth path. Given this calibration, we then �rst run a bench-

mark scenario that does not include any policy measures. This benchmark scenario can

then be used as a reference case to which the policy scenarios can be compared.

Finally, the largest part of Chapter 2 is devoted to an extensive sensitivity analysis

and some robustness checks. The sensitivity analysis is an integral part of any study

that applies a CGE model. The main purpose of the sensitivity analysis is to check

how robust the model results are with respect to variations in parameter values and

other assumptions. It seems reasonable to assume that the output of the model may

at least partially be driven the parametrization chosen by the modeler. Especially

parameter values that cannot be set in accordance with other studies or with empirical

estimations should be checked carefully. This increases the credibility and the reliability

of the results, and it also gives further insight into the workings of the model. We carry

out an extensive sensitivity check by varying all the elasticities of substitution and

by modifying the carbon tax pro�les used in the policy scenarios. We �nd that the

model results prove to be robust with respect to most parameter values. The only

notable exception are the elasticities that de�ne the degree of substitutability between

domestic and foreign goods. Sectors with high trade activity react relatively strongly

to modi�cations of the values of the trade elasticities, and therefore the overall impacts

of the policy can either be mitigated or ampli�ed. However, the direction of structural

change remains unchanged in all cases. We also check for variations of the tax pro�le.

It turns out that the pro�le of the carbon tax does not have a signi�cant impact on

the results. As long as the reduction target is the same, the pro�le of the tax does not
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a�ect the aggregate impacts. It may however lead to di�erent adjustment paths over

time.

Chapter 3 presents the scenarios used in the policy simulations and the corresponding

results. The main scenario we apply is closely linked to the idea of the 2000-Watt-society

as described as "Scenario IV" in the Energy Perspectives (Prognos (2007)). The long-

term target of the 2000-Watt-society is to reduce constant per capita energy use per

person to 2000 Watt (the current �gure is around 5000 Watt) by the end of the century.

We simulate an intermediate target that aims at reducing energy use by 35% until 2035.

According to the Energy Perspectives, this intermediate target should make sure (or at

least increase the probability to a su�ciently high level) that achieving the goal of a

2000-Watt-society remains possible. In accordance with Scenario IV, we implement a

carbon tax as the main policy instrument. The tax is set so that the reduction target is

exactly met. The revenues of the tax are redistributed to the representative household.

All policy scenarios are compared to a business-as-usual case that does not include

any regulatory measures. The business-as-usual case can thus be seen as a laisser-faire

scenario in which no political action is taken.

We �nd that reducing energy use by 35% until 2035 entails relatively moderate e�ects,

both on an aggregate and on a sectoral level. Welfare is about 1.2% lower than in

the benchmark case. Considering the stringency of the policy, this is a feasible (but

not negligible) cost. On the sectoral level, the introduction of a carbon tax leads to

relatively pronounced structural change. Sectors with a relatively low energy-intensity

and sectors with signi�cant innovative activity perform even better than in the absence

of environmental regulation. On the other hand, energy-intensive sectors grow at lower

rates as a result of the policy. However, all sectors continue to grow at positive rates.

In this sense, the policy does not lead to a complete turnover in the structure of the

economy, but it leads to a moderate structural shift in favor of sectors with a relatively

low energy intensity.

Following this scenario, we present a couple of variations. First, we assume that the tax

revenues are used as a subsidy to sectoral R&D investments. This leads to a general up-

ward shift in sectoral production, but also to a slightly higher welfare loss due to higher

investments and lower consumption. Then we study the e�ects of regionally diverging

reduction targets. The results indicate that setting a more stringent target than the

rest of the world may entail moderate disadvantages for Switzerland. Most notably, the
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decrease in welfare is slightly higher, and sectoral e�ects are more pronounced. The

opposite holds when Switzerland implements a lower reduction target than the rest of

the world. Finally, we investigate the role of higher immigration. A higher initial labor

force implies ceteris paribus a higher initial total energy demand. Our results show that

policy e�ects largely depend on how (i.e. by domestic or foreign energy) this additional

demand can be covered.

As an additional scenario, we simulate a policy that follows the Copenhagen Accord

and the 2◦-target. This target requires substantial reductions in carbon emissions, most

notably in industrialized countries. Recent calculations (see e.g. Rive et al. (2007))

reveal that carbon emissions have to be reduced by 20% to 35% until 2020 and by

80% to 95% until 2050 (compared to 1990 levels) to at least have a su�ciently high

chance to reach stabilize global warming at 2◦ Celsius. We set the targets to -30% until

2020 and -80% until 2050 for Switzerland, again using a carbon tax as the key policy

instrument. The di�erence to the scenarios referring to the 2000-Watt-society is that

the reduction target is related to carbon emissions and not to energy use. The results

show that policy e�ects are analogously moderate, with similar structural shifts and

welfare e�ects.

Finally, in Chapter 4, we use a simpli�ed version of the original CITE model to closely

investigate the dynamics and the drivers of the results. Instead of real data, we study a

model economy with only two sectors. We assume that the sectors are symmetric with

respect to all characteristics except for their mix of input factors. One sector is assumed

to be relatively energy intensive, while the other one uses higher shares of labor and

non-accumulable capital. Parameters are set uniformly to exclude e�ects from unequal

substitution potentials. Other than that, the model is similar to the original version. In

the policy scenarios, we again use a carbon tax that aims at reducing carbon emissions

by a given amount (60% within 40 years).

The results con�rm the tight link between the energy intensity, investments in new

capital varieties and sectoral growth. When carbon emissions are taxed, the sector

with the lower energy content is relatively more attractive for investors. The reason are

diverging pro�t opportunities. Pro�ts are lower in the energy intensive sector, leading

to decreased incentives to invest in new capital varieties. This leads to lower capital

accumulation and thus to a reduced growth rate. The economy thus specializes in

producing the energy-extensive good. The results reveal, however, that the composition
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of �nal demand is not very strongly a�ected. Exports of the energy-extensive good as

well as imports of the energy-intensive good rise considerably. This result is clearly

driven by the fact that the model at its current state includes only one region.

Additionally, we study the e�ects of di�erent types of subsidies. Rather than only

supporting only the build-up of non-physical capital, we extend the subsidy to include

all capital types. We �nd that this is especially relevant when the di�erent capital types

are of unequal importance for sectoral capital accumulation. If we assume equal shares

of physical and non-physical capital for both sectors, results for an R&D subsidy and

a general capital subsidy are almost equal. When these shares di�er, an R&D subsidy

may not always be a preferable option, because sectors with a high share of physical

capital bene�t more from a general capital subsidy.

Finally, we identify two parameters that are highly in�uential, not only in the present

model, but generally in applied energy policy analysis. The elasticity of substitution

between fossil and non-fossil energy captures the substitutability between these two

energy sources. When the use of fossil energy is taxed (e.g. with a carbon tax), this

parameter de�nes how easily the economy can substitute away from this input. Due

to the lack of empirical estimations for this parameter, the range of values used in

existing models is very large. Ecoplan (2007) uses a value of 0.2 and thus assumes

that fossil and non-fossil energy are relatively strong complements. Gerlagh and van

der Zwaan (2003) on the other hand set a value of 3, re�ecting the assumption of very

good substitutability. We show that this parameter has a potentially large in�uence

on the e�ectiveness (i.e. on the reduction potential) of a given tax scheme and thus on

the model results. Under the assumption of complementarity, a given tax has a much

larger e�ect on overall energy use and thus on the structure of the economy. In case

of good substitutability, the largest part of the impact of the tax is restricted to the

energy sector, and therefore structural change remains very moderate.

The second important parameter is the intertemporal discount rate (also often referred

to as the rate of pure time preference). This parameter essentially de�nes the weight

of future utility (or of the well-being of future generations) compared to current utility.

The focus in applied energy policy analysis is often on long-term policy measures,

and the e�ects on welfare are crucial when evaluating a given policy. Given the large

variation of values used in existing research (ranging from almost zero percent up to �ve

percent per year), and given the fact that the costs of climate policy are expected to
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rise over time (and thus given that the weight of these future costs is essentially de�ned

by the rate of pure time preference), it seems valuable to investigate the role of the

intertemporal discount rate more closely. Our results show that the welfare e�ects are

indeed strongly a�ected by the intertemporal discount rate. In the CITE model, where

investments are the driving force behind economic growth, a high discount rate leads

to lower total output, because the incentives for long-term investments are reduced.

Additionally, and in accordance with intuition, higher discounting also mitigates the

negative impacts of environmental regulation on welfare.



Chapter 2

The CITE model: Data,

parametrization and sensitivity

analysis

2.1 Introduction

In the last couple of years, climate and energy policy have become two of the most

prominent issues on the agendas of both industrialized and developing countries. Cli-

mate change necessitates action on a global as well as on a regional scale in order to

counteract some of the possible negative e�ects. E�ective and e�cient measures are

needed to ensure the welfare of future generations. Besides globally coordinated action

and agreements, individual measures on a country level are also necessary.

Switzerland addresses these issues with several programs and measures. A central

element in this context is the so called CO2-law. Its aim is to make sure that Switzerland

is able to ful�l its reduction targets that were set in the Kyoto protocol. It includes

several instruments and targets for the reduction of the use of fossil energy and of

carbon emissions up to the year 2012. An important instrument is a carbon tax that

has been put in place in 2008. It directly taxes fossil fuels like oil and gas when used for

energetic purposes, most notably for heating (the use of fossil fuels in transportation is

not taxed). However, �rms have various possibilities to avoid this tax, for example by

complying to binding restriction targets. For the time after 2012, no de�nite regime has

17
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been put in place yet. In a recent message ("Botschaft über die Schweizer Klimapolitik

nach 2012", August 2009), the Federal Council announced that Switzerland will set

binding constraints for emissions reductions until 2020. The planned target is a 20%

reduction or even a 30% reduction (compared to 1990) if other European countries

agree on targets in a similar dimension. The parliament has supported these targets,

but the discussion on how these targets are to be met and what measures are to be

implemented is still on-going.

A basic foundation for long-term Swiss energy climate policy is a large project initiated

by the Swiss Federal O�ce of Energy, called Energy Perspectives ("Energieperspek-

tiven"). Its results are an important guideline for the design of future energy policy.

Based on various scenarios (see Prognos (2007) for a detailed description) that di�er

most notably in the stringency of the reduction targets and in targets for the use of

renewable energy, it gives a profound outlook for future energy supply and demand and

its economic impacts until the year 2035. The most ambitious and also the most re-

strictive scenario (Scenario IV) takes up the idea of a 2000-Watt-society. This basically

means that in the long run, constant per capita energy use has to be cut down to 2000

Watt, which is about the global average. According to Prognos (2007), the current

value in Switzerland is around 5000 Watt. The global average obviously also includes

low income and developing countries with a smaller dependency on energy. Hence, for

Switzerland as a high income country, the challenge to reach this target is certainly

signi�cant.

Recently, several studies have investigated the economic e�ects of future energy and

climate policy in Switzerland. Ecoplan (2007a) looks at the impacts of high oil prices.

They �nd that a constantly high oil price leads to reductions in GDP from 2.3% to 3.7%

in 2035, depending on the assumptions for the development of the oil price. Welfare

reductions by 2035 are in the range of 3.6% to 5.53%. These relatively strong e�ects are

though mostly driven by the fact that there is no good substitute for oil in the model.

The economic e�ects of the before mentioned scenarios in the Energy Perspectives

have been analyzed by Ecoplan (2007b). They �nd relatively small reductions in GDP

(compared to a baseline without any new measures in climate policy). In the most

restrictive scenario, GDP is reduced by less than 0.4% in 2035. Similarly small are

the e�ects on consumption, which is reduced by about 0.45% in 2035 in Scenario IV.

Welfare (measured by discounted consumption) is reduced by less than 0.25%. A third

recent study by Ecoplan (2008) looks at the economic e�ects of possible Post-Kyoto
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policies, most notably of a carbon tax that aims at reducing greenhouse gas emissions in

Switzerland by 20% by 2020. Again compared to a business-as-usual scenario without

any climate policy, they �nd a reduction in GDP of 0.66%. Welfare is reduced by

about 0.5%. The projected macroeconomic e�ects seem therefore to be small, even

under the assumption that relatively stringent measures and targets are put in place.

Ecoplan (2009) also analyzes Post-Kyoto policies and focuses on the targets that have

been proposed in the Message of the Federal Council mentioned above. They also �nd

relatively small reductions in GDP and welfare in a similar range compared to Ecoplan

(2008). On a sectoral level, the policies mostly a�ect the energy- and carbon-intensive

industries, while the sectors that do not rely heavily on energy su�er only small losses

or even slightly increase their output.

Swiss climate policy and its economic e�ects have also been analyzed extensively by the

Research Group on the Economics and Management of the Environment in Lausanne.

Recent papers include the coupling of a multi-regional top-down model (GEMINI-E3,

see Bernard and Vielle (2008) for a technical description) with a Swiss version of the

MARKAL model (Seebregts et al. (2001), e.g. used in Schulz et al. (2008)), which pro-

vides a detailed representation of the energy system and the relevant technologies. The

two coupled models have been used to analyze Post-Kyoto policies both on a national

and an international level (Altamirano et al. (2008)) and revisions and extensions of the

Swiss CO2 law (Sceia, Thalmann and Vielle (2009)). In line with the studies mentioned

above, e�ects on welfare and on production sectors generally turn out to be moderate.

Computable general equilibrium (CGE) models are a frequently used tool for energy

policy analysis. They allow for a holistic view on the problem, because e�ects within

a whole economy or even within multiple regions can be analyzed. Additionally, im-

pacts on various levels of an economy or a region and on di�erent technologies can be

studied. This makes CGE models a powerful approach for policy analysis. Besides the

numerous advantages, this kind of analysis also has its drawbacks. Often, CGE models

are criticized as being black boxes in the sense that their complexity and density makes

it very di�cult to understand the resulting e�ects and their drivers. Another issue is

the fact that the calibration of a CGE model requires a lot of assumptions on param-

eters. Because not every assumption can be based on existing empirical evidence, the

values of some parameters have to be set by "guesstimation" (i.e. a by a reasonable

guess). Potentially, the results of policy simulations are greatly in�uenced by the choice

of parameter values. In extreme cases, e�ects may depend on the assumed values of
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very few parameters, which decreases the robustness of the results and the reliability

of the model. This is why an extensive sensitivity check should be an integral part of

any analysis that relies on a CGE model.

This paper is part of a series that describe the CITE model, its theoretical foundation

and the simulation results. The CITE model was developed for a project in collabo-

ration with the Swiss Federal O�ce of Energy as a tool to analyze economic e�ects

of future energy policy measures in Switzerland (see Bretschger, Schwark and Ramer

(2010a)). The aim of this paper is to describe the work on the data, to give an overview

of the most important parameter values and to test for the robustness of the model re-

sults when the parameter values and the tax pro�les are varied. We �nd that the model

is not very sensitive to changes in most model parameters. In most cases, there are

only small e�ects on the levels of output and the capital stocks, and minimal reactions

in consumption and welfare. The same holds for variations of the tax pro�le.

The rest of the paper is organized as follows. Section 2.2 gives a brief overview of the

model. Section 2.3 describes the data and related adjustments. The parametrization

of the model is explained in section 2.4. In Section 2.5, we check for the stability of the

model with respect to the parameter values chosen and the pro�le of the carbon tax.

Section 2.6 concludes.

2.2 Description of the model

In this section, we give a brief non-technical overview of the CITE model. The theoret-

ical foundation and the particularities of its implementation in the GAMS software are

presented in detail in Schwark (2010). The nested production functions of the output

sectors and the nestings of consumption and investments are shown in Figures 2.5 to

2.9 in the Appendix.

The CITE model is a computable general equilibrium model that is particularly suit-

able for energy policy analysis. The simulations are performed using the software

GAMS/MCP. The focus of the CITE model is on the growth e�ects of energy policies,

both on an aggregate and on a sectoral level. The CITE model includes an endogenous

growth mechanism closely related to Romer (1990). In the model of Romer, economic

growth comes about through new intermediate varieties. A new variety is the result
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of an underlying innovative process. The number of varieties is equal to the size of

the capital stock, which is in our case sector speci�c. The accumulation of capital and

thus the production of intermediate varieties has a positive e�ect on the productivity

of the sectors. This e�ect is often referred to as gains of specialization (see Spence

(1976), Dixit and Stiglitz (1977) or Ethier (1982) for a formal discussion). The higher

the capital stock in a sector, the higher its degree of specialization and consequently

the higher its gains of specialization. This means that the growth rate of the di�erent

sectors can be increased by investing in new intermediate varieties, i.e. by augmenting

the sectoral capital stocks. The growth rate of a sector is therefore closely related to

its innovative activity.

The model contains twelve production sectors that produce �nal output (see Table

2.1 in Section 2.3 for an overview): Ten regular sectors (or non-energy sectors) and

two energy sectors. The regular sectors all share the same production structure (see

Figure 2.5 in the Appendix), but di�er in their factor input shares and their substitution

possibilities. They use an intermediate composite and output of other sectors to produce

�nal output. The intermediate composite captures the growth dynamics explained

above. It is produced using a Dixit-Stiglitz production function (cf. Dixit and Stiglitz

(1977)) and combines all the di�erent intermediate varieties to one good. The parameter

κ in the exponent is equal to 1 minus the share of capital and re�ects the gains of

specialization. The higher κ, the lower the share of capital and therefore the lower

the gains of specialization. The individual intermediate varieties are produced using

labor, energy and non-accumulable capital (explanations on this input are given below).

Given that the individual varieties are imperfect substitutes, each producer of a variety

is in fact a monopolist that can charge a mark-up over its marginal cost. In order to be

able to produce, producers of each variety need a blueprint (or a patent). Blueprints

are created by investments new capital goods. The capital stock (see Figure 2.9 in

the Appendix) can be augmented by two types of investments: Investments in physical

capital, and investments in R&D. Investments in R&D and research labor are used to

build up non-physical capital, which is then combined with the investments in physical

capital to form the total capital stock. These capital stocks are sector speci�c, and

investments in the capital stock of one sector do not entail any spill-overs to other

sectors. Investments into the capital stock of a sector therefore only a�ect the growth

rate in this speci�c sector. Labor and non-accumulable capital on the other hand are free

to move across sectors. The production factors are owned by a representative household.
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This representative household allocates its factor income between consumption of energy

and �nal goods (see Figure 2.8 in the Appendix), physical investments and investments

into R&D. Utility (or welfare) is derived from discounted intertemporal consumption.

Production, investments and consumption are represented in the model using nested

CES functions that allow for substitution between the inputs at the di�erent levels of

the production process.

The two energy sectors have a slightly di�erent production structure (see Figures 2.6

and 2.7 in the Appendix). The oil sector uses crude oil in addition to the other inputs

at the top level of the production function. The output of the oil sector then forms,

together with gas, fossil energy, which is an additional input to the energy sector.

Hence, the oil sector is in fact a sub-sector of the energy sector. The other part of the

energy sector, non-fossil energy, is produced in the way described above. This energy

aggregate, consisting of fossil and non-fossil energy, is then used in the production of

the intermediate varieties and in household consumption.

We simulate the e�ects of a 35% reduction of energy use by the year 2035 (compared to

the year to 2000). The base year for the analysis is the year 2005. Because energy use

in 2005 was higher than in the year 2000, it has to be reduced by a larger amount than

by 35% (37.5% to be precise). The only policy instrument that we use (in analogy to

Scenario IV of the Energy Perspectives) is a carbon tax. The tax is levied directly on

the use of the two fossil fuels, oil and gas. We assume a uniform tax rate for both fossil

fuels, but a higher carbon intensity for oil, which means that oil is e�ectively taxed at

a higher level than gas. Scenario IV assumes that the tax revenues are redistributed

directly to the households and �rms. We use the same mechanism as well, but as an

alternative, we simulate a second scenario where the tax is redistributed as a subsidy

to R&D investments in all sectors except the oil sector. The aim of this subsidy is to

directly support capital build-up and therefore the growth mechanism of the sectors.

The results of these simulations are described in detail in Chapter 3.

2.3 The data

The model is based on the Swiss input-output table (hereafter named IOT) for the year

2005 (Nathani, van Nieuwkoop and Wickart, (2008)), which is the most recent version

available (the previous version for 2001 is described in Nathani et al. (2006)). It gives
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detailed information on the �ow of goods between sectors, on �nal demand and also on

the use of inputs and on trade. The original table includes data for 42 production sectors

and di�erentiates between �fteen types or classes of consumption (twelve for private

households, three for public consumption) and three types of physical investments. As

for the use of factor inputs, it contains information on the use of labor and capital. It

is therefore an almost complete source of data for the type of model we are using.

INTERM. DEM. FINAL DEMAND Σ
Sectors 1...j C(1...15) I(1..3) Exp.

...
Sectors 1...i I II III

...
Taxes
L IV

Korig IV
Imp. V
Σ VI

Figure 2.1: Original Input-Output table before adjustments

A simpli�ed version of the original IOT is shown in Figure 2.1. Field I represents

intermediate demand, i.e. �ows of goods between sectors. Rows denote sectoral output,

columns denote the use of sector i's products by sector j. The entries in �eld I therefore

indicate the amount of sector i output that is used in the production of sector j. Field

II contains information on �nal demand in consumption, investments, and exports. In

�eld III, we have total production of sector j, given by the sum of the respective row.

The tax row gives information on value added taxes, tari�s and subsidies. Field IV

represents value added of the respective sector, divided into the expenditures for labor

and (original) capital. Field V contains sectoral imports. Field VI is the sum of total

inputs in the sectors. In a balanced IOT, the column sums in �eld VI are equal to

the row sums in �eld III, implying that total output is equal to total inputs in every

sector. Additionally, total �nal demand has to be equal to the sum of total value added

(denoted by the total use of the production factors labor and capital), imports and

taxes.

In order to ensure compatibility of the IOT and our model, a couple of adjustments

had to be made. First of all, we aggregated the data from the original table from

42 to 12 sectors. The choice of the sectors was made based on their relative impor-
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tance in terms of their share on overall production and in accordance with existing

studies (e.g. Ecoplan, 2007a). The sectors that are not analyzed separately have been

summed up to an aggregated category for industries or services (see Table 2.1). In

principle, one could use any number of sectors in the model, but there are a couple

of arguments in favor of a certain degree of sectoral aggregation. One is the fact that

empirical estimates for parameters are only available for a limited number of sectors.

Increasing the number of sectors would require additional assumptions for parameters

that cannot be based on existing research, which reduces the reliability of the results.

Second, some industries or service sectors are very similar in their characteristics or are

have a high degree of interdependence. An example are the subsectors that have been

summarized to "transports". In this case, it makes sense to aggregate these sectors to

one aggregated industry. Finally, a limited number of sectors increases tractability and

comprehensibility of the policy e�ects.

Also, we do not di�erentiate between di�erent classes of consumption and physical

investment. Most notably, we do not separate public from private consumption, as we

do not have an explicit representation of the government in the model. Therefore, the

di�erent types of consumption were aggregated to one single column. The same was

done with physical investments. These assumptions were made for simpli�cation and

have no distorting e�ects on the results.

The model distinguishes two types of investments, physical and non-physical invest-

ments. Non-physical investments mainly refers to investments in research and devel-

opment. The original IOT contains no information on these types of investments.

Additionally, there is no reliable data on R&D investments available in Switzerland,

especially not on a sectoral level. We therefore use the data from sector 731 ("Research

& Development") to have an approximative measure for these investments. Put dif-

ferently, we interpret the demand for goods from sector 73, i.e. the row entries of this

sector, as R&D investments of the sectors demanding these goods. To represent this in-

terpretation in the IOT, we transferred these entries into a new column (labeled "R&D

investments"). The column entries of sector 73 and its imports, exports, value added,

consumption and investments were added to other services (OSE), except for the entry

of labor. We use this entry as our benchmark value for research labor (LH). With this

procedure, we get sectoral values for R&D investments and an aggregate measure of

research labor. Total research labor is then redivided to the sectors according to their

1The number 73 refers to the corresponding index number in the NOGA classi�cation of sectors.
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share in total capital use. This gives us a value for initial sectoral demand for research

labor. Because we assume that capital accumulation is the result of investment activi-

ties including research and development, it makes sense to calculate the initial sectoral

labor inputs using to the sectoral shares in total capital. The underlying assumption

is that the accumulation of non-physical capital also requires some "physical" e�ort by

researchers. This implies an interrelation between total non-physical capital accumula-

tion and the corresponding research e�ort conducted by research labor. As explained

below, we also assume that the two capital types are complementary to a certain degree.

This means that there is also a direct connection between research labor and total cap-

ital accumulation. We can therefore safely assume that the more a sector contributes

to the initial total capital, the higher is its benchmark entry for research labor.

Sector NOGA-Classi�cations

Agriculture (AGR) 01-05
Re�ned Oil Products (OIL) 23
Chemical Industry (CHM) 24
Machinery and Equipment (MCH) 29-35
Energy (EGY) 40
Construction (CON) 45
Transport (TRN) 60-63
Banking and Financial Services (BNK) 65
Insurances (INS) 66
Health (HEA) 85
Other Services (OSE) 50-55, 64, 70-75, 80, 90-95
Other Industries (OIN) 10-22, 25-28, 36-37, 41

Table 2.1: Overview of the sectors used in the model

To have a more detailed and realistic representation of the production processes in the

oil sector and the energy sector, we added two fossil fuels, crude oil and gas, to the

IOT. The corresponding entries have been estimated from data from the Swiss Energy

Statistic (Schweizerische Gesamtenergiestatistik 2005). Both are fully imported, so on

the supply side, there is only an entry in the row for imports. Crude oil is demanded

only by the oil sector, gas only by the energy sector. Also, as we assume that all output

from the oil sector serves as an input to the energy sector (which implies that the oil

sector is in fact a sub-sector of the energy sector), we added the row entries of the oil

sector to the respective entries of the energy sector. The same was done with �nal

demand for oil sector output. Hence, sectors and households use in fact an energy

aggregate that consists of both fossil and non-fossil energy. The column entries of the
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oil sector have been left unchanged, as there is a domestic production of re�ned oil

products similar to the other sectors (except for the fact that it also uses crude oil as

an input).

A further disaggregation of the energy sector and the inclusion of more energy sources

(most notably of renewables) would certainly be desirable. However, the availability

of sectorally disaggregated data on energy use (divided by source) is currently very

limited. A more detailed representation of the energy sector will be added to the model

as soon as the necessary data is available.

Three more adjustments were made: First, we split original capital (given by Korig

in Figure 2.1) into two capital types, labeled K (capital) and V K (non-accumulable

capital). In the benchmark, the model is calibrated to a balanced growth path. This

calibration requires that the share of capital (K) in the production of intermediate goods

has to be equal in all sectors. The reason for this is that the capital share (or the gains of

specialization) directly a�ects the sectoral growth rates. Di�erent capital shares would

imply di�erent rates of growth. In the original data, there are obviously large di�erences

in these shares. We solved this issue by setting the value of capital K so that its share

is equal in all sectors, and by de�ning the residual of initial capital as another input to

intermediate production (V K)2. This new input is then represented in a new row in

the IOT. K is the part of total capital that can be accumulated via investments and

thus in�uences sectoral growth, while V K enters production of intermediate goods at

the same level as labor and energy and cannot be accumulated. V K can be interpreted

as publicly provided capital (e.g. public infrastructure or services) in the sense of Barro

(1990). While helping to solve the benchmark calibration, simulations show that V K

has no distorting e�ect on the quality of the results.

Second, as we abstract from trade and budget policy, the trade balance needs to be

equalized initially. Thus, total exports need to be equal to total imports. To correct

for the di�erence in the original data (exports are slightly higher than imports), we

add the surplus in the trade balance to consumption. Hence, in each sector, we deduct

a certain amount from the original exports and add it to sectoral consumption. This

leaves total sectoral �nal demand unchanged. The sectoral amounts transferred from

exports to consumption are calculated using the shares of the exports of each sector in

total exports. This ensures that sectoral export shares do not change.

2We therefore have K + V K = Korig in each sector
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Third, the last adjustment concerns taxes and tari�s. As indicated above, the original

IOT also contains information on certain taxes and tari�s (such as value-added taxes

or import tari�s). As none of these taxes are subject to political intervention in our

scenarios, we do not include them in the model. Put di�erently, this means that there

are no benchmark taxes in the model. This makes the calibration of the model a lot

easier and has no e�ect on the results. The carbon tax that is used as an instrument

to achieve the given reduction targets is introduced as a policy scenario in the coun-

terfactuals, but is not included in the benchmark. We thus focus on direct taxation

of the polluting inputs to meet the reduction targets and abstract from other �scal

instruments. Taxes included in the original IOT are therefore removed.

INTERM. USE FINAL DEMAND Σ
CRU AGR...ROI Gas C IP IR&D Exp.

CRU

AGR...ROI I II III
Gas

LH VII
VK

L IV
K

Imp. V
Σ VI

Figure 2.2: Adjusted Input-Output table

To sum up, our newly constructed IOT (see Figure 2.2) has an additional column in the

�nal demand block for investments in R&D and a new row in the value-added block for

non-accumulable capital. Additionally, there are two new "sectors" for crude oil and

gas. The benchmark value for research labor (LH) is entered in a new row in �eld VII.

On the other hand, we reduced the total number of sectors and merged the di�erent

types of consumption and physical investments to one single column each and removed

the benchmark taxes.

The IOT is then directly read into GAMS using a script similar to the one presented

in Rutherford and Paltsev (1999). This script converts the IOT from Excel to GAMS

format by constructing a parameter that holds all the values from the original table.

From this parameter, we can then directly de�ne the benchmark values for intermediate

and �nal demand, factor supply and demand, imports and exports and output. The

remaining benchmark values (i.e. those that cannot be taken directly from the IOT)
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can readily be calculated using values from the table. We can therefore rely on the IOT

as a complete and consistent data source for our model.

2.4 Parametrization and calibration

This section gives some insight on the choice of the most important model parameters,

most notably the elasticities of substitution. The choice of these parameter values is

crucial in the set-up of a CGE model and should therefore be made carefully. Whenever

possible, the values are set in accordance with existing studies or empirical estimations.

Due to the fact that the structure of our model is quite di�erent from similar studies,

parameter values from existing studies cannot always be used. Whenever this is the

case, or when no estimates are available, we assume seemingly reasonable values. When

it makes sense and when we can resort to existing studies, we use sector speci�c values

for the substitution elasticities. Otherwise, the same values apply for all sectors. An

overview of the values used is given in Table 2.2.

As indicated, the parametrization and the calibration of a large-scale model are im-

portant steps. If one is unable to estimate the parameters empirically as a part of the

analysis (which is the case for most studies in this �eld), parameter values have to be

chosen either by making a reasonable guess (i.e. by "guesstimation") or by adopting

values from existing research (either empirical estimates or similarly reasonable guesses

used in other models). This already highlights that the calibration of a model can

never represent reality "correctly". Therefore, when no estimates are available, one can

rely on a couple of soft criteria for calibration that serve as a guideline. For sectoral

production for example, we can take historical data (if available) for factor intensities

and the shares of inputs from the other sectors into account. These numbers give an

indication on how �exible the production process of a given sector is and to what degree

the inputs are substitutable or not. If the shares of the di�erent inputs remain more or

less constant over time, this implies a relatively low potential of substitution, and the

corresponding elasticities of substitution should be set below unity. This prevents the

model from delivering unreasonable results due to too optimistic assumptions on the

sectoral potentials to react to a policy.

In order to avoid incorrect estimations of parameters, one obviously prefers to use

existing values. However, this can also be error prone, because the estimates do not



PARAMETRIZATION AND CALIBRATION 29

necessarily �t to the model at hand. Substitution elasticities are estimated using data

of a given region. The results therefore depend on the data set used for the estimations,

and parameter values estimated for a given region may not be a perfect �t for a model

that focuses on other regions. In our case, it would be optimal to use estimates that

were calculated from Swiss data. Because no such estimates are available, we have to

use estimates from other regions. This is a second best option, but, from our point of

view, this is still preferable compared to "guesstimation".

On the production side, we assume sector speci�c elasticities of substitution in the top

nest between the intermediate composite and output from other sectors. The values

used for σY are based on estimations by Okagawa and Ban (2008), who provide estimates

for almost 20 sectors using data from OECD countries3. The structures estimated

in their paper are not exactly equal to the nesting we use here. However, it seems

reasonable to assume that the top level elasticity may be similar irrespective of the

structure on the levels below. The values di�er considerably from sector to sector, with

a range from 0.1 for the energy sector to 1.264 for construction. Outputs from other

sectors entering the production function are assumed to be perfect complements. Shares

in intermediate demand are thus �xed. This is a common assumption for models using

a similar setup.

In the production of intermediate goods, we use sectorally di�erentiated values for σX ,

which is the parameter capturing the substitutability between labor, energy and non-

accumulable capital. We use values from van der Werf (2007) where applicable, which

is the case for most industrial sectors. Obviously, only estimates for the substitutabil-

ity between labor and energy are available, but we assume that these estimates also

hold when non-accumulable capital is added. Elasticities in the industrial sectors are

relatively high (between 0.52 and 0.82)4. Unfortunately, van der Werf (2007) does not

provide estimations for service sectors. We assume a lower and uniform value (0.4) for

the service sectors. The reasoning behind this assumption is that it is easier to au-

tomatize (and thus to replace labor with other inputs) certain steps of the production

process in the industrial sectors than in the service sectors. The results are not sensitive

to this assumption. In the production of the oil sector, we assume that the share of

crude oil that is needed for production is �xed. Re�ned oil products then enter the

3Values of this study have also been used in Ecoplan (2008) and Ecoplan (2009).
4Another reference for similar estimations is Kemfert (1998). The values in this paper are, however,

considerably smaller both than in Van der Werf (2007) and than in other studies, e.g. in Ecoplan
(2007a). In order to avoid too conservative assumptions, we use the values from Van der Werf (2007).
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production of energy along with gas as fossil energy. Gas and oil are assumed to be

good substitutes (the same assumption is also used in Ecoplan (2007a)) and are linked

using a Cobb-Douglas function.

Parameter Description Value

σY,i Elasticity of substitution between Q and 0.392 (AGR)
inputs from other sectors 0.848 (OIL, CHM)

0.518 (MCH)
0.100 (EGY)
1.264 (CON)
0.352 (TRN)
0.568 (OIN)
0.492 (rest)

σX,i Elasticity of substitution between the three 0.7 (AGR, OIL,
inputs (energy, labor and VK) CHM, EGY)

0.8 (MCH)
0.52 (CON)
0.82 (OIN)
0.4 (rest)

σE Elasticity of substitution between fossil 0.3
and non-fossil energy

σI Elasticity of substitution between physical 0.3
investments and non-physical capital

σN Elasticity of substitution between invest- 0.3
ments in R&D and research labor

σC Elasticity of substitution between energy 0.5
and non-energy goods in consumption

σW Inter-temporal elasticity of substitution in 0.6
the welfare function

σA,i Armington elasticities 3.2 (AGR)
4.6 (MAS)
3.8 (EGY, OIN)
2.9 (rest)

σT Elasticity of transformation 1

Table 2.2: Parameter values

The elasticity of substitution between fossil and non-fossil energy (σE) is set to 0.3,

which re�ects the assumption of a relatively low degree of substitutability between

the two energy sources. We could not �nd any reliable empirical estimates for this

parameter, which is surprising considering that many models include a di�erentiation

between fossil and non-fossil energy. The range of values used in di�erent models is quite
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large. Ecoplan (2007a) assumes a value of 0.2, while some models (e.g. Gerlagh and van

der Zwaan (2003)) implement values considerably above 1. We base our assumption of

low substitutability on the supposition that fossil fuels are likely to play and important

role in the near future. Given that the time horizon we are looking at here is rather

short, this assumption implies that fossil energy is unlikely to be easily replaceable with

alternative energy sources. In models with a longer time horizon, the assumption of

good substitutability is reasonable. In the short run, however, a value below 1 for σE
seems to make more sense.

Energy is also directly consumed by households and enters consumption along with

output from the remaining sectors at the top level of the nested consumption function.

We assume relatively good but limited substitution between energy and non-energy

output (captured by σC) and good substitutability between the non-energy products.

Both of these assumptions are made in accordance with Ecoplan (2007a). The inter-

temporal elasticity of substitution in the welfare function (σW ) is set to 0.6, which

on the upper range of estimations that are available. However, these estimates vary

considerably depending on the choice of the model and the data used in the estimations.

Hasanov (2007) provides a good overview of estimates for this parameter.

The capital stock is built up using physical and non-physical capital. The two capital

types are assumed to be substitutable at a rather low degree (σI), which captures the

fact that they are exchangeable to a certain extent, but both are necessary in the capital

build-up. The presumption here is that the accumulation of physical capital, e.g. the

development of new machines, requires non-physical capital (in the form of research

or human capital), and vice versa. The two capital types therefore complement each

other to a certain degree and cannot be accumulated independently. On the lower

nest of the investment function, we set a low value for the elasticity of substitution

between investments in R&D and research labor (σN). The reasoning here is that in the

research sector, both the investments in R&D and the people who conduct the research

are necessary to build up non-physical capital. This is a similar argument to the one

made just above for σI . R&D investments and research labor may be substitutable at

a certain extent, but one can never fully replace the other.

Goods of all sectors are imported, domestically produced and exported. Exceptions are

crude oil and gas (which are both only imported) and re�ned oil, whose exports are

included in those of the energy sector (meaning that it is e�ectively an energy aggregate
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consisting of fossil and non-fossil energy that is traded). Trade is represented using the

well known assumption that domestic and foreign goods are imperfectly substitutable

(Armington, 1969). Imported goods are not perfect substitutes for domestically pro-

duced goods. The GTAP database provides detailed estimations for sectoral Armington

elasticities (see Donnelly, Johnson, Tsigas and Ingersoll (2004)) which describe the de-

gree of substitutability between imported and domestic commodities. These values are

implemented here. Typically, these elasticities are estimated to be considerably above

one, which implies that the households (or the sectors) do not care much about where

the good was produced. To represent exports, we use a CET (constant elasticity of

transformation) function to di�erentiate between domestic and foreign demand. The

corresponding elasticity of transformation is set to 1.

From Table 2.2, it can be seen that most values for the elasticities are set below unity.

Exceptions are the trade elasticities and σY,CON . This implies a certain rigidity, espe-

cially in the production process, and possibly limits the e�ects of political intervention

as inputs are not well substitutable on certain levels. There are three comments on

this. First, most of the values are based on given estimations that prove that substi-

tution possibilities are indeed limited5. Second, our model is still relatively �exible in

comparison to other models (e.g. Ecoplan 2007a), who are even more stringent as far

as the values for the elasticities in the production processes are concerned. And �nally,

relatively conservative assumptions on the parameter values prevent the model both

from delivering overly optimistic results and from underestimating the e�orts needed

to achieve a given target.

A key feature of the model is that it includes the gains of specialization that stem

from the accumulation of capital already in the benchmark scenario. The model is

calibrated in a way that re�ects both projected output growth and growth rates of the

capital input. To be more precise, we assume that capital grows at an annual rate of

1%. This matches the observed growth rate of capital goods in Switzerland since 1990.

In our calibration, in combination with the before mentioned share of capital (1-κ),

this leads to an (endogenously determined) annual growth rate of about 1.33%, which

is in line with the rate assumed in the high GDP scenario of the Energy Perspectives.

The share of capital essentially de�nes the intensity of the the gains of specializations

5Van der Werf (2007) e.g. tests for Cobb-Douglas functions (i.e. an elasticity of substitution of 1)
as a representation of the substitutability between labor, energy and capital and proves that it is not
an empirically valid assumption.
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(or their e�ect on total factor productivity) and therefore also de�nes the di�erence

between the growth rate of the capital stock and the projected output growth rate.

On a balanced growth path, all sectors must grow at a uniform rate. Therefore, (1-κ)

is set to 0.25 in all sectors. Capital depreciates at a rate starting at 0.04. This rate

rises by a small amount every year, due the fact that capital and investments grow at

di�erent rates in the model. The rising depreciation rate bridges the gap between the

two growth rates.

Using a calibration procedure by Paltsev (2004), we can then derive the interest rate

r (given the depreciation rate and the benchmark values for the capital stock and

investments). Given the values in our model, the interest rate is equal to 0.016 or 1.6%.

This leads to an implicitly de�ned rate of pure time preference ρ of about 0.9% per

year. Both of these values are comparably low. However, given the calibration technique

applied here, they re�ect investment decisions and capital accumulation given in the

data. They cannot be set freely, but they depend directly on the benchmark values for

investments and capital.

2.5 Sensitivity analysis

2.5.1 Variations of parameter values

As explained above, the simulation results of computable general equilibrium models

may be sensitive to the parameter values chosen. In other words, the choice of the values

for the parameters may have a strong in�uence on the results the model produces. It is

therefore crucial to test the robustness of the model with respect to changes in the values

of the most important parameters. This is done here by augmenting and decreasing

the values of the elasticities of substitution and then comparing the outcome with the

results produced with the original values. We examine the di�erences in consumption,

fossil fuel imports, output and capital accumulation at the end of the model horizon

in the year 2035, when the target of a 35% reduction in energy use (using the original

values) is reached. Additionally, we compare the e�ects on welfare, which is measured

over the entire time horizon. As output and the capital stocks are sectoral variables, we

only look at the change of the highest and of the lowest value (i.e. the top sector and

the bottom sector) compared to the original case. This allows us to study how the range
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of the e�ects on output and capital accumulation is a�ected. We di�erentiate between

two scenarios. In the �rst one, the tax revenues are redistributed to the representative

household in a lump-sum manner. In the second one, they are used as a subsidy to

R&D investments. We conduct a separate sensitivity analysis for both scenarios, as the

e�ects may be di�erent depending on how the tax revenues are redistributed.

In the sensitivity analysis, parameter values are doubled and halved to check the e�ects

of large variations. In one case (for the variations of the Armington elasticities), we

made smaller adjustments because the doubled values would have become unrealisti-

cally large and prevent the model from solving. We focus on reasonable assumptions for

parameter values only and do not check for extreme cases. We thus keep up the under-

lying assumptions for the parameter values explained above, and we do not implement

values that would be in clear contradiction with empirical estimates.

We do this check for all the elasticities of substitution used in the model. Sensitivities

are expressed as di�erences from the results in the original case, i.e. from the results

using the values listed in Table 2.2. They should be read as follows. If for example the

tax leads to an increase in output of a sector of 2.4% in the original model, an entry of

-0.001 in the following tables means that the increase is only 2.3% if the corresponding

elasticity is adjusted. Ytop and Ktop refer to output and capital stock of the sector with

the highest value (which is always the machinery industry). Ybot and Kbot denote the

values of the sector that is most negatively a�ected. Not surprisingly, this is always the

oil sector. FF refers to the imports of crude oil (FFCRU) and gas (FFGAS) respectively.

C denotes total consumption, W welfare.

Tax revenue redistributed to the household

We �rst look at the e�ects of di�erent parameter choices in the scenario where the tax

is redistributed directly to the household. The results are listed in Tables 2.3 and 2.4.

Generally, the results indicate that the model is relatively robust with respect to the

choices of the values for the elasticities of substitution. Most notably, there are only

minimal di�erences in the e�ects on consumption and welfare, which means that the

aggregate e�ects, both in each period and over the entire time horizon, are not sensitive

to parameter values. E�ects on sectoral output are, except for changes in the values

of the trade elasticities, also relatively small, and the structural e�ects only change
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marginally. Put di�erently, the values of the parameters have only (small) level e�ects

on output and capital accumulation, but they do not a�ect the structural changes in

the economy induced by the tax.

First of all, it can be seen that changing the elasticities in the nesting for investments

(σI and σN) has almost no impact on the results. Even if we set the values to 0.9

(not shown in the table), there are no signi�cant e�ects. This makes sense as the

innovation process is not subject to any additional policy intervention. Similarly small

e�ects can be observed when we change the intertemporal elasticity of substitution in

the welfare function (σW ). There are only minor changes in output, the capital stocks

and fossil fuel imports. Doubling σW leads to smaller e�ects, while halving σW leads to

a slightly bigger impact of the tax. Welfare and consumption are virtually una�ected.

Changing σC has slightly more pronounced e�ects. σC captures the substitutability

between energy and non-energy goods in consumption. The higher σC , the easier it is

for the representative household to substitute energy for non-energy goods. Therefore,

energy use decreases more if we assume a higher elasticity of substitution. Also, fossil

fuel imports are reduced more when σC is higher. Hence, the impact of the tax is

bigger if we allow for better substitutability of energy. This is also re�ected by the fact

that there is a general downward shift in the levels of output and the capital stocks.

The opposite is true when the value of σC is low. If consumption possibilities are less

�exible, the tax has a smaller impact because energy cannot be readily replaced in

consumption.

The results for variations of σE show a clear pattern. If we double its value, this

means that the substitutability between fossil and non-fossil energy rises. This implies

better possibilities for the energy sector to avoid the tax by replacing fossil energy.

Consequently, output of the oil sector decreases, as well as the imports of fossil fuel.

The energy sector as a whole bene�ts, because investing in the capital stock of non-

fossil energy is now more attractive. The decrease in the use of fossil energy is thus

overcompensated by an increase in the use of non-fossil energy. When σE is halved, the

opposite holds. This results in a lower capital stock and a lower output for the energy

sector, but higher values for the oil sector and higher imports of crude oil and gas.

Changing σY , the elasticity of substitution between the intermediate composite and the

inputs from other sectors in �nal goods production, primarily has e�ects on the range

of the structural e�ects. When the values of σY are doubled, the top levels of output
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and capital rise, while those at the bottom decrease. The e�ect of the tax on energy

and oil is slightly higher than before, and the imports of fossil fuels decrease further.

Using smaller values for σY leads to opposite outcomes compared to using higher ones.

The range of the structural e�ects gets smaller, the highest output is lower than in the

original case, and the lowest output is higher. The same holds for the capital stocks.

Generally speaking, if we allow for more �exibility in the production of �nal output,

structural change is more pronounced as there are better possibilities to react to the

tax. The sectors that bene�t from the introduction of the carbon tax bene�t even more

if �nal output production is more �exible. The opposite holds for the sectors that are

negatively a�ected by the tax.

Ytop YEGY Ybot Ktop KEGY Kbot

σC(doub) -0.003 -0.068 -0.055 0.000 -0.081 -0.055
σC(half) 0.002 0.040 0.032 -0.002 0.046 0.032
σE(doub) -0.019 0.038 -0.024 -0.018 0.067 -0.025
σE(half) 0.009 -0.016 0.010 0.007 -0.029 0.011
σI(doub) 0.001 0.000 0.000 0.000 0.000 0.000
σI(half) 0.000 0.000 0.000 -0.001 0.000 0.000
σN(doub) 0.001 0.000 0.000 0.000 0.000 0.000
σN(half) 0.000 0.000 0.000 -0.001 0.000 0.000
σW (doub) -0.021 -0.004 -0.002 -0.030 -0.010 -0.007
σW (half) 0.030 0.004 0.002 0.038 0.012 0.008
σY,i(doub) 0.052 -0.006 -0.011 0.065 -0.011 -0.094
σY,i(half) -0.017 0.002 0.004 -0.022 0.005 0.037
σX,i(doub) -0.064 -0.125 -0.101 -0.050 -0.172 -0.103
σX,i(half) 0.035 0.075 0.060 0.025 0.095 0.060
σA,i(+1) 0.386 -0.154 -0.145 0.321 -0.208 -0.143
σA,i(−1) -0.120 0.077 0.076 -0.103 0.099 0.073
σT (doub) 0.107 -0.013 -0.018 0.085 -0.018 -0.016
σT (half) -0.029 0.008 0.010 -0.025 0.013 0.010

Table 2.3: E�ects of changing parameter values when the tax revenue is redistributed
to the household

If we alter the values of σX , there are similar e�ects compared to those for σC . Doubling

the values leads to a stronger e�ect of the tax in all sectors, resulting in a decrease of

almost all levels of output and the capital stocks. The reason is that the total amounts

of labor and non-accumulable capital are �xed (i.e. labor and non-accumulable capital

can only be reallocated between sectors), which means that the sectors cannot readily

replace energy by these two inputs. Therefore, the tax results in lower output levels.
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The opposite holds again when substituting for energy is more di�cult (re�ected by

smaller values of σX). The impact of the tax is smaller in this case, resulting in higher

levels of all outputs and capital stocks and higher imports of fossil fuels.

FFCRU FFGAS C W

σC(doub) -0.055 -0.067 -0.001 -0.001
σC(half) 0.032 0.039 0.001 0.001
σE(doub) -0.024 -0.030 0.002 0.001
σE(half) 0.010 0.013 0.000 0.000
σI(doub) 0.000 0.000 0.000 0.000
σI(half) 0.000 0.000 0.000 0.000
σN(doub) 0.000 0.000 0.000 0.000
σN(half) 0.000 0.000 0.000 0.000
σW (doub) -0.002 -0.004 -0.001 0.003
σW (half) 0.002 0.004 0.001 -0.002
σY,i(doub) -0.011 -0.005 0.000 0.000
σY,i(half) 0.004 0.002 0.001 0.001
σX,i(doub) -0.101 -0.126 -0.005 -0.002
σX,i(half) 0.060 0.075 0.004 0.002
σA,i(+1) -0.145 -0.153 -0.008 -0.004
σA,i(−1) 0.076 0.076 0.003 0.002
σT (doub) -0.018 -0.012 0.000 0.000
σT (half) 0.010 0.008 0.001 0.001

Table 2.4: E�ects of changing parameter values when the tax revenue is redistributed
to the household (continued)

The trade elasticities have relatively large e�ects, especially when they are increased.

The machinery industry, which is the sector with the largest positive e�ects on output

and capital, has large imports and exports and is, alongside with the chemical industry,

the most trade intensive sector. Changing the elasticity of transformation has quite a

big impact on this sector. If we set its value to 2, the output of the machinery industry

increases signi�cantly compared to when σT is equal to unity. The other sectors are,

however, not that sensitive in this respect, but the range of the structural e�ects still

gets considerably larger. Decreasing σT triggers opposite e�ects, but on a much lower

scale. Increasing the Armington elasticities results in similar e�ects, but they are even

more pronounced. The machinery industry bene�ts a lot, while the sectors at the

bottom su�er losses. The tax leads to larger adjustments in this case, which again

results in a wider range of structural e�ects. The opposite holds again if we decrease

the Armington elasticities. This is actually the only case where the machinery industry
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is no longer the sector with the highest output and the highest capital stock. The

sectors at the bottom on the other hand increase their output, and the tax has a

smaller e�ect on energy output. Investment incentives in the energy sector are high

under these conditions (therefore its capital stock is higher than in the original case),

and consequently, energy output also increases. Changing the trade elasticity mostly

a�ects the trade intensive sectors. They exhibit strong reactions when the conditions

for trade are varied, and they mostly drive the adjustments that take place here.

To sum up, we see relatively small e�ects for most parameter variations. Structural

changes is identical to the case with original values, but it may be more or less pro-

nounced. A general observation is that the model is most sensitive to changes in pa-

rameter values that are based on given empirical estimations, which underlines the

importance of having reliable estimates for these parameters. The values of the elastic-

ities that could not be taken from existing studies play only a minor role. And even in

the cases with the biggest e�ects and output and capital, overall welfare never changes

signi�cantly.

Tax revenue redistributed as a subsidy for the R&D sector

The second scenario presents a di�erent use of the tax revenues collected from the carbon

tax. Instead of redistributing the revenues back to the representative household, they

are used as a subsidy for the R&D sector. Because this alternative way of redistribution

directly a�ects the incentives to invest in new capital goods, the e�ects of changing

certain parameter values may be di�erent from those described in the previous section.

We therefore conduct the same sensitivity analysis as above for this scenario. The

results are presented in Tables 2.5 and 2.6.

We can see from Tables 7 and 8 that the e�ects are generally very similar to those

described above, both in direction and magnitude. The arguments made in the previous

section therefore also hold for this scenario. There are only two cases where the e�ects

are clearly di�erent. When the tax revenues are redistributed to the household, changing

the values of the elasticities in the investment functions (σI and σN) only has minimal

e�ects. This is di�erent here, where the subsidy directly supports the investments.

When σI is lowered such that physical and non-physical investments are almost perfect

complements, the e�ect of the subsidy is slightly more positive. The capital stocks

and output of all sectors rise. This is due to the fact that if the two investment types
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Ytop YEGY Ybot Ktop KEGY Kbot

σC(doub) -0.012 -0.067 -0.053 -0.008 -0.084 -0.053
σC(half) 0.006 0.040 0.032 0.004 0.047 0.030
σE(doub) -0.026 0.040 -0.024 -0.024 0.069 -0.030
σE(half) 0.011 -0.016 0.010 0.011 -0.031 0.010
σI(doub) -0.008 0.000 0.001 -0.012 -0.003 -0.001
σI(half) 0.004 0.001 0.000 0.006 0.002 0.000
σN(doub) 0.015 0.001 0.000 0.017 0.003 0.002
σN(half) -0.027 0.000 0.001 -0.031 -0.005 -0.003
σW (doub) -0.002 -0.002 -0.002 -0.007 -0.005 -0.004
σW (half) 0.009 0.003 0.002 0.015 0.006 0.004
σY,i(doub) 0.059 -0.007 -0.012 0.081 -0.012 -0.100
σY,i(half) -0.021 0.003 0.005 -0.028 0.005 0.039
σX,i(doub) -0.081 -0.123 -0.098 -0.068 -0.176 -0.099
σX,i(half) 0.052 0.074 0.059 0.042 0.095 0.057
σA,i(+1) 0.405 -0.155 -0.146 0.346 -0.215 -0.144
σA,i(−1) -0.134 0.078 0.078 -0.115 0.102 0.073
σT (doub) 0.137 -0.013 -0.019 0.012 -0.019 -0.017
σT (half) -0.041 0.009 0.011 -0.033 0.013 0.010

Table 2.5: E�ects of changing parameter values when the tax revenue is used to
subsidize non-physical investments

are complementary, physical investments have to be augmented as well if non-physical

investments are subsidized. The higher the degree of complementarity, the stronger is

this e�ect. However, the e�ect is not strong enough to have an e�ect on overall welfare.

If we double σI , we get the opposite e�ect on the capital stocks, but again at a very low

scale. Altering the value of σN also leads to small changes. The higher the �exibility in

the build-up of non-physical capital, the higher is the e�ect of the subsidy on sectoral

outputs and capital stocks. But again, this e�ect is very small.

Other than that, the model shows very similar reactions as when the household gets the

tax revenue. The value of the intertemporal elasticity in the welfare function (σW ) only

has a slightly bigger but still very small e�ect here. The consumption pro�les are min-

imally di�erent depending on whether inter-temporal substitutability is easily possible

or not, but the overall e�ects are very small. Changes in σC lead to almost identical

variations in the results as before. A better substitutability of energy and non-energy

goods leads to a stronger reaction on the tax and a lower energy use. The opposite

holds when σC is halved. For σE, we have the same pattern as before. The reactions
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FFCRU FFGAS C W

σC(doub) -0.053 -0.066 -0.001 0.000
σC(half) 0.032 0.039 0.000 0.001
σE(doub) -0.024 -0.030 0.002 0.001
σE(half) 0.010 0.013 -0.001 0.000
σI(doub) 0.001 0.000 0.000 0.001
σI(half) 0.000 0.000 0.000 0.000
σN(doub) 0.000 0.000 0.000 0.001
σN(half) 0.001 0.000 0.002 0.002
σW (doub) -0.002 -0.002 -0.002 0.001
σW (half) 0.002 0.003 0.001 -0.001
σY,i(doub) -0.012 -0.006 -0.001 0.000
σY,i(half) 0.005 0.002 0.000 0.000
σX,i(doub) -0.098 -0.124 -0.004 -0.001
σX,i(half) 0.059 0.073 0.002 0.001
σA,i(+1) -0.146 -0.155 -0.007 -0.004
σA,i(−1) 0.078 0.077 0.002 0.002
σT (doub) -0.019 -0.012 0.000 0.000
σT (half) 0.011 0.008 0.000 0.000

Table 2.6: E�ects of changing parameter values when the tax revenue is used to
subsidize non-physical investments (continued)

are almost identical, and they can obviously be explained by the same reasoning as in

the previous section.

Changing the values of the elasticities that a�ect the production processes also leads

to very similar variations in the results as before. For σY , the magnitude of the e�ects

is almost identical. We have a wider range in sectoral output if we allow for more

�exibility in the production of �nal goods. Similarly to above, we get relatively large

negative reactions if the original values of σX are doubled. The e�ects are even a bit

stronger in this scenario. For the lower values of σX , we have just about the same e�ects

as above. The e�ects of the values of the trade elasticities are also again relatively large

here and even slightly more pronounced, both at the top and at the bottom.

Summing up, we see that the model also works reliably when we choose a di�erent

mechanism for the redistribution of the tax revenues. The e�ects are mostly very

similar compared to those presented in section 5.1, except for the fact that also the

elasticities in the investment nesting have an impacts.

Not included in this sensitivity analysis are variations of the interest rate r or the share
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of capital (1 − κ). This is interesting as well, but is problematic as it would require

changes in the original data. If we were to vary the interest rate, we would (according

to the calibration procedure in Paltsev (2004)) either have to adjust the depreciation

rate of capital as well, or we would have to change the initial capital stocks. This leads

to di�erent benchmark growth rates compared to the original case, which makes the

comparison di�cult. The same holds if we would want to check for di�erent gains of

specialization (i.e. a di�erent initial capital share). This again requires changes in the

original data, and the results would not be comparable to the original case. Because

the interest rate r (and also the rate of pure time preference ρ) are given by the data,

a sensitivity check is not necessary when focusing on the results using a given data

input. Nonetheless, from a theoretical point of view, checking the relevance of these

parameters is interesting. A discussion of the e�ects of a variation of ρ (which requires

a di�erent value for r) is included in Chapter 4.

2.5.2 Variations of the tax pro�le

As indicated, the policy instrument applied here is a carbon tax. The aim of this tax

is to reduce energy use by a certain amount, de�ned by a reduction target. Here, we

only de�ne a target at the end of the model horizon, but we do not set a prede�ned

reduction path. This means that (if we abstract from optimal tax policy) we are free to

choose any tax pro�le that leads to the requested cut-down in fossil energy use. Both

the initial tax rate and the rate of increase are set arbitrarily in the simulations, with

the only prerequisite being that carbon emissions are reduced by a given amount. In

the following, we implement two alternatives to the base pro�le (i.e. the pro�le used

in the analysis so far). One has a higher initial rate and a lower growth rate and the

other one has the exact opposite characteristics (low initial rate, higher growth rate).

Figure 2.3 shows the three pro�les.

We choose linearly increasing tax rates in all pro�les. This is a simpli�cation made

for convenience, because it makes the calculations easier. One could also think of

pro�les with tax rates evolving at a decreasing growth rate, or pro�les with exponential

increases. For the analysis here, the exact form of the pro�le is not relevant.

Figure 2.4 shows the consumption paths under the di�erent tax regimes. Varying the

pro�le does not lead to any notable di�erences. This highlights the importance of
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forward looking agents. The reduction target is the same in all scenarios, and essen-

tially, this is what matters here. Even though the policy costs vary over time, the

intertemporal allocation of income remains more or less una�ected.
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Consequently, welfare e�ects are very similar in all three scenarios. The welfare loss is

slightly higher when the initial rate of the tax is higher, but the di�erence is marginal.

Welfare and consumption e�ects thus prove to be robust with respect to the tax pro�le.

On the sectoral level, the tax pro�le does not have an in�uence on the overall quantita-

tive reactions. It does, however, a�ect the time paths of sectoral output. If the initial

rate of the tax is high, sectoral e�ects are stronger in earlier periods, and the paths are

�atter later on. The opposite holds when we set a low initial rate that increases faster.

The adjustments over time thus vary with the tax pro�les, while the overall e�ects

again only depend on the reduction target. This is a �nding that may be relevant to

policy makers. As reactions over time are sensitive to the tax regime, these reactions

need to be taken into account in the discussion of an optimal or desirable policy that

aims at a given reduction target. If we are only interested in the overall e�ects over

time, this is less relevant.

2.6 Conclusions

The aim of this paper is to give some insight on the data and the parameters used

in the CITE model. Additionally, we test the model results for their robustness with

respect to changes in the values of the elasticities of substitution.

The latest input-output table for Switzerland is the most important source of data for

the model. After a couple of adjustments, it holds all the necessary benchmark values for

output, consumption, investments, factor inputs and trade that are needed. The most

notable changes are the introduction of R&D investments and the di�erentiation of two

di�erent capital types. The parameters values are, whenever possible, based on existing

studies and estimations. Because of some particularities of our model, especially in the

production process of the output sectors, this is not always possible. The values that

cannot be taken from existing work are set as reasonably as possible. The sensitivity

analysis shows that the model results are robust to changes in the parameter values,

irrespective of whether the tax revenues are redistributed to the household or used to

subsidize non-physical investments. Welfare and consumption are very robust and are

generally not a�ected by the variations of parameter values.

Additionally, the structural e�ects are not di�erent compared to the original case in
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most of the variations that are tested. The elasticities that a�ect either the �exibility

of the production processes or trade have the largest impacts. This highlights the

importance of being able to rely on profound estimates for these parameters. The

elasticities in the consumption and investment functions have only very small or no

e�ects at all. Generally, environmental policy has bigger structural e�ects if there are

better substitution possibilities for the taxed inputs. The more room there is for the

economy to adjust, the larger is the decline in energy use and fossil fuel imports. Or

put di�erently: If it is easier to replace energy (and especially the fossil fuels) in the

production process, the targets for the reduction of energy use can be met with lower

taxes.

An even more extensive sensitivity analysis would also check for the in�uence of the

nesting structure, i.e. of the formal structure of the model. Given that there is no

"correct" representation of sectoral production, the modeler is in principle free to choose

the number of levels in the production process and the functional forms on the di�erent

stages of the nesting. It is reasonable to assume that the structure of the nested

functions, not only of production, but also of consumption and capital accumulation,

a�ects the model results. In the CITE model, however, there is only very little room

for variations in the nesting. In production, the structure is more or less given by the

underlying theoretical assumption of the productive e�ect of expanding varieties and

the corresponding composite Q as the sectoral growth engine. Although it is in fact a

three-stage production process, it is not possible to change the structure without giving

up the underlying representation of endogenous growth. The only degree of freedom is

the choice of the stage where the composite of outputs from other sectors enters sectoral

production. However, it seems reasonable to assume that it enters at the top level in

combination with some sector speci�c input.

Additionally, one could add an additional stage at the bottom level and combine the

three inputs labor, energy and non-accumulable capital in di�erent ways, but this would

certainly not a�ect the results. The consumption nesting could be reduced to just one

stage that includes both energy and non-energy goods. Given the fact that energy

expenditures of the households are very low (about 2% of income is devoted to energy),

it is not really relevant where energy enters consumption. Finally, there are no possible

variations in the investment nesting that could potentially have an impact on the results.

In this sense, it seems to be feasible to abstract from an extensive check of di�erent

structures.
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2.7 Appendix: Nested production functions

The following �gures describe the production structures of the sectors used in the model

(Figures 2.5 to 2.7) and the nestings of consumption (Figure 2.8) and of investments

(Figure 2.9).
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Figure 2.5: Nested production function of output sectors (except energy and oil)
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Chapter 3

Long-term energy policy in

Switzerland and its economic e�ects:

Results from the CITE model

3.1 Introduction

The climate problem is arguably one of the most important issues that have to be

addressed by policy makers. As the problem has a global dimension and may have

impacts on various levels, coordinated action is necessary to counteract the projected

negative e�ects. Besides globally coordinated action, energy and climate policy on a

country level is also crucial.

In Switzerland, the debate in the �eld of energy and climate policy has drawn more

and more attention recently. On the one hand, there is the discussion on future re-

duction targets for greenhouse gas emissions and the policy measures that have to be

implemented to meet the given targets. The CO2-law, whose aim is to ensure the ful-

�lment of the reduction targets that have been set in the Kyoto Protocol, is a central

element of climate policy in Switzerland until 2012. For the time after 2012, no targets

have been set yet. However, the Federal Council has announced that Switzerland will

comply to a reduction of CO2 emissions of 20% until 2020 (compared to 1990 levels).

The target may be augmented to 30% if other countries or regions (most notably the

European Union) set similar constraints. In an international context, parties at the

49
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Climate Summit in Copenhagen 2009 failed to agree on binding constraints, but there

is at least an agreement that the global temperature increase has to be limited to 2◦

Celsius. This target has been con�rmed at the COP 16 in Cancun in 2010. In order to

have a su�ciently high chance to reach this target, CO2 reductions (again compared to

1990 levels) have to be in a range of 25% to 40% until 2020 and 80% to 95% until 2050

for industrialized countries (Rive et al. (2007)).

Apart from these discussions on a global level, there is also a controversy in Switzer-

land in the �eld of energy policy regarding the supply of power. Within the next 10

years, three nuclear power plants will reach the end of their life cycle and will have to

shut down. According to the most recent Electricity Statistics (Schweizerische Elek-

trizitaetsstatistik (2008)), about 40% of total power was produced by the �ve nuclear

power plants in 2008. About a third of total nuclear energy came from the three power

plants that will be shut down in the next couple of years (Beznau I and II and Muehle-

berg). This has led to uncertainties concerning the future security of power supply, as

a considerable amount of current power production would have to be replaced. This

issue is not resolved yet and still subject to ongoing discussions.

An obvious way to address this problem is to implement policies that aim directly at

reducing energy demand substantially in the years to come. An ambitious target in

this respect is the idea of the 2000-Watt-society, which is also the basis for some of the

scenarios simulated in this paper. It postulates that in the long-run, constant per capita

energy use in Switzerland has to be reduced to 2000 Watt. This idea is also one of the

scenarios discussed in the Energy Perspectives ("Energieperspektiven") issued by the

Swiss Federal O�ce of Energy. Within four scenarios that di�er mostly in stringency

of energy policy and assumptions on the development and use of renewable energy (see

Prognos (2007)), future developments of energy use are discussed. The fourth and most

stringent scenario ("Scenario IV") directly refers to the idea of the 2000-Watt society.

A second part (Ecoplan 2007)) then discusses the economic e�ects of implementing the

four scenarios. A similar goal is pursued in a scenario in this study (yet restricted only

to Scenario IV).

The technical feasibility of a 2000-Watt society has been shown (see Jochem et al.

(2004)). Given plausible assumptions on future technological developments, Jochem

et al. show that the 2000-Watt society is a realistic target from an engineer point

of view. However, the economic consequences are still not very well investigated and
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understood. A directly comparable reference is Ecoplan (2007). This study discusses

the economic e�ects of the scenarios given in the Energy Perspectives. They �nd a

welfare loss of 0.25% using a time horizon up to 2035 for Scenario IV, which is less

than the corresponding result of our study (we �nd a welfare loss of 0.6% for this

scenario). This di�erence can however be explained by di�erent modeling approaches

and a relatively high discount rate (5%, while we have a discount rate of about 1.1%).

Additionally, the treatment of technological change and economic growth is clearly more

simpli�ed.

It is the aim of this analysis to give some new insights on the e�ects of ambitious

targets for future energy use using a model that incorporates an endogenous growth

mechanism. The analysis here is conducted using the CITE model. The CITE model

is a CGE (Computable General Equilibrium) model designed for the analysis of the

economic e�ects of di�erent energy policies. The central aim of the CITE model is to

incorporate a more sophisticated representation of the mechanisms that drive economic

growth. Rather than assuming that economic growth is an exogenous process, our

model explicitly considers the relationship between investments in new capital varieties,

sectoral productivity and growth. The basic idea (explained in more detail in Section

3.3) is that investing in new capital varieties entails a positive e�ect on the productivity

of the respective sector. Sectoral growth is primarily driven by the investment decisions.

These decisions in turn (or rather the incentives to invest) are sensitive to the policies

that are implemented. Energy policy thus can enforce technical change through its

in�uence on the attractiveness of di�erent sectors for investments.

The rest of the paper is organized as follows. Section 3.2 gives an overview of the

relevant literature. Section 3.3 brie�y describes the model and the data. The policy

scenarios are explained in Section 3.4. In Section 3.5, we present the results. Section

3.5.3 discusses the implications of di�erent policies abroad. Section 3.6 o�ers some

conclusions.

3.2 Literature overview

The climate problem has increased the need for research in the �eld of energy and

climate policy. A frequently applied approach in this context are CGE models. CGE

models are a valuable tool that allows to study various related aspects, such as the
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timing and the e�ciency of policy measures, resulting changes in the energy system

and e�ects on welfare and the structure of the economy. The models can be roughly

divided into two categories. Top-down models focus on the macro-e�ects of climate

change and related policy measures. The energy sector is usually represented in a

simpli�ed way without a detailed description of the di�erent technologies. These models

concentrate on aggregate e�ects and abstract from an explicit di�erentiation of energy

technologies. The CITE model �ts in this category as well. Bottom-up models on

the other hand usually feature a detailed representation of the energy system and the

relevant technologies. The focus in these models is primarily on the developments in the

energy sector and the respective technologies. Substitution of di�erent energy sources

and e�ects on investments in new technologies or processes are the key points of interest.

More recently, a new class of models tries to combine the two approaches. This has

the advantage that both aspects (the macro-e�ects and the changes on a technological

level) can be taken into account. However, this comes at the cost of an increasing

complexity.

In all these approaches, an important issue is the modeling of technological change

and the improvement of productivity or e�ciency on di�erent levels of the production

process. Early models such as the GREEN model (Burniaux et al. (1992)), the CETA

model (Peck and Teisberg (1992)) or the RICE model by Nordhaus and Yang (1996)

assume that technological change is purely exogenous. As a consequence, it cannot be

in�uenced by policy. Technological progress is then simply introduced as a prede�ned

parameter or process. If it is related to the energy sector, it is usually referred to as

an AEEI (autonomous energy e�ciency improvement) parameter. Energy e�ciency

increases at a given rate that is independent of the behavior of the agents in the model

and their reactions to political intervention. This is an unsatisfactory treatment of

technological change, because it neglects the fact that technological change can be

in�uenced in many ways.

A possible representation of endogenous technical change is the inclusion of learning

e�ects, i.e. of learning-by-doing. This approach is especially common in bottom-up

models. It captures the fact that the costs of di�erent technologies decline if the tech-

nologies are more widely used and adopted. The di�erent technologies usually have

di�erent learning curves that de�ne how the costs evolve over time. Prominent exam-

ples in this �eld are the MESSAGE model (Messner (1997)), the MARKAL model (for

example used in Seebregts, Kram, Schae�er and Bos (2000)), the DEMETER model
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(see van der Zwaan, Gerlagh, Klaassen and Schrattenholzer (2002) and Gerlagh and van

der Zwaan (2003)) and Manne and Richels (2004). Most of these models additionally

use an AEEI parameter to represent technological change at the level of �nal output

production. In many bottom-up models, endogenous technical change is therefore only

present in the energy sector.

The second frequently used representation of endogenous technical change is the usage of

knowledge stocks. The knowledge stocks are usually accumulated with the help of R&D

investments and may use additional inputs capturing innovative activity (such as labor

in the research sector). Knowledge may either have an impact on overall productivity

(i.e. on total factor productivity) or only on certain levels of the production process or

on speci�c sectors of the economy, most notably on the energy sector. If the knowledge

stocks are energy-speci�c, investments in R&D and thus the accumulation of energy

related knowledge aim at increasing the e�ciency of energy use. This is done in Kemfert

(2002) and in the ENTICE model of Popp (2004) and the ENTICE-BR model (Popp

(2006)), which is an extension of the original version. Endogenous technical change

through knowledge accumulation and R&D investments (not only restricted to energy)

is featured in Goulder and Schneider (1999), Nordhaus (2002), Buonanno, Carraro and

Galeotti (2003), Sue Wing (2003), Otto, Loeschel and Delink (2005) and Otto, Loeschel

and Reilly (2006).

The model of Bye et al. (2008) is closely related to our approach. They take up

the ideas from Romer (1990) to model innovative activity and its e�ects on sectoral

productivity. It has speci�c formulations both for the production of blueprints and

of the capital varieties. An application of this model can be found in Heggedal and

Jacobsen (2010). However, they assume that a large fraction of total growth is driven

by exogenous dynamics, which means that the endogenous mechanism plays only a

marginal role.

Some models also combine the two approaches and include both learning-by-doing and

knowledge accumulation. Goulder and Mathai (2000) compare the e�ects of di�erent

accumulation mechanisms of a knowledge stock related to CO2 abatement. Knowledge

is either learning-by-doing-based (i.e. it is augmented with increasing abatement) or

R&D-based (and therefore a result of R&D investments). A similar approach is taken

in Castelnuovo, Galeotti, Gambarelli and Vergalli (2003). Other models including both

learning-by-doing elements and R&D investments are MIND (Edenhofer, Bauer and
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Kriegler (2005) and Edenhofer, Lessmann and Bauer (2006)), Gerlagh and Lise (2005),

Bosetti, Carraro and Galeotti (2006) in an extension of the RICE model, and Kypreos

(2007). More generally, the combination of top-down and bottom-up approaches is

also discussed in Boehringer (1998) and Boehringer and Rutherford (2008). A detailed

description of the underlying di�erences in modeling technical change can be found in

Loeschel (2002).

3.3 The model and the data

This section brie�y describes the model and the data used in the simulations. A detailed

description of the theoretical foundation of the model is available in Schwark (2010),

while the data and the parametrization of the model are discussed in Chapter 2 of this

thesis. The nested functions of production, consumption and investments can be found

in the Appendix of Chapter 2 (Figures 2.5 to 2.9).

The CITE model includes 12 production sectors (10 regular sectors and two energy sec-

tors) that produce �nal output. Production functions are symmetric across all sectors,

with two notable exceptions (explained below). Sectors di�er in their input mix and

their factor shares. They produce �nal output using outputs from the other sectors

(which re�ects the linkages between the sectors given in the input-output table) and

an intermediate composite. The intermediate composite incorporates the endogenous

growth dynamics driven by the expanding varieties approach. Using a Dixit-Stiglitz

production function (Dixit and Stiglitz (1977)), it assembles the di�erent intermediate

varieties to one composite good. The exponent in the Dixit-Stiglitz function represents

the gains of specialization. These gains of specialization increase with the number of

varieties, which is equal to the size of the sectoral capital stock. Investing in new

capital varieties therefore has a positive productivity e�ect, because it increases the

gains of specialization and thus the sectoral growth rate. The intermediate varieties are

produced using energy, labor and non-accumulable capital.

A representative household owns the factor inputs and allocates its factor income be-

tween consumption and investments into the sectoral capital stocks. These capital

stocks are built up by two di�erent types of investment. Investments in R&D, together

with research labor, is an input to the build-up of non-physical capital. The total cap-

ital stock consists of non-physical capital and physical investments. Consumption is
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divided into consumption of energy and of outputs from the remaining sectors.

The CITE model is a one-country model. Trade is included via Armington goods

(Armington (1969)), which means that goods are di�erentiated according to their ori-

gin. Imported and domestically produced goods are treated as imperfect substitutes,

implying that a foreign good is not a perfect replacement for a domestic good. Ex-

ports are included using a CET (constant elasticity of transformation) function that

di�erentiates between domestic and foreign demand.

The oil sector and the energy sector have di�erent production functions compared to the

regular sectors. The oil sector uses crude oil as an additional input on the top level of

the nested production function. The output of the oil sector then forms, together with

gas, fossil energy, which is an input in the production of the energy sector. Non-fossil

energy is produced analogously to regular sector output. Fossil and non-fossil energy

enter the production of the energy sector at the top level and are therefore directly

substitutable.

Sector NOGA-Classi�cations

Agriculture (AGR) 01-05
Re�ned Oil Products (OIL) 23
Chemical Industry (CHM) 24
Machinery and Equipment (MCH) 29-35
Energy (EGY) 40
Construction (CON) 45
Transport (TRN) 60-63
Banking and Financial Services (BNK) 65
Insurances (INS) 66
Health (HEA) 85
Other Services (OSE) 50-55, 64, 70-75, 80, 90-95
Other Industries (OIN) 10-22, 25-28, 36-37, 41

Overview of the sectors used in the model

The data comes from the Swiss input-output table for the year 2005, which is the

most recent version available (see Nathani, Wickart and van Nieuwkoop (2008) for

a description). After a couple of adjustments, the input-output table holds all the

necessary benchmark values for outputs, intermediate and �nal demand, factor inputs

and exports and imports. The values for the elasticities of substitution have been

chosen in accordance with existing studies or empirical estimations whenever possible.

The values are listed in Table 2.2.
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3.4 Description of the scenarios

3.4.1 Policy scenarios

The �rst policy scenario (hereafter labeled Copenhagen targets) is inspired by the

Copenhagen Accord. It includes emissions reduction targets that are necessary to keep

global warming within a reasonable range. For industrialized countries, reductions in

CO2 emissions between 25% and 40% until 2020 and between 80% and 95% until 2050

(compared to 1990 levels) are needed if global warming is to be limited to 2◦C in the

long run with a su�ciently high probability. In this scenario, we simulate a path that

leads to a 30% reduction until 2020 and an 80% reduction until 2050. The fact that only

one region is included in the model implies purely domestic abatement and disregards

emission o�sets abroad, which are often seen as being less costly.

The policy instrument implemented to achieve these reduction targets is a carbon tax.

The carbon tax increases the prices of the two fossil fuels included in the model, re�ned

oil and gas. The use of the two fuels is assumed to be unequally polluting. We �x the

carbon intensity of gas to 1 and set the intensity of oil to 1.34. These intensities are

assumed to be �xed over time and can therefore not be in�uenced by new technologies

(e.g. by CCS). The tax is directly tied to the carbon intensity. As we assume a uniform

tax rate for both fuels, but a higher carbon intensity for oil, which implies that oil is

e�ectively taxed at a higher rate than gas.

Our model is calibrated to data from 2005. Therefore, the reductions have to be a bit

higher than 30% and 80% respectively, because total CO2 emissions in 2005 were higher

than in 1990. The aim of the tax is to reduce total carbon emissions by 32% until 2020

and by 81% until 2050. We have set the tax so that this goal is exactly met. The initial

tax rate is 0.051. This rate is gradually augmented until 2050 (at a higher rate after

2020) to a value of 2.9750. The revenues from the tax are redistributed back to the

household and enter the budget constraint of the household as an additional income.

The second scenario takes up the ideas from Scenario IV of the Energy Perspectives.

Scenario IV assumes that energy use has to be reduced by 35% by the year 2035

(compared to the year 2000) if the long-term goal of a 2000-Watt society is to be met

1Note that the tax rate is not expressed in percentage points, but as an absolute premium on the
prices of the fossil fuels. The prices are initially set to 1. The tax rate is multiplied with the carbon
intensity to calculate the premium on the price.
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by the end of the century. In this case, the aim of the carbon tax is to reduce overall

energy use instead of carbon emissions. Again, as the base year is 2005, e�ective

reductions need to be higher (37.5%). Compared to the 80%-target, this is a less

stringent restriction, but a more general one, because it considers overall energy use

and not only fossil energy. We simulate two di�erent cases for this policy scenario. The

di�erence between the two cases is the redistribution mechanism of the tax revenue.

In the �rst case, the tax revenues are redistributed to the the representative household

in lump sum fashion. In the second case, the tax revenues are used to subsidize the

build-up of non-physical capital. This can also be interpreted as a subsidy to the R&D

activities in the di�erent sectors. This mechanism may be a more purposeful way to

use the revenues, because it directly supports the growth mechanism in the sectors.

An implicit assumption of the model is that the rest of the world implements similarly

stringent energy policy measures. In Section 3.5.3, we relax this assumption and con-

sider the e�ects of regionally diverging policies. We di�erentiate two cases. First, we

assume that Switzerland implements a less stringent reduction target and thus sets a

lower carbon tax than the rest of the world. This is done by a corresponding variation

of the trade elasticities. A lower carbon tax in Switzerland means that foreign goods are

relatively more expensive and thus less attractive as a substitute for domestic goods.

Therefore, the Armington elasticities have to be lowered. Foreign demand for Swiss

goods on the other hand rises, which is modeled by a higher elasticity of transforma-

tion. The opposite holds when we assume that Switzerland introduced a more stringent

tax regime than the rest of the world. Finally, we also brie�y investigate the e�ect of

a higher population (resulting from increased immigration) on the e�ectiveness of the

policy.

3.4.2 Benchmark scenario

An important point to consider when interpreting the aggregate e�ects is that our

benchmark scenario is not a realistic business-as-usual case, because it abstracts from

climate change and its possible negative e�ects. A benchmark path closer to reality

would thus be one that considers climate change, but does not include any political

intervention. The Stern Report includes projections of losses in GDP per capita, given

undamped climate change (see Figure 3.1).
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Figure 6.5 a. Baseline-climate scenario, with market impacts and the 
risk of catastrophe. 
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Figure 6.5b. High-climate scenario, with market impacts and the risk of 
catastrophe. 
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Figure 6.5c. High-climate scenario, with market impacts, the risk of 
catastrophe and non-market impacts. 
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Figure 6.5d. Combined scenarios.  
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Figure 6.5a-d traces losses in income per capita due to climate change over the next 200 years, according to three of our main scenarios of climate change 
and economic impacts. The mean loss is shown in a colour matching the scenarios of Figure 6.4. The range of estimates from the 5th to the 95th percentile is 
shaded grey. 
 

Figure 3.1: Projected e�ects of undamped climate change (Source: Stern Review)

Due to the long time horizon of these projections, there is obviously a considerable

uncertainty on the e�ects on per capita GDP, and the range of possible long-term

impacts is large. However, it seems clear that especially in later decades, the losses

increase sharply in the absence of political intervention. Depending on the assumptions

on the impacts of climate change and on what other e�ects are considered, losses could

augment up to 35% in 2200. Policy measures aiming at mitigating climate change should

thus be able to signi�cantly reduce these losses in later decades. Hence, although it may

lead to larger losses in the shorter term, implementing policy measures that mitigate

climate change should be bene�cial as possibly even larger losses in the long run can be

avoided or at least reduced. Figure 3.1 may therefore be a more meaningful reference to

compare the aggregate e�ects derived in the scenarios analyzed below. However, as we

consider relatively short time horizons, the simpli�cation of excluding costs of climate

change under a laisser-faire regime (i.e. in the benchmark scenario) should not have a

distorting e�ect on the results.

The graphs displayed below show the deviations from the benchmark scenario (except

where indicated di�erently). The benchmark scenario is calibrated so that all activ-

ity indices are equal to one. This has the advantage that we can easily represent the



MODEL RESULTS 59

di�erences from the benchmark in percentage points. In the graphs, the benchmark

values would all be located on the horizontal 0-line. Note that, as the model is cali-

brated to a balanced growth path, a horizontal line in the graphs does not mean that

the corresponding variable is constant. If the line is horizontal, this means that the

corresponding variable grows at the benchmark growth rate (for output and consump-

tion, this rate is 1.34%). In the benchmark, all sectors (as well as consumption) grow

at this rate. After the implementation of the policy, sectoral growth rates change and

deviate from the benchmark path. Sectors above the horizontal 0-line grow faster than

in the benchmark, while sectors below it grow slower. The percentage numbers thus

indicate the deviation from the performance in the benchmark case and do not refer

to absolute losses in output (or consumption). Additionally, we assume (in accordance

with scenario I of the Energy Perspectives) that per capita energy use is constant in

the long run.

3.5 Model results

3.5.1 Copenhagen targets

We �rst look at the results for the Copenhagen targets. These targets are based on

necessary long-term emission reductions to keep global warming within a reasonable

range. The carbon tax is set so that total carbon emissions are reduced by 30% in 2020

and by 80% in 2050 (compared to 1990 levels). The �rst target is thus reached 10 years

after the beginning of the model horizon, the second one after 40 years. The results are

shown in Figures 3.2 to 3.4.

Aggregated e�ects

Given the ambition of the target and the stringency of the policy, one would expect

strong impacts on consumption and welfare. However, this is not the case. The e�ects

both on consumption and welfare are moderate. Welfare, which is measured by total

discounted consumption over the entire model horizon, decreases by 2.6%. The in-

tertemporal discount rate is about 1.1%, which is a comparably low value. Considering

this and the stringency of the policy, a reduction of 2.6% seems to be a feasible (yet
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not negligible) cost. Additionally, there are no secondary bene�ts of energy policy or

the mitigation of climate change included (such as positive e�ects on health costs due

to cleaner air), and abatement is purely domestic and cannot be shifted abroad. The

welfare loss would be even smaller if these positive side e�ects were also considered.
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Figure 3.2: Aggregate consumption, Copenhagen targets

As shown in Figure 3.2, consumption over time declines steadily as long as the tax

is rising (i.e. until 2050 when the reduction target is reached), but at a small scale.

In 2020 (when the intermediate target of a 30% reduction is reached), consumption

is reduced by slightly more than 1%. In 2050, it is about 4.5% lower than in the

benchmark. This con�rms previous �ndings that even relatively stringent policies are

economically feasible from a consumer point of view. The relatively small di�erence

between benchmark consumption and consumption after the implementation of the

policy becomes even more apparent when we compare the growth paths (see Figure

3.3). The consumption level in 2050 in the tax scenario is reached about 2.5 years

earlier in the benchmark. One reason for these moderate e�ects is that the share of

energy in total consumption is only 2%. The direct e�ect of the tax through an increase

in the relative price of energy goods is thus only minimal. The carbon tax also a�ects

the prices of non-energy goods, because they use energy as an input to production.

Non-energy goods enter consumption on the second level of the nested function and are

assumed to be good substitutes, implying that the household has a relatively �exible
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consumption structure that facilitates substitution of energy intensive for non-energy

intensive goods.

1.4

1.6

1.8

2

on
 (i

ni
tia

lly
 n

or
m

al
iz

ed
 to

 1
)

Benchmark
Including CO2 tax

0.8

1

1.2

1.4

1.6

1.8

2
20

10

20
15

20
20

20
25

20
30

20
35

20
40

20
45

20
50

C
on

su
m

pt
io

n 
(in

iti
al

ly
 n

or
m

al
iz

ed
 to

 1
)

Benchmark
Including CO2 tax

Figure 3.3: Growth paths of consumption, Copenhagen targets

Sectoral e�ects

At the sectoral level, the introduction of the tax leads to pronounced structural e�ects

(see Figure 3.4). Compared to the benchmark scenario, reactions in sectoral output

range from an increase of about 35% in the machinery industry (MCH) to a decrease

of more than 25% in other industries (OIN). After 2020, the range of e�ects slightly

widens due to the higher increase in the tax rate. Three sectors perform better than

in the absence of a carbon tax, the remaining sectors are either not much a�ected or

su�er losses. The biggest gainer of the policy is the machinery industry. It increases

its output by about 35% until 2050. The chemical industry (CHM) and insurances

(INS) also bene�t from the introduction of the CO2 tax. The chemical industry gains

slightly less than 10%, insurances about 2.4%. Several sectors incur small losses in

the range of 2% to 4%. These sectors include construction (CON) and the remaining

service sectors (banking and �nancial services (BNK), health (HEA) and other services

(OSE)). The sectors that lose between 10% and 20% by 2050 are transport (TRN),

agriculture (AGR) and other industries (OIN).
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There are various reasons for these structural changes. A �rst explanation is the en-

ergy intensity of the sectors, i.e. the relative importance of energy as an input in the

production of output (see Table 3.1 in the Appendix for an overview). As energy enters

sectoral production at the level of the intermediate varieties, we measure the energy

intensity by the share of energy used in the production of the intermediate varieties

((1− αL − αV K) in model parameters). The more energy a sector uses in its produc-

tion process, the more it is exposed to the tax and the more it should be a�ected by the

policy. Indeed, this is the most important reason for the observed e�ects. Transports,

agriculture and other industries all have an energy share around 10%, which makes

them the three most energy intensive sectors in the economy. Thus, the three sectors

that have the highest energy intensity are those that su�er the largest losses.
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Figure 3.4: Sectoral outputs, Copenhagen targets

Construction also decreases its output compared to the benchmark, but at a smaller

scale. The negative e�ect on the construction sector may however be overestimated in

this model, because an important element of Swiss energy policy is excluded. Increased

standards for energy e�ciency for new buildings and corresponding regulations for the

renovation of existing infrastructure are fundamental drivers of future reductions in

energy demand. These regulations may be favorable for the construction sector, as

the demand for construction services may increase signi�cantly. This mechanism being

excluded, the decrease in output of the construction sector can be readily explained by



MODEL RESULTS 63

its relatively high energy intensity.

The service sectors on the other hand generally have very low energy intensities. Their

shares are in a range between 2.6% for other services and 0.6% for banking and �nancial

services. These low values show that services are clearly less exposed to the tax, and

therefore their reactions to the tax are very small. The fact that they still perform

slightly worse than in the benchmark can be explained by their comparably low substi-

tution possibilities. For the service sectors, we assume a lower elasticity of substitution

between the inputs in the production of the intermediate varieties. The potential to

avoid the tax is smaller than other sectors, most notably than in the two industries

that bene�t from the introduction of the carbon tax. This leads to a small decrease in

output of most service sectors, despite the low energy shares. The machinery industry

and the chemical industry also use relatively little energy in their production (the ma-

chinery industry has a high labor share, the chemical industry is very capital intensive),

and they both have better substitution possibilities for energy than the service sectors

(re�ected by higher values of σX). These two characteristics give them a comparative

advantage over the other sectors and enable them to bene�t from the policy.

A second reason for the structural changes are the linkages of the di�erent sectors to

the energy sector and the oil sector. These linkages are re�ected in the use of outputs of

other sectors in the production process. As the oil sector and the energy sector reduce

their output by a substantial amount due to the tax, they also require fewer inputs from

the other sectors. The oil sector is strongly linked to other industries and to transport,

the energy sector also relies on a lot of inputs from other industries (apart from gas and

oil). On the other hand, output from the machinery industry, the chemical industry

and from the service sectors (most notably from insurances) only play a minor role

in the production process of the energy sector and the oil sector. These linkages may

however not be as important as the energy intensity in explaining the observed e�ects.

The oil sector is a very small sector, and the amounts of output used from transport

and other industries are not very large. The energy sector is relatively factor intensive

and relies on few inputs from other sectors. Hence, the arguments made here may not

drive the results, but they add to the e�ects that stem from the energy intensity.

Third, certain sectors also bene�t from the increased investments. Physical invest-

ments require inputs from industries such as construction and the machinery industry.

As capital stocks and thus also investments increase signi�cantly in certain sectors,
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sectors that provide goods that are necessary to implement these investments therefore

additionally bene�t.

The capital stocks (not shown here) exhibit a similar pattern to output. This is a clear

indication that capital is shifted to the energy-extensive sectors as a result of the policy.

The energy-intensive sectors on the other hand su�er considerable out�ows of capital.

Investment in these sectors is reduced and reallocated towards the energy-extensive

sectors. This translates to higher sectoral growth rates in the energy-extensive sectors,

while the growth rates of the energy-intensive sectors decrease. Hence, these results

con�rm the direct connection between sectoral capital accumulation and growth.
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Figure 3.5: Sectoral growth paths, Copenhagen targets

The developments in the energy and the oil sector are not shown in the graphs, because

the e�ects are mostly predetermined by the policy. Total energy output decreases by

about 78%, the output of the oil sector by about 83%. The strong reduction in the

oil sector makes sense as it is obviously a�ected the most by the tax. The energy

sector on the other hand is also directly a�ected by the tax (through the input of fossil

energy), but has more options to avoid it. Either by substituting gas (which is taxed

at a lower rate) for oil, or by substituting non-fossil energy for fossil energy. Therefore,

the negative impact on the whole energy sector is not a big as on the oil sector. This

also implies that the reduction in non-fossil energy must be smaller than 80%, as a

larger part from the overall reduction in energy use comes through a reduction in fossil
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energy use. The fact that the capital stock of the energy sector does not decrease at a

similar scale as output indicates that non-fossil energy is still relatively more attractive

for investments than fossil-energy. As only fossil energy is taxed, investing in non-fossil

energy helps to counteract the negative e�ects that stem from the tax as it facilitates

the shift from fossil to non-fossil energy.

Figure 3.4 shows the deviations from the benchmark path in percentage terms. In this

�gure, the benchmark path is given by the horizontal 0-line. This path incorporates

an annual growth rate of 1.34% for all sectors. After the implementation of the tax,

sectors deviate from this path and no longer grow at a uniform rate. The growth paths

of the sectors under the new policy regime are shown in Figure 3.5.

For simplicity, initial output levels have been normalized to 1. The benchmark path

is indicated by the dashed line (denoted "BAU"). The �gure shows that despite the

ambitious policy, all sectors still exhibit positive growth. Nonetheless, growth paths

di�er signi�cantly after the implementation of the carbon tax. Annual growth rates

range from 2.2% for the machinery industry to 0.4% for other industries. Structural

change is therefore pronounced, but even the sectors that are negatively a�ected by

the policy (meaning that their growth rates are smaller than the benchmark growth

rate) grow at a positive rate. This result contradicts the view that stringent policies

may be harmful for economic development. And keeping in mind that the benchmark

path may very well be too optimistic (because it abstracts from the negative e�ects of

climate change), the results derived here seem even more promising.

3.5.2 35% reduction in energy use until 2035

Tax revenues redistributed to the household

This scenario is closely related to Scenario IV of the Energy Perspectives and the idea

of the 2000-Watt-society. According to Scenario IV, total energy use has to be reduced

by 35% until 2035 if the goal of a 2000-Watt-society is to be reached by the end of the

century. The policy instrument is the same as before, but contrary to the case discussed

in the previous section, the restriction now applies to overall energy use. The tax rate

starts at 0.07 and is then gradually augmented up to 1.29875 in 2035. The results are

shown in Figures 3.6 to 3.8.
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Figure 3.6: Growth paths of consumption, 35% reduction
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Figure 3.7: Aggregate consumption, 35% reduction

Compared to the Copenhagen targets, the policy implemented in this scenario is less

stringent. The requested reduction in energy use is smaller than above, and the time

horizon is also shorter. In accordance with Scenario IV, we do not implement any further

targets for the time after 2035. Welfare loss is about 1.2% and therefore considerably
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Figure 3.8: Sectoral outputs, 35% reduction

smaller than in section 3.5.1. Correspondingly, the decrease in consumption over time

is also very small. In 2035, consumption is just about 2% lower than in the benchmark.

Put di�erently, the "delay" is now just about 1.5 years, meaning that the consumption

level reached in 2035 corresponds approximately to the level reached in the middle of

the year 2033 in the benchmark scenario. The reasons for these relatively small impacts

are the same as in the previous scenario.

The e�ects at the sectoral level are also very similar. The direction of structural change

is virtually identical. The non-energy intensive sectors with a relatively high substitu-

tion potential for energy bene�t from the introduction of the tax. The service sectors,

having very low energy shares, but also smaller elasticities of substitution at the level of

production of intermediate goods, exhibit only small reactions. On the other hand, the

three most energy-intensive sectors su�er losses of 8% and more. The e�ects on capital

accumulation again work in the same direction as output. The non-energy intensive

sectors become more attractive for investors after the introduction of the tax, thus

capital is reallocated to these sectors. Structural e�ects are thus similar irrespective of

whether the reduction target is tied to carbon emissions or overall energy use, because

in both cases, the energy-intensive sectors are exposed the most to the tax.
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Tax revenues used as a subsidy for R&D

In this scenario, we apply an alternative approach for the redistribution of the revenues

collected from the carbon tax. The revenues are no longer redistributed back to the

representative household, but they are now used to subsidize the build-up of the sectoral

non-physical capital stocks. Due to our formulation of the investment process, this can

also be interpreted as a subsidy to sectoral R&D. As already explained, the sectoral

build-up of capital is the engine that drives growth in this model. This alternative way

of redistribution directly supports the growth mechanism of the sectors. All regular

sectors and the energy sector bene�t from the subsidy. From an environmental policy

point of view, it would not make sense to subsidize the oil sector as well. It is therefore

excluded from the redistribution. On the other hand, research in the energy sector

is subsidized as well, as the subsidy a�ects only the production process of non-fossil

energy. The yearly subsidy rate is calculated directly from the tax revenues and is

uniform across all sectors. As we have a rising tax rate until the year 2035, the rate of

subsidy is also rising during that period. To achieve the reduction target, the tax has

to rise at a slightly higher rate than before. The subsidy rate starts at 0.094 in 2010

and ends up at 0.491 in 2035. The results are shown in Figures 3.9 to 3.11.

Variations in aggregate consumption are more pronounced in this scenario. Consump-

tion declines more during the phase until the reduction target is reached. It is 2.6%

lower in 2035 compared to the benchmark, while the corresponding decrease in Section

3.5.2 is 2%. Correspondingly, welfare loss is also higher (2%). The sharper decrease in

consumption has to be attributed to the increased investment activity.

The subsidy leads to an increase in the capital stocks of almost all sectors, as both

physical and non-physical investments increase signi�cantly. Thus, compared to the case

discussed above, households devote less of their income to consumption and increase

their investment activity in earlier periods. An important point to consider here is that

the time horizon of this policy is rather short. If we assumed a longer time horizon, the

higher investment activity and thus the increased accumulation of capital would have

a bene�cial e�ect, and the welfare loss would eventually become smaller than in the

case with the original redistribution mechanism. Given the assumptions here, the time

horizon is too short to reap the bene�ts from the subsidy and the increased capital

accumulation. Comparing the growth path of consumption to the benchmark path

(Figure 3.9), we again see that the deviation is small, but slightly higher than above.
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Figure 3.9: Growth paths of consumption, R&D subsidy
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Figure 3.10: Aggregate consumption, R&D subsidy

There are a couple of changes in sectoral outputs compared to Section 3.5.2. First of

all, there is a general shift upwards, leading to higher output in almost all sectors. This

implies that the subsidy indeed works as a supportive mechanism in nearly every sector

that bene�ts from the subsidy. On the other hand, the subsidy also leads to a wider



70 LONG-TERM ENERGY POLICY IN SWITZERLAND AND ITS ECONOMIC EFFECTS

range of e�ects. The biggest gainers are the machinery industry, the chemical industry

and construction. Additionally, banking and �nancial services are now also able to

increase their output compared to the benchmark scenario. Insurances, previously

among the winners, now su�er a small decline in output until 2035. The decrease in

the two most energy-intensive sectors is now even a bit larger than before,indicating

that the subsidy leads to an even more pronounced reallocation of capital.

-10

0

10

20

30

ge
 c

ha
ng

e 
fro

m
 b

en
ch

m
ar

k

MCH

CHM

INS

BNK

HEA

OSE

CON

-30

-20

-10

0

10

20

30

20
10

20
15

20
20

20
25

20
30

20
35

P
er

ce
nt

ag
e 

ch
an

ge
 fr

om
 b

en
ch

m
ar

k

MCH

CHM

INS

BNK

HEA

OSE

CON

TRN

AGR

OIN

Figure 3.11: Sectoral outputs, R&D subsidy

It is obvious that the structural e�ects are not much di�erent from Section 3.5.2. But it

is also apparent that some sectors bene�t more from the subsidy than others. The expla-

nation for this is the importance of initial investments (both physical and non-physical),

and thus to a certain extent the importance of sectoral innovation and research. Capital-

intensive sectors that rely heavily on investments, or sectors that have high activity in

R&D (and thus a high knowledge-intensity) experience larger upwards shifts than those

where none of the two is an important factor in the production process. Two examples

to illustrate this point are construction and insurances. Construction has very high

initial physical investments. As the subsidy indirectly also supports the build-up of

physical capital, construction now bene�ts from the introduction of the tax and even-

tually becomes a gainer of the policy in this scenario. The opposite holds for insurances,

where neither physical investments nor R&D are an important factor. Consequently,

they are not able to bene�t from the subsidy and perform worse than before.
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The two biggest gainers in this scenario, the machinery industry and the chemical in-

dustry, both have favorable preconditions to bene�t from the subsidy. The chemical

industry has high investments in non-physical capital, the machinery industry has rel-

atively high physical investments, and R&D also plays a signi�cant role. The same

holds for other services, where both physical and non-physical investments are rela-

tively high. Thus, despite increasing investment activity in all sectors, the subsidy is

mostly bene�cial for sectors that have high initial investments. Other than that, the

structural e�ects are similar to the previous scenario. In the presence of the subsidy,

the energy-intensive sectors also su�er a decline in output and attract less capital than

in the benchmark. The energy-extensive sectors on the other hand bene�t from the

introduction of the tax.

Additionally, the fact that increased accumulation of capital bene�ts sectors that ac-

tually provide the goods and services necessary to conduct the investments has a more

pronounced e�ect here. Construction and the machinery industry, two sectors that play

a role in this respect, increase their output considerably in this scenario. This can be

partly attributed to the increased demand for investment goods in most sectors.

The policy implemented here could have even more pronounced e�ects if the subsidies

were more purposefully designed. One may argue that it does not make sense to subsi-

dize the build-up of non-physical capital in sectors where it does not have a signi�cant

in�uence (i.e. in sectors with relatively low innovative activity). Therefore, one could

think of subsidizing only the sectors with relevant R&D activity, or to subsidize these

sectors at a higher rate than those that do not rely much on R&D. Sectors with high

initial physical investments could also be included, as they bene�t considerably from

the subsidy as well. From the patterns that we observed, it seems reasonable to assume

that such a policy should increase the range of the e�ects on the outputs and the capital

stocks and thus increase the di�erences between the sectors. It can be shown that this

is indeed the case. If only the sectors that have signi�cant initial investments (both

physical or non-physical) are subsidized, the range of e�ects gets wider, and both the

increases and the decreases are more pronounced.

Another possible policy would be to subsidize only the energy-extensive sectors. This

again increases the range of e�ects, which is not surprising as we noticed above that the

energy-intensive sectors are most a�ected by the carbon tax. Thus, there would be an

even more pronounced shift of capital from the energy-intensive to the energy-extensive
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sectors, and larger adjustments in sectoral outputs.

Both of these policies may be bene�cial in the sense that the subsidy is concentrated on

the sectors that actually have the prerequisites to bene�t from the policy instruments

that are implemented here. However, both of them only have a limited potential of

public acceptance. In both cases, all sectors pay the tax, but only some of them bene�t

from the redistribution. A second argument against a concentration of the subsidies

to certain sectors is that it may lead to instabilities because of even more pronounced

structural shifts. These shifts obviously also entail e�ects on the labor market (a point

that is not analyzed in detail here), which may be a threat to economic stability.

Therefore, it may be reasonable to ensure that all sectors are treated equally in the

sense that R&D in all sectors is subsidized.

3.5.3 Regionally diverging policies

It is reasonable to assume that not only the policies implemented in Switzerland itself

a�ect the Swiss economy. The measures taken by foreign countries may also have an

impact. So far, we have implicitly assumed that foreign countries implement similar

reduction targets and therefore a similarly stringent policy. However, this does not

necessarily have to be the case. The discussions at the United Nations Climate Change

Conference in Copenhagen showed that there is a lot of disagreement on future climate

and energy policy. Future policies and reduction targets may thus considerably diverge

between countries. This raises the question on how the e�ects of domestic policies vary

if di�erent policies are implemented abroad.

As the CITE model is a one-country model, there is no possibility to model policies

in foreign countries in an explicit way. However, di�erences in reduction targets or

carbon taxes can be expressed by varying the trade elasticities. If environmental pol-

icy is less stringent in the rest of the world2, this implies, considering our formulation

of environmental policy, that foreign countries set lower taxes on CO2-emissions than

Switzerland. Thus, there is a higher premium on the prices of fossil fuels in Switzerland

than abroad, which means that foreign goods are relatively cheaper compared to domes-

2Due to the one-country assumption, there is no further di�erentiation of foreign countries. As the
di�erences are expressed through the trade elasticities, one may think of the most important trading
partners of Switzerland, such as the European Union. But for simpli�cation, we can also readily refer
to the other countries as the rest of the world
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tically produced goods. For Switzerland, this increases the incentives to import goods

rather than producing them at home. In terms of model parameters, this means that

the Armington elasticities rise, as there is an increased preference for foreign goods. At

the same time, Swiss goods become less attractive for foreign consumers, because they

are relatively more expensive because of the higher tax. Demand for exports decreases,

which is re�ected by a lower value of the elasticity of transformation.

The opposite holds if we assume that Switzerland implements a less stringent carbon

tax regime than foreign countries. The premium on fossil fuels is smaller in Switzerland,

and thus Swiss goods become more attractive for foreign countries, and export demand

rises. Correspondingly, the elasticity of transformation also rises. Foreign goods on the

other hand are now relatively more expensive and therefore less attractive for domestic

consumers, implying that domestically produced goods cannot be readily replaced with

foreign goods. Therefore the Armington elasticities decrease. In both scenarios, the

domestic reduction target is the same as in section 3.5.2, i.e. Switzerland reduces its

energy use by 37.5%. If foreign policy is more stringent, this means the rest of the

world sets a more ambitious target. If it is less stringent, then the reductions abroad

are below 37.5%.

More stringent policy abroad

First, we assume that Switzerland does not follow the rest of the world and implements

a comparably loose energy policy regime. The underlying assumption is that the rest

of the world sets a higher tax rate than Switzerland, which corresponds to a more

ambitious reduction target. To model this, we reduce all Armington elasticities by 1

and double the elasticity of transformation. The results are shown in Figures 3.12 to

3.14.

In welfare terms, implementing a less stringent tax regime does not lead to signi�cant

changes in the results. The decrease is again about 1.2% and thus is at a similar

magnitude as in the case with equal policies. This implies that consumption over time

evolves in almost the same way. An important di�erence is that a higher tax rate (or

a higher growth rate of the tax rate) is needed to reach the reduction target. The tax

regime of the scenario discussed in the previous section would not lead to the requested

decrease in energy use under these circumstances, indicating that the incentives to cut

down energy use at a given tax rate are smaller when foreign policy is more stringent.
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Figure 3.12: Growth paths of consumption when foreign policy is more stringent
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Figure 3.13: Aggregate consumption when foreign policy is more stringent

Compared to the results derived with the standard values for the Armington elasticities

and the elasticity of transformation, the range of percentage changes in sectoral output

gets smaller. The reactions to the tax are less pronounced than in the case with equal

reduction targets. Due to the fact that domestic goods (that are a�ected by the tax in
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Switzerland) cannot be readily replaced by foreign goods, the policy has a smaller overall

e�ect and leads to smaller adjustments, both on the positive and on the negative side.

One possibility to react to the tax, namely substituting domestic for foreign goods,

becomes unattractive in this scenario, because the foreign goods are relatively more

expensive.

An interesting observation is that the machinery industry (a relatively trade intensive

industry) is no longer the sector with the largest positive e�ect in this scenario. Relying

heavily on imports, the decrease in the corresponding Armington elasticity a�ects the

machinery industry negatively. Insurances, a sector with comparably little trade activ-

ity, bene�ts the most from the circumstances. Banking and �nancial services are also

among the winners in this scenario. This sector bene�ts from the increased elasticity

of transformation due to its high export share. Other than that, structural change is

similar in direction, but less pronounced in magnitude compared to Section 3.5.2. The

energy-intensive sectors perform marginally better in this scenario, which leads to a

smaller range of e�ects.
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Figure 3.14: Sectoral outputs when foreign policy is more stringent
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Less stringent policy abroad

The contrary assumption that the rest of the world implements a less stringent policy

than Switzerland is modeled in the opposite way compared to the case above. All

Armington elasticities are increased by 1, and the elasticity of transformation is halved.

Figures 3.15 to 3.17 show the results.
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Figure 3.15: Growth paths of consumption when foreign policy is less stringent

Given that the rest of the world implements a less stringent policy, the reduction target

in Switzerland can be met with a lower tax (compared to the BAU scenario), which

is just the opposite compared to the case discussed in the previous section. Welfare is

now reduced by almost 1.3%, and consumption over time decreases a bit more. If we

implemented the same tax pro�le as in the base scenario, the decrease in welfare would

rise considerably, and energy use would be reduced by more than the requested 37.5%.

Thus, in this case, the reactions to the tax are much more pronounced. Foreign goods

are now relatively cheaper than domestic goods, which translates to higher Armington

elasticities. This is primarily bene�cial for the industries with high import shares, such

as the machinery industry and the chemical industry. As a consequence, the machinery

industry increases its output signi�cantly in this scenario. The chemical industry also

increases its output by more than 5%.

Banking and �nancial services on the other hand, growing at a higher rate than in
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the benchmark in the scenario with a more stringent policy abroad, now reduce their

output due to the lower elasticity of transformation. The three most energy-intensive

sectors (transports, agriculture and other industries) su�er even larger losses than in the

original case with similar policies. Thus, there are much more pronounced adjustments

in this case, with a clearer shift towards a less energy-intensive economy.
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Figure 3.16: Aggregate consumption when foreign policy is less stringent

From these two scenarios, it becomes apparent that the policy of the rest of the world

has a pronounced in�uence on the Swiss economy, both at the sectoral and the aggregate

level. If Switzerland implements stronger regulations than the rest of the world, welfare

loss increases, albeit on a very small scale. In this setting, a �rst-mover strategy in the

sense of implementing strict regulations, no matter what the rest of the world does, is

not bene�cial, as welfare reductions are slightly higher than in the case with similar

policies. A �rst-mover policy could have positive e�ects if learning e�ects were included

in the model. Setting comparably stringent reduction targets necessitates an increased

use of new, less energy-intensive technologies. If the use of these technologies entails

learning e�ects, it may be bene�cial in the long run if these technologies are used in

production earlier than abroad. The corresponding cost reductions due to learning-

by-doing may lead to considerable comparative advantages. As this e�ect is excluded

in this analysis, the negative e�ects of the �rst-mover strategy prevail and welfare is

slightly lower than in the case with similar policies. However, the output of the energy-
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Figure 3.17: Sectoral outputs when foreign policy is less stringent

intensive sectors decreases faster, and the shift towards a less energy-intensive economy

is facilitated. In this respect, setting a comparably higher target than the rest of the

world has a positive e�ect.

This analysis is obviously highly simpli�ed, because the policies in the rest of the

world cannot be modeled explicitly. The central assumption, that the di�erent policies

a�ect the substitutability of domestic and foreign goods, irrespective of the quantitative

di�erences of the taxes applied, should be valid nonetheless. The results derived here

may thus still give an indication of the possible e�ects of diverging policies.

3.5.4 Larger labor force

A prominent issue in the current political and public debate in Switzerland regards

the possible e�ects of the recently signed agreement with the European Union concern-

ing the "free movement of persons", which facilitates immigration for EU citizens to

Switzerland. The main concern is that this agreement leads to a substantially higher

immigration of citizens from the EU, and thus to a population growth rate that would

push the level of residents in Switzerland close to or even beyond a bearable limit. An

additional related concern are possible negative e�ects on wages. Thus, one may ask
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how high labor growth or a substantially higher population a�ects the results derived

earlier.

Our model is calibrated to zero labor growth, i.e. the size of the labor force is constant.

The inclusion of a positive growth rate of population would complicate the calibration

procedure signi�cantly. We thus abstract from analyzing the e�ects of an increasing

labor force. Instead, we look at the e�ects of a larger initial (but constant) labor

force. To do this, we increase overall labor input by 10%. In order not to change

the sectoral shares on overall labor, we simply augment labor in each sector by 10%.

In order to account for the fact that a higher initial labor force also implies a higher

initial energy demand, the corresponding benchmark values are adjusted as well. We

assume that this 10% increase in the labor force simply leads to a 10% increase in initial

energy demand. This ensures that the initial share of energy use per person remains

unchanged. 50% of this increase is covered by higher imports, the other 50% by higher

domestic production. These adjustments increase the labor share and decrease the

share of non-accumulable capital in all sectors, but leave the energy shares virtually

unchanged. Due to the assumption that only 50% of the higher energy demand are

covered by increased domestic production, imports are considerably higher in this case.

As we assume a larger initial energy use in this scenario, this means that the reduction

in energy use has to be larger than in all the scenarios previously discussed in order to

ensure compatibility of the reduction targets. Given the assumptions made here, energy

use has to be reduced by 41% to reach the requested level. To sum up: Compared to

the original data, we increased the initial labor force and initial energy demand by 10%

each. One half of the additional energy demand is covered by imports, the other half by

domestic production. Because energy demand is higher than in the previous scenarios,

it has to be reduced by a higher percentage rate to reach the requested level. The

results are shown in Figures 3.18 to 3.20.

Compared to the results derived in Section 3.5.2, the increase in the initial labor input

and in initial energy demand leads to no signi�cant change in welfare. The reduction

in welfare is again around 1.2%. In 2035, consumption is 2.2% lower than in the

benchmark, which is just about the same as in the scenario with a more stringent

domestic policy. Similarly, the requested reductions can be achieved with a lower tax

rate than in the base scenario. This again implies that adjustments would be larger with

the original tax pro�le. This holds for both the aggregate level (i.e. for consumption

and welfare) as well as for the sectoral e�ects.
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Figure 3.18: Growth paths of consumption (larger labor force)
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Figure 3.19: Aggregate consumption (larger labor force)

Interestingly, the results are mainly driven by the assumption on how much of the

additional energy demand is covered by imports. In this case where we assume that

50% is covered by imports, the share of imports in total demand is higher than before.

As we assume a relatively high Armington elasticity for the energy sector and thus a
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good substitutability between domestic and foreign energy goods, the larger share of

imports in total demand, and thus the increased importance of foreign energy, leads to

larger adjustments in the energy sector. If we were to assume that all of the additional

energy demand were covered by increased domestic production, the adjustments would

be much smaller. However, given capacity restrictions in domestic energy production,

it seems reasonable to assume that a considerable share of the increased initial energy

demand is covered by imports.
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Figure 3.20: Sectoral outputs (larger labor force)

On a sectoral level, there are only small di�erences compared to Section 3.5.2. Most

sectors have a slightly smaller output under these conditions. The two exceptions are

the chemical industry, which now increases its output by almost 6%, and, most notably,

the machinery industry, whose output is now more than 26% higher. Being a highly

labor intensive industry, the increased availability of labor seems to be bene�cial for

the machinery industry. As indicated above, increasing only the labor force (and thus

neglecting the fact that this implies a higher demand for energy) would lead to almost

identical results as in Section 3.5.2. This is mainly due to the fact that the labor market

is relatively in�exible in our model and not formulated in a detailed way. The only

channel through which the results may be a�ected are thus through its in�uence on the

energy share, or, put di�erently, on the relative importance of energy in production.

Additionally, as we assume that all labor is fully employed, there are no potential
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negative side e�ects such as higher unemployment. The e�ects are in fact minimal if

we assume that all the additional energy demand can be covered by increased domestic

production. What is driving the results here is how much of the additional energy

demand of an increased initial labor force would be covered by additional imports. A

higher import share and thus an increased importance of foreign energy leads to larger

adjustments in the energy sector and to a larger decrease in welfare.

3.6 Conclusions

This paper analyzes the e�ects of long-term energy policy in Switzerland within the

framework of the CITE model. In contrast to other models used in similar studies,

the CITE model features an endogenous growth mechanism that explicitly includes the

inter-linkages between investments into sectoral capital stocks and the sectoral growth

rates. We simulate several policy scenarios. One implements a long-term policy with

two intermediate targets, while the others are closely related to Scenario IV of the

Energy Perspectives. The policy instrument in all scenarios is a carbon tax that is

levied fossil energy use. The tax is set so that the reduction targets are exactly met.

We �nd that even ambitious targets can be reached at a relatively low cost. Both

welfare and consumption decline only at a small scale. On the production side, the

tax predominantly a�ects the energy-intensive sectors negatively, while the energy-

extensive sectors show only small reactions or even bene�t from the introduction of the

tax. The energy-extensive sectors also attract considerably more investments. There

is a reallocation of capital in the sense that investments in energy-intensive sectors are

reduced in favor of the energy-extensive sectors. In an alternative scenario, we change

the redistribution mechanism of the tax revenues. Instead of redistributing them back to

the household, they are used as a subsidy to non-physical investments. This mechanism

leads to a higher welfare loss in the short term, but to less negative e�ects in almost all

sectors. Welfare loss eventually becomes smaller if the time horizon is extended. Thus,

it seems to make sense to use the tax revenues purposefully rather than uniformly

redistributing them to the households. Furthermore, we show that domestic e�ects

change signi�cantly if policies (or reduction targets) diverge across di�erent regions.

Finally, we show that a higher labor force, resulting from increased immigration, also

leads to di�erent policy implications. In this context, welfare e�ects mostly depend on
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whether or not an increasing population would lead to a higher dependency on foreign

energy.

In the scenarios that aim at reducing energy use by 37.5% until 2035, the relatively small

welfare losses result also because of the assumption that no further reduction targets

have been put in place after 2035. In order to move further towards a 2000-Watt-

society, it is clear that additional reductions are necessary. This would have e�ects on

welfare and would in�uence the results we �nd here. If no additional policy measures

are introduced (i.e. if the carbon tax remains the main instrument) and the tax is

further augmented to trigger additional reductions in energy use, structural change

towards the energy-extensive sectors would go on and would be even more pronounced.

The scenarios including the 80%-target prove this point, but show at the same time

that even with a longer time horizon for policy, overall negative e�ect, especially on the

aggregate level, are relatively low.

As the focus of the CITE model is on the inclusion of the endogenous growth mechanism

and the macro-e�ects of the energy policies, the energy sector is not represented in a

very detailed way. There is for example no further di�erentiation of non-fossil energy

sources. As the CITE model is essentially a top-down model and focuses on the e�ects

at the macro-level, these assumptions can be readily defended. However, we can for

example not model subsidies for renewable energy, which may also be a straightforward

way to use the tax revenues, and which is also an option that is up for discussion. It will

therefore be a natural step to extend the CITE model in this respect. Alternatively, one

could think of coupling the CITE model with an existing bottom-up model to include

developments on a technological level. Similarly, the labor market is also modeled in a

fairly rudimental way. A more sophisticated representation in this respect is therefore

another possible extension.

Additionally, the inclusion of more regions would be desirable. In a multi-country

model, the e�ects of regionally diverging policies can be studied in more detail. Foreign

policies could be modeled explicitly rather than just by varying the trade elasticities. In

the current setup, we are unable to explicitly de�ne reduction targets in other regions.

It is thus also not possible to investigate to what extent the exact di�erences between

domestic and foreign reduction targets matters. In a multi-country model, these issues

could be addressed. This which would clearly increase the explanatory power of the

results. All these extensions are left for future research.
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3.7 Appendix: Characteristics of the sectors

The following tables give an overview of some of the most important characteristics of

the sectors used in the simulations.

Sector Energy Intensity

Agriculture (AGR) 0.101
Chemical Industry (CHM) 0.044
Machinery and Equipment (MCH) 0.027
Construction (CON) 0.047
Transport (TRN) 0.132
Banking and Financial Services (BNK) 0.006
Insurances (INS) 0.011
Health (HEA) 0.021
Other Services (OSE) 0.026
Other Industries (OIN) 0.084

Table 3.1: Energy intensities of regular sectors

Sector Share of total investments

Agriculture (AGR) 0.168%
Chemical Industry (CHM) 4.305%
Machinery and Equipment (MCH) 34.659%
Construction (CON) 36.246%
Transport (TRN) 0.268%
Banking and Financial Services (BNK) 0.421%
Insurances (INS) 0.038%
Health (HEA) 0.118%
Other Services (OSE) 22.927%
Other Industries (OIN) 0.820%

Table 3.2: Investment shares of regular sectors
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Sector Total output in Mio. CHF

Agriculture (AGR) 17146.6
Re�nery Sector (OIL) 9340.4
Chemical Industry (CHM) 95380.7
Machinery and Equipment (MCH) 143851.5
Energy (EGY) 35956.1
Construction (CON) 52159.9
Transport (TRN) 43362.6
Banking and Financial Services (BNK) 62544.3
Insurances (INS) 38010.3
Health (HEA) 46508.4
Other Services (OSE) 361209.8
Other Industries (OIN) 159525.8

Table 3.3: Total output of the sectors in Mio. CHF
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Chapter 4

Crucial dynamics of climate policies:

An application of the CITE model

4.1 Introduction

In the �eld of energy and climate policy, decision makers face two big challenges. First,

the ongoing depletion of fossil non-renewable resources, most notably oil, increases the

pressure to look for new ways and alternative technologies to satisfy energy demand.

Second, climate change and its possible negative e�ects, especially in the long run, will

dominate the political agenda for many years to come. As both these challenges are

unlikely to be solved by mechanisms of markets due to the various types of externalities

that are involved, political intervention is necessary. Still, despite the increasing aware-

ness of these issues, policy-makers, both on a regional and on a global level, seem to

hesitate to commit to environmental regulation. A recent example in this context are

the UN Climate Change Conferences held in 2009 in Copenhagen and in 2010 (COP

16) in Cancun, where no binding agreement for future climate policy was reached. The

so called Copenhagen Accord that was agreed upon as a result of the 2009 conference

was criticized for various reasons (e.g. in Nordhaus (2010)), most notably for its lack

of binding reduction targets and the absence of immediate action, which is in contra-

diction to the solidly consolidated scienti�c consensus that postponing environmental

regulation may lead to drastic increases in future costs.

There are numerous reasons why it is a di�cult task (if not an impossible one) to reach

87
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an agreement on a global scale. Among others, economic reasoning plays an important

role in this discussion. A point often brought forward against environmental regulation

and binding emissions constraints is that such policy intervention may negatively a�ect

competitiveness and lead to undesirable structural e�ects in the sense that production

and jobs are shifted abroad. This e�ect might be even stronger if the targets di�er

between countries. Higher constraints are then viewed as a comparative disadvantage

that bring about negative economic e�ects, because they essentially make domestic

production more expensive. This is a main concern of industrialized countries against

stronger regulations as compared to developing countries.

Similar concerns are raised by certain industries when it comes to regulations at a

country level. Fossil fuel and carbon intensive industries and related interest and lob-

bying groups usually oppose strict environmental regulations and emissions constraints,

claiming that such regulations adversely a�ects their production costs and thus weaken

their position on the market. In this respect, competitiveness may be a�ected both

through lower pro�ts (due to a decrease in sales) and through a decrease in output,

leading again to a loss in employment and to a relocation of jobs and production.

This negative view is contradicted by the notion that environmental regulation is not

necessarily harmful for the industries that are potentially most a�ected. In turn, it

may even be bene�cial and lead to a better outcome, not only on the level of the

individual companies, but for the whole industry. Porter (1991) and Porter and van

der Linde (1995) claim that the negative e�ects of policy measures aiming at reducing

carbon emissions or energy use may be more than o�set by the innovation activities

triggered by these policy measures. They indicate that �rms may not be aware of (or

even systematically overlook) opportunities to invest in new technologies, and that en-

vironmental policy may help to uncover these opportunities. Environmental regulations

may thus increase the incentives to invest in technologies that reduce the exposure to

these regulations. In the long run, this can not only help to reduce production costs,

but it may also strengthen the position of �rms and industries on the market, both on

a domestic and an international level.

More generally, the induced innovation hypothesis (�rst formulated by Hicks (1932))

states that an increase in the relative price of a factor or an input may lead to innovative

activities that aim at reducing the dependency on this factor in the production process.

Applied to energy, this implies that an increase in the energy price, for example by
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taxation, may spur innovation directed at a higher energy e�ciency. For energy in-

tensive sectors, environmental regulation may thus even be bene�cial, because it leads

to increased innovation aiming at reducing the dependence on energy or at increasing

energy-e�ciency. In an international context, this also implies that comparably stronger

domestic regulation may lead to �rst-mover advantages. Countries with stricter targets

may have higher innovation rates in the energy sector, which may lead to a faster in-

crease in energy e�ciency. Additionally, the earlier adoption of new technologies may

be bene�cial in the long run, especially if learning e�ects are important.

Bretschger (2010) shows both theoretically and empirically that a decreasing energy

input may even stimulate growth through increased capital accumulation. In the the-

oretical model, a decrease in energy releases labor from �nal goods production and

directs it to capital accumulation and thereby induces additional investments (which in

turn increase productivity and therefore have a positive e�ect on growth). This implies

that countries (or sectors) with a relatively low energy input can grow faster, because

they will accumulate more capital. The condition for this e�ect to hold is that en-

ergy and labor are relatively poor substitutes1. The empirical estimations con�rm that

higher energy prices (and thus a lower energy input) do not have a negative impact on

economic growth.

The conjecture of Porter and van der Linde has been criticized, e.g. by Palmer, Oates

and Portney (1995), for various reasons. Two main points stand out in this respect.

First, the argument of Porter and van der Linde is based on a number of case studies

rather than on solid empirical foundation. And second, the notion that �rm system-

atically overlook pro�table investments seems to be at odds with economic reasoning.

However, despite these criticisms, the Porter hypothesis has drawn considerable atten-

tion, and their argument has been investigated extensively.

The interplay between energy policy and economic development (both on an aggregate

and on a sectoral level) is often studied using computable general equilibrium (CGE)

models. CGE models designed for policy analysis aim at providing decision makers

with evidence on what e�ects a given policy may have. A prerequisite for these models

is therefore usually a very detailed modeling of the economy and, depending on the

focus of the analysis, of the energy sector and the relevant technologies. This detailed

1Empirical estimations show that this assumption seems indeed to be valid, see e.g. Kemfert (1998)
or van der Werf (2007)
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representation comes at the cost of a high degree of complexity. While the models

are able to provide results for numerous sectors, regions and technologies, the e�ects

that drive these results are often not immediately evident. This is why CGE models

are often criticized as being "black-boxes", because their density makes it di�cult to

understand what is actually going on.

In this paper, we aim at highlighting the dynamics and interrelations that drive the

economic e�ects of environmental regulation. Additionally, we analyze the in�uence of

the variation of a couple of parameters that are particularly relevant in this kind of

set-up. The analysis is conducted using a reduced version of the CITE (Computable

Induced Technology and Energy) model. The CITE model is a one-region multi-sector

model with fully endogenous growth. In order to ensure compatibility with the original

version of the model, we leave the formal structure unchanged, but we use a stylized

simpli�ed input-output matrix with only two sectors (plus an energy and an oil sector)

that are heterogeneous with respect to their factor intensities. We thus study a model

economy instead of applying the model to real data. This keeps the analysis tractable

and reduces complexity considerably.

We �nd that energy policy leads to pronounced structural e�ects. Compared to a

business-as-usual path that abstracts from environmental regulation, structural change

is clearly directed to the sector that is relatively less energy intensive. As a result of

the policy, the economy specializes in producing the good that needs less energy in

production. Sectoral capital accumulation plays a central role in this respect. Sectors

that depend less on energy become more attractive for investors under a stringent energy

policy regime and can perform even better than in the absence of political intervention.

In this respect, we can contradict the view that emission reduction targets are harmful

for the economy as a whole.

Additionally, we identify two parameters that are particularly important in energy pol-

icy analysis. First, the elasticity of substitution between fossil and non-fossil energy

is a key parameter in determining the e�ectiveness of a given policy. When the two

sources are assumed to be good substitutes, a given reduction target can be achieved

with much lower taxes than under the assumption of relative complementarity. Sec-

ond, the intertemporal discount rate has a pronounced impact on the welfare e�ects of

environmental regulation. Models using high discount rates usually get very moderate

welfare e�ects even for strict reduction targets. We show that these very optimistic
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results may hinge on the assumption of high intertemporal discounting.

The interaction between environmental policy, innovation and economic development

has been studied both theoretically and empirically. Simpson and Bradford (1996)

claim that a general positive e�ect of stringent energy policy measures on competitive-

ness may be an exception (depending on numerous factors) that only emerges under

certain conditions. Xepapadeas and de Zeeuw (1999) show in their model that stricter

environmental regulation may lead to both a reduction and a modernization of the cap-

ital stock. These two e�ects jointly increase productivity, but this does not necessarily

lead to a win-win situation in the sense of the Porter hypothesis. Ambec and Barla

(2002) present a model where environmental regulation helps to overcome informational

asymmetries with respect to productivity e�ects of R&D investments and thereby leads

to higher pro�ts (compared to a case without any regulation). In Smulders and de Nooij

(2003), induced innovation can only mitigate, but not fully o�set the reduction in per

capita income resulting from energy conservation policies. Hence, their model does not

con�rm the induced innovation hypothesis. Lopez et al. (2007) present a two-sector

model where structural change in direction of the non-resource sector actually ensures

sustainable growth, even in the absence of an environmental policy. Bretschger and

Smulders (2010) also emphasize the role of structural change as a mechanism that for

obtaining sustainable development. Structural change (induced by rising energy prices)

may promote investments and innovation rather than having a detrimental e�ect on the

economy. They also highlight the importance of the substitutability between resources

and labor as an input to production. Speci�cally, they show that poor substitutability

is not necessarily harmful for innovation, or, put di�erently, that good substitution

between the inputs is not a prerequisite for sustainable development.

Pittel and Bretschger (2010) develop an analytical model with two sectors with di�erent

resource intensities. They �nd that along the balanced growth path and in the absence

of any policy, the resource intensive sector is more innovative, because innovation has

to compensate for the drag on growth stemming from the reduction in the supply of

the non-renewable resource input. This leads to faster e�ciency gains in the resource

intensive sector. Analyzing resource taxation, they �nd that a constant tax has no

structural e�ects. However, if the tax is rising over time, growth e�ects are negative

due to faster resource extraction, with a stronger impact on the resource intensive

sector. These negative e�ects can be reversed if the tax rate is decreasing over time.
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The larger part of the theoretical literature thus suggests that positive impacts of en-

vironmental regulation on innovation and competitiveness may only emerge under very

speci�c conditions or assumptions. Slightly more encouraging is the empirical evidence.

Ja�e et. al (1995), in their review of studies focusing on the U.S. manufacturing sector,

�nd little evidence for a positive e�ect of environmental regulation on competitiveness,

but similarly little support for a strict adverse e�ect. Ja�e and Palmer (1997) �nd a

small positive relationship between stricter environmental regulation and R&D invest-

ments. Brunnermeier and Cohen (2003) report similar results. Popp (2002) on the other

hand �nds a strong positive relationship between energy prices and (energy related) in-

novation, measured by successful patent applications. Newell, Ja�e and Stavins (1999)

also �nd a positive link between innovation and energy prices, but they also report that

a signi�cant fraction of energy e�ciency improvements are due to autonomous techni-

cal change. Demailly and Quirion (2008) show that the European Emission Trading

Scheme tends to have a positive in�uence on the competitiveness of regulated industries.

In Lanoie, Patry and Lajeunesse (2008), positive impacts result only when dynamic ef-

fects are taken into account, and only less polluting industries are able to bene�t from

environmental regulation. Finally, Cadot, Gonseth and Thalmann (2009) look at in-

dustry level data from OECD countries. They �nd a negative direct e�ect of higher

energy prices on total factor productivity, but also a positive indirect e�ect through

R&D spending that outweighs the negative e�ect for almost 70% of the industries in

the sample. Thus, while most studies �nd at least small positive e�ects of environmen-

tal regulation on innovation, the link between regulation and competitiveness is not so

well established.

Several studies using integrated assessment models have also evaluated sectoral e�ects

of energy policies. Focusing on Switzerland, Sceia, Thalmann and Vielle (2009) analyze

di�erent scenarios with a time horizon up to 2020. They �nd moderate and mostly

negative (the only exception being metal products) e�ects on sectoral production in

the year 2020. Ecoplan (2009) simulate di�erent policies (again up to 2020), di�ering

in stringency and the percentage of domestic reductions. Results are similar to Sceia et

al. (2009), i.e. sectoral e�ects again are negative for most sectors. However, the chem-

ical industry and a few machinery industries bene�t from the regulations. Ecoplan

(2008) evaluate Swiss policies with a model horizon up to 2030 and also report mod-

erate sectoral e�ects with positive outcomes mostly for sectors included in the IETS

(international emissions trading scheme). Ecoplan (2007), analyzing di�erent oil price
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scenarios in a model abstracting from induced innovation, �nd negative e�ects for all

sectors except for rail tra�c.

4.2 Model overview and data

The CITE model was developed during a long-term project in collaboration with the

Swiss Federal O�ce of Energy. The original version is a one-region multi-sector model,

including ten regular production sectors (industries and services), an energy and an oil

sector. It is used for applied policy analysis, focusing on economic e�ects of di�erent

energy policy measures in Switzerland. The main novelty of the CITE model, com-

pared to other models used for similar purposes, is the inclusion of endogenous growth

theory, with Romer (1990) being the main theoretical reference. The model and the

simulation results are described in detail in Bretschger, Ramer and Schwark (2010a)

and in Bretschger, Ramer and Schwark (2010b).

In this paper, as indicated in the introduction, we focus on a model economy instead

of applying real data. This helps to simplify the analysis and to reduce the complexity.

The basic data set includes two regular sectors (Z1 and Z2 ) that produce �nal output,

an energy sector and an oil sector. As indicated above, we use the same nested CES-

functions for production as in the original CITE-model. Hence, �nal output of regular

sector Z1 is produced using output of sector Z2 (and vice versa) and an intermediate

composite Q. The intermediate composite contains the individual intermediate vari-

eties, whose number is measured by the sectoral capital stock, and therefore captures

the sectoral endogenous growth dynamics. The intermediate varieties are in turn pro-

duced using energy, labor and non-accumulable capital. Elasticities of substitution are

assumed to be uniform across sectors and are set to 0.7. Figure 4.1 shows the nested

production function for sector Z1.

Total energy, produced in the energy sector (EGY ), consists of non-fossil and fossil

energy. Non-fossil energy is produced in the same way as the output of the two regular

sectors, while fossil energy includes the output of the oil sector and (imported) natural

gas. Finally, the oil sector additionally uses crude oil as an additional input at the top

level of the production function, while the rest of the nesting is again the same as in the

two regular sectors. As indicated before, the CITE-model is a one-region-model. Trade

is thus modeled in the widely used Armington-fashion (Armington (1969)), which dif-
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ferentiates goods by origin and implies that domestic and imported goods are imperfect

substitutes. The degree of substitutability is measured by Armington elasticities. They

are set to 2 in all sectors.

The representative household chooses between consumption of energy and non-energy

goods (i.e. output from sectors Z1 and Z2 ) and investments in the sectoral capital

stocks. Welfare is measured as overall intertemporal discounted consumption. The

underlying rate of time preference is set to 0.9%. The role of this parameter is described

in more detail in section 7.2.

For simplicity, we assume that the two regular sectors are identical with respect to most

characteristics. Both regular sectors are initially of equal size, which means that both

produce the same amount of output. We also assume that an equal share of total output

of the sectors is used as an input in the other sector (at the top nest of the production

function). Additionally, we set imports and exports equal in both sectors. This is

mainly to exclude e�ects stemming from di�erent degrees of dependency from foreign

trade. With respect to capital accumulation, we assume that both regular sectors have

equal initial total investments with the same shares of investments in physical and non-

physical capital. Finally, we abstract from sector-speci�c elasticities of substitution and

Armington elasticities and instead use a uniform parametrization for all sectors.

Regular sectors (Z1 and Z2 ) di�er in their energy intensities. Energy enters production

at the level of the individual intermediate varieties. Thus, when we refer to a sectors

energy intensity, we mean the input share of energy in the production of the intermediate

varieties. By assumption, sector Z1 has a relatively high energy share (16%) and uses

less of the other two inputs. Sector Z2 only uses little energy (0.5%), but has higher

shares of labor and non-accumulable capital. A higher energy intensity in production

implies a stronger exposure to environmental regulation. We can thus expect the sectors

to react di�erently to energy policy measures.

Simulations are performed using the software GAMS/MCP. The model is formulated

as a mixed complementarity problem, i.e. as a system of equations that describe pro-

duction, demand and supply of goods and factors, income and trade (see Markusen

(2006)). To be more precise, the system consists of three types of equations. Zero

pro�t conditions determine quantities, requiring that each sector that supplies a posi-

tive amount of a good (or, more generally, each activity supplied at a positive amount)

earns zero pro�ts. Prices are determined by market clearance conditions, such that
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Figure 4.1: Nested production function of regular sectors

supply and demand are equalized in all markets. This includes both markets for goods

(Z1, Z2, energy and oil in our case) as well as factor markets. Finally, income and

trade are required to be balanced using the respective balance equations. In the start-

ing period, the model is calibrated to match the balanced input-output data, where

row and column sums are equalized. Economic activity, or changes in quantities, is

represented using so-called activity indices. The benchmark scenario is calibrated in

a way that all activity indices are equal to 1 at any point in time. In our case, this

is equal to a balanced growth calibration. Similarly, benchmark prices are calibrated

to follow a uniform reference path given by Pt = ( 1
1+r

)t, with r denoting the constant

nominal interest rate. In the policy scenarios, activity indices and prices deviate from

their benchmark paths, which enables the identi�cation of the e�ects of the policies.

Calibrating activity indices to 1 in the benchmark has the advantage that policy e�ects

on quantities (for example on sectoral output) can be easily analyzed in percentage

points, which simpli�es the interpretation of the results.
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4.3 Description of the scenarios

In what follows, we will simulate di�erent policy scenarios to investigate the dynamics

of the CITE model. The results of these policy scenarios are compared to a benchmark

scenario, which is basically a business-as-usual scenario that abstracts from any political

intervention, and thus implicitly also from possible negative e�ects of climate change.

This may not come very close to a realistic business-as-usual scenario, as long-term

costs of undamped climate change are may be substantial (as showed by Stern (2007)

in his report). However, given that we focus on a time frame of 40 years, the exclusion

of negative e�ects of climate change is not a serious issue. Moreover, this simpli�cation

is common in energy policy analysis

The benchmark scenario is calibrated to balanced growth, which means that sectors

grow at a uniform rate. This is a useful assumption, because it allows for an easy

comparison of the results of the policy scenarios with the benchmark case. Because the

sectoral growth rate depends directly on the capital share, capital shares have to be

uniform in the benchmark. We set the capital share in each sector to 25%, which results

in an annual benchmark growth rate of 1.34%. Consumption also grows at this rate in

the benchmark. The time horizon of the model is 40 years. To simplify notation, we

assume that the policy is implemented in the year 2010, and the model horizon thus

ends in the year 2050.

Compared to conventional theoretical modeling, the nominal interest rate r plays a

di�erent role in applied dynamic modeling. As indicated above, r is held constant and

is determined by initial total investments and capital stocks. Implicitly, this means

that initial investments and capital as given in the data were chosen according to an

underlying optimization process. Thus, given investments and capital stocks, we can

then deduce the nominal interest rate r. In the following, sectoral investment incentives

will be driven by the real return on investments, which is again driven by input prices.

Input prices a�ect the pro�t opportunities of patent holders. Higher input prices, most

notably higher energy prices as a result of political intervention, decrease the return

for investors in new capital goods, resulting in sectorally di�erentiated incentives to

accumulate capital. A more detailed description on how the interest rate is calculated

is given in section 7.2 and in the Appendix.

In the �rst policy scenario (hereafter referred to as the "base scenario"), we implement
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a carbon tax that aims at reducing carbon emissions by 60% by the end of the model

horizon (i.e. after 40 years). The tax is levied on the use of the two fossil energy inputs,

re�ned oil and natural gas. We assume that the tax is rising steadily over time, so that

the reduction target is approached gradually. Note that this is not an optimal policy.

The initial level of the tax and its growth rate are chosen arbitrarily and are set so that

they lead to the requested reduction. The revenues of the tax are redistributed to the

household, entering its budget constraint as an additional source of income.

Afterwards, we will couple environmental regulation with policies that aim at sup-

porting sectoral capital accumulation. We will �rst implement a subsidy for R&D

investments only, and then extend the subsidy to all capital types. This is particularly

interesting in the context of the CITE model, because the accumulation of capital (both

of physical and non-physical capital) has a direct e�ect on sectoral growth. According

to the Hicks (1932) and the induced innovation hypothesis, policies that aim at reduc-

ing energy may be positive in the sense that they spur innovation. Due to the direct

correlation between innovation and growth in our model, this implies that sectors may

bene�t from the implementation of energy policies, because the additional innovative

activities may lead to higher sectoral growth. However, this can only occur if the newly

triggered investment incentives are strong enough to overcome the possibly adverse ef-

fects of the policy. In this context, it is straightforward to couple the carbon tax with

subsidization of capital build-up. If a mechanism in the sense of the Porter hypothesis

is present, subsidizing research or capital accumulation in general may even strengthen

this positive e�ect.

Additionally, we will look at the e�ects of varying two parameters. An interesting

parameter in the model, and obviously an important one, is the elasticity of substitution

between non-fossil and fossil energy. This parameter essentially de�nes how easy or

di�cult it is to substitute away from fossil energy. If the elasticity is low and fossil

energy can not easily be replaced, the e�ect of the tax on overall energy should be

larger. Consequently, regular sectors should also be a�ected more in this case. On the

other hand, if fossil and non-fossil energy can easily replaced, the tax on fossil energy

should mostly a�ect the oil sector negatively, while it may even lead to an increase in

non-fossil energy and thus to an increased shift to cleaner energy. In this case, the e�ect

on the two regular sectors should be smaller than when the elasticity is low, because

overall energy use is also less a�ected.
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Another interesting parameter, especially in long-term growth models, is the rate of

time preference. This parameter de�nes to what extent future utility is discounted over

time. It therefore directly in�uences policy costs in terms of welfare. A lower rate of

time preference means that future utility is discounted at a lower degree. Future utility

therefore also has a signi�cant in�uence on overall welfare. The opposite holds when

the rate of time preference is high. Future utility is then discounted at a higher rate

and hence in�uences overall welfare at a lower extent. Current utility is therefore more

important than utility in the future. This highlights that this parameter is crucial,

especially in the context of climate change where long-term e�ects and welfare costs

may be signi�cant. Finally, we will brie�y investigate how relevant the size of the

research labs (or the relative importance of R&D investments) is with respect to sectoral

performance.

Note that we will use the same tax pro�le in all sectors. Thus, while leading to a 60%

reduction of carbon emissions in the base scenario, there is no quantitative target for

emissions in the other scenarios. This allows us to investigate how e�ective a given

tax pro�le is under di�erent assumptions regarding the use of the tax revenues and the

parametrization of the model and how the incentives to reduce carbon emissions change

in di�erent frameworks.

4.4 Base scenario

In the base scenario, we set a reduction target for carbon emissions (-60% in 40 years),

using a carbon tax (steadily rising over time) as a policy instrument. The carbon tax

a�ects sectors through their use of energy as an input on the level of the production of

the individual intermediate varieties. The tax is set so that the reduction target is met

after exactly 40 years. Results are shown in Figures 4.2 to 4.11.

On the aggregate level, the tax leads to a contraction both in consumption and in total

regular sector output (see Figures 4.2 and 4.3). Welfare is reduced by 1.4%. Com-

pared to the benchmark scenario, both variables grow at slightly lower rates. However,

growth rates are still positive, and the e�ects seem relatively moderate, considering the

stringency of the policy.

The results on sectoral output show a clear and pronounced reallocation of production
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(see Figures 4.4 and 4.5). The energy-extensive sector (Z2 ) bene�ts from the intro-

duction of the tax and increases its output compared to the benchmark scenario. The

energy-intensive (Z1 ) sector on the other hand reduces its output. In percentage points,

the reduction in the energy-intensive sector is larger than the increase in the energy-

extensive sector, resulting in the contraction in total regular sector output shown in

Figure 4.3. Hence, the tax leads to a shift towards less carbon intensive production,

a �nding that is consistent with other studies (e.g. Crassous, Hourcade and Sassi

(2006)). This result seems intuitive, and, at �rst sight, it con�rms the concerns raised

by energy-intensive sectors described in the introduction that binding constraints on

emissions would a�ect them negatively. However, if we look at the growth paths of the

sectors instead of percentage changes from the benchmark (see Figure 4.4), we see that

even the energy-intensive sector still exhibits robust growth, albeit at a lower rate than

in the benchmark. The "threat" coming from environmental policy for energy-intensive

sectors is thus by no means existential.
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Figure 4.2: Growth paths of aggregate consumption, base scenario

Sectoral development is directly related to sectoral capital accumulation. Figure 4.6

shows that the tax leads to an increase in capital accumulation in sector Z2, and to

a decrease in sector Z1, relative to the benchmark scenario. E�ects on capital accu-

mulation and on sectoral output are thus symmetric. Investment still takes place in

both sectors, but we observe a shift of investments in direction of Z2. This leads to
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Figure 4.3: Total output of sectors Z1 and Z2, base scenario
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Figure 4.4: Growth path of sectoral output, base scenario

the di�erences in sectoral growth shown in Figure 4.4. If we look at total investments

(see Figure 4.7), we see that the path looks slightly di�erent than in the benchmark.

Total investments are higher in the �rst periods and lower later on. In general, the

path is �atter than in the benchmark scenario, implying that investments are shifted to
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Figure 4.5: Sectoral outputs compared to benchmark, base scenario

earlier periods and decreased towards the end of the model horizon. Total investments

are slightly lower than in the benchmark. Thus, under the conditions set in the base

scenario, the carbon tax does not lead to higher overall investment incentives, but it

triggers two reallocation e�ects. First, from an intertemporal perspective, total invest-

ment is higher in earlier periods and lower later on. And second, more investment is

taking place in the energy-extensive sector and less in the remaining sectors.

Sectoral capital accumulation is essentially driven by the pro�t opportunities of the

individual monopolistic producers of intermediate varieties. In the benchmark scenario,

pro�ts are equal in all sectors, and therefore investment patterns are also equalized.

Higher input prices (most notably a higher energy price because of the carbon tax) have

a direct in�uence on these pro�ts. The lower the pro�ts, the lower the patent price in

a given sector, and thus the lower the incentives for investing in new capital varieties.

In a multi-sector economy, investments are therefore reallocated, with higher shares

going to sectors with relatively better pro�t opportunities. This leads to the sectoral

di�erences in capital accumulation shown in Figure 4.6 and, through the impact of

capital accumulation on sectoral growth, to structural e�ects in �nal goods production.

Adding to the divergence between the two sectors is the fact that more innovation takes

place in the relatively larger sector. The sector with the higher market share is relatively

more attractive for investments, and given that the sector with a higher investment rate
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Figure 4.6: Growth paths of capital stocks, base scenario
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Figure 4.7: Total investments, base scenario

is growing faster over time, it is ensured that investment incentives do not cease over

time2. In this two-sector setting, this ampli�es the di�erence in sectoral development.

2This e�ect is also discussed in Bretschger and Smulders (2010). In their paper, the observation
that more innovative sectors gain a larger market share over time and therefore help to keep investment
incentives intact is identi�ed as being crucial for sustainable development.
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What happens in the energy sector? From Figures 4.4 and 4.5, it can be seen that

total energy output decreases signi�cantly as a result of the tax, even though the tax

is only levied on fossil energy. This coincides with the hypothesis stated above that,

given our nesting structure, a tax on fossil energy only also leads to a contraction in

total energy production if we assume that non-fossil energy cannot easily be used as

a substitute for oil and natural gas. The larger part of the decrease comes from a

reduction in fossil energy use (mainly driven by a decrease in the oil sector, see Figure

4.8), but non-fossil energy is also reduced signi�cantly. However, as Figure 4.6 shows,

capital accumulation in the energy sector, which is identical to capital accumulation in

the production of non-fossil energy, does not decrease as much as capital accumulation

in the oil sector. In fact, it still grows at a positive rate over time. This shows that

some e�ort is undertaken in non-fossil energy production to counteract the negative

e�ects coming from the tax on fossil-energy, without being able to o�set it.
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Figure 4.8: Energy demand by source, base scenario

The tax also leads to a shift in the distribution of the other production factors. Fig-

ure 4.9 illustrates the e�ects on labor demand. As we assume that the size of the

labor force is constant over time and that labor is inelastic in supply, labor can only

be reallocated across sectors. In the case simulated here, labor is moved out of the

energy and the oil sector (not shown in Figure 4.9) and the energy-intensive sector and

in to the energy-extensive sector. The same holds for non-accumulable capital. The
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decreased production in the energy-intensive sector and the downturn in energy use

release production factors from these sectors and direct them to the energy-extensive

sector. Incentives to substitute energy for labor and non-accumulable capital rise in

both regular sectors due to the rise in the relative price of energy. Factor prices in-

deed indicate an increase in demand for labor and non-accumulable capital. However,

because their availability is limited, the economy reacts with a relocation of produc-

tion factors to the sector that is less a�ected by the policy. Labor demand decreases

in energy-intensive industries, but this decrease is compensated by a corresponding

increase in energy-extensive sectors, leaving total employment una�ected. Of course,

these e�ects are also driven by simpli�ed modeling of the labor market. In reality, labor

is neither perfectly mobile across sectors nor is its supply completely inelastic. A more

sophisticated representation of the labor market might lead to di�erent e�ects in this

respect.

As indicated, the CITE model is a one-region model, and trade is modeled using the

simpli�ed Armington approach. Nonetheless, the simulations reveal some interesting

e�ects on trade (see Figures 4.10 and 4.11). Trade activity can be measured by tak-

ing the di�erence between exports and imports. In the benchmark, we assume that

trade is balanced at every point in time, and therefore the di�erence between exports

and imports is always 0. Figure 4.10 depicts the total trade e�ects. After the im-

plementation of the tax, the economy becomes a net exporter, even if we include the

energy and the oil sector (who both increase their imports when carbon emissions are

taxed). In this sense, the policy has a positive e�ect on the overall competitiveness of

the economy. The di�erence between total exports and imports is increasing over time,

indicating a growing positive e�ect on overall competitiveness. Figure 4.11 focuses on

the trade e�ects within the regular sectors Z1 and Z2. Exports of the energy-extensive

sector increase considerably. At the same time, imports of the energy-intensive good

rise sharply. This means that the carbon tax leads to an increasing specialization in the

production of the energy-extensive good in the domestic economy. On the other hand,

the demand for energy-intensive goods is covered to a much larger extent by imports,

and domestic production decreases.

This also has some implications for the composition of total demand. The relatively

conservative assumptions on the elasticities of substitution in the production process

and in the nesting of investments imply a certain rigidity in total demand for �nal

goods, i.e. there will always be a positive demand for goods from both regular sectors.
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Figure 4.9: Sectoral labor demand, base scenario
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Figure 4.10: Total trade e�ects, base scenario

The trade elasticities however state that it is of limited importance where these goods

are produced. Foreign and domestic goods are not assumed to be perfect substitutes,

but the elasticities are either equal to one (for the elasticity of transformation) or, in

the case of the Armington elasticities, considerably above one. This leads to the change
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Figure 4.11: Sectoral trade e�ects, base scenario

in the structure of domestic production. The sharp increase in the imports of the

energy-intensive good indicates that total domestic demand of this good is not severely

a�ected. The same holds for demand of the energy-extensive good, where a large part

of the additional production (compared to the benchmark case) is exported. Thus, as

Figure 4.3 shows, total demand for regular sector goods decreases slightly compared to

the benchmark, but the trade e�ects suggest that its composition remains more or less

similar. This also means that the changes in output (or production) of the two regular

sectors are not driven by changes in domestic demand. They are mainly driven by an

increased specialization of the economy in the production of energy-extensive goods and

a change in trade patterns.

To sum up, the carbon tax leads to a slight decrease in consumption and total output.

The reduction in total welfare, measured over the entire time horizon, is about 1.4%.

At the sectoral level, the carbon tax induces a structural change in favor of the energy-

extensive sector. This structural change is mainly driven by e�ects on the sectoral

investment incentives. If a carbon tax is implemented, capital accumulation is higher in

the energy-extensive sector and lower in the other sectors, compared to the benchmark

scenario. Along with the redistribution of investments, there is also a shift of the other

production factors. Labor and non-accumulable capital move out of the energy-intensive

sector and the two energy sectors and into the energy-extensive sectors. Finally, trade
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e�ects reveal that the economy specializes in producing the energy-extensive good.

4.5 R&D subsidies

An alternative policy implemented in the original CITE model are R&D subsidies.

In the base scenario, the revenues of the carbon tax are redistributed back to the

representative household and thus enter its budget constraint as a source of additional

income. A more purposeful use of the tax revenues may however be to use them to

directly support the sectoral growth mechanism, which is capital accumulation. It

is often argued that a combination of energy and research policies is more fruitful

(e.g. in Massetti and Nicita (2010)). R&D subsidies may increase the attractiveness

of investments and thus even further decrease the di�erence of aggregate output and

investments to the respective benchmark paths. Additionally, they may help to diminish

the adverse e�ects on the energy-intensive sector. We use the same tax pro�le as in

the base scenario to exclude additional e�ects that may come from a di�erent pro�le.

This tax pro�le leads to a lower decrease in carbon emissions than in the benchmark,

but the di�erence is very small. Total reduction in 2050 is 59% and thus only slightly

lower than the 60% in the base scenario.

If we look at aggregate e�ects (shown in Figure 4.12), there are two point worth noting.

First, consumption in 2050 is a little higher than in the base scenario. Nonetheless, the

increased investment activity leads to a higher welfare loss (1.9%). Second, the decrease

in total output compared to the benchmark is considerably smaller (i.e. output in 2050

is higher than in the benchmark scenario). This indicates that the R&D subsidies a)

lead to higher investments (and thus lower consumption) and b) have a positive e�ect

on competitiveness (compared to the base scenario) in the sense that the impact of the

carbon tax on total output is smaller.

Structural e�ects are similar in direction compared to the base scenario. The energy-

extensive sector increases its output, while the energy-intensive sector reduces its pro-

duction. There is, however, an upward shift. The decrease in production of the energy-

intensive sector is smaller, and the increase in the energy-extensive sector is larger (see

Figure 4.13). Thus, while leaving the structural e�ects unchanged, the R&D-subsidies

mitigate the negative e�ects (compared to the benchmark scenario) on the energy-

intensive sector and help the energy-extensive sector to increase its production even
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Figure 4.12: Total consumption and regular sector output after 40 years, base scenario
vs. R&D subsidies

more. In fact, this would still hold if we were to increase the tax to meet the reduction

target formulated in the base scenario. In this respect, the R&D subsidies have a clear

positive e�ect.

Most importantly, the R&D subsidies lead to a considerable increase in investment

activity. As Figure 4.14 shows, investments are higher in this scenario than in the

benchmark at any point in time. Moreover, they are considerably higher than in the

base scenario where the tax revenues are redistributed lump-sum to the household.

Capital stocks are higher in all sectors (see Figure 4.15), leading to the increase in

production described above. The downside of this increased investment activity is the

negative e�ect on welfare. As the household devotes more of his income to investments

and less to consumption, welfare is lower than in the base scenario. This may indicate

that the welfare measure used here (and that is used in a very similar way in many CGE

models) may not be su�cient to measure the "quality" of a policy. Total production e.g.

is a�ected much less than in the base scenario. Thus, in terms of competitiveness, R&D

subsidies clearly lead to a superior outcome compared to a lump-sum redistribution.

Focusing on welfare alone to decide whether or not the implementation of a policy is

desirable would not show the complete picture.

In the energy sector, the picture (Figure 4.16) is very similar to the one in the base sce-
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Figure 4.13: Percentage change from benchmark in sectoral output after 40 years, base
scenario vs. R&D subsidies
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Figure 4.14: Total investments, base scenario vs. R&D subsidies

nario. As indicated at the beginning of this section, the e�ect of the tax is a bit smaller

in this scenario, meaning that the reduction in carbon emissions and thus also overall

energy use is smaller. Hence, there is a shift upwards within the energy sector, similar
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to the one at the sectoral level. Reductions of the use of the individual energy sources

are smaller compared to the base scenario. The largest di�erence can be observed in

the use of non-fossil energy, but the di�erences are very small. Under the assumptions

taken here, the R&D subsidy does not lead to any qualitative changes in the use of the

di�erent energy sources.
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Figure 4.15: Growth paths of sectoral capital stocks, R&D subsidies

If we look at the e�ects on trade (Figures 4.17 and 4.18), we see that the R&D sub-

sidy mitigates the relocation of production that takes place in the base scenario. The

specialization in the production of energy-extensive goods is thus less pronounced. The

e�ects are still relatively large in magnitude, but smaller than before, even though to-

tal domestic production is larger. Subsidizing R&D therefore has a certain stabilizing

e�ect on domestic production in the sense that it reduces the impact of the carbon tax

on the structure of the economy.

An interesting question in the context of this scenario is whether or not subsidizing R&D

can ever lead to a superior outcome in welfare terms compared to the base scenario.

It may be that it is just a timing issue, i.e. that the positive e�ects of the increased

investments on welfare can only be exploited in a more distant future. The productive

e�ects of additional capital accumulation may emerge only in later periods or when a

longer time horizon is considered. Indeed, this seems to be the case. Extending the
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Figure 4.16: Energy demand by source, R&D subsidies
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Figure 4.17: Total trade e�ects, R&D subsidies

time horizon from 40 to 90 years and using the same tax pro�le for this longer time

interval leads to a welfare loss of 3.2% if the tax revenues are redistributed back to

the representative household (as in the base scenario) and to a welfare loss of 3.1%

if the revenues are used as R&D subsidies. The turning point (i.e. the point in time



112 CRUCIAL DYNAMICS OF CLIMATE POLICIES

-10

0

10

20

30

E
xp

or
ts

 -
Im

po
rts

-30

-20

-10

0

10

20

30

20
10

20
15

20
20

20
25

20
30

20
35

20
40

20
45

20
50

E
xp

or
ts

 -
Im

po
rts

Z1 (R&D subsidies) Z2 (R&D subsidies) Z1 (Base scenario) Z2 (Base scenario) BAU Z1 and Z2

Figure 4.18: Sectoral trade e�ects, R&D subsidies

when R&D subsidies become superior to the lump-sum redistribution) is around the

year 2090, i.e. after about 80 years. The exact turning point is sensitive to choices of

parameter values and to the tax pro�le. It highlights that R&D subsidies should be

viewed as a long term investment whose bene�ts (at least in welfare terms) cannot be

reaped in the short run. The positive e�ects on capital accumulation and production

emerge even within short time horizons, but it takes more time until this policy also

leads to a better outcome as far as consumer welfare is concerned.

4.6 Capital subsidies

An important assumption of the CITE model is that investments in all capital types

have a positive e�ect on sectoral productivity. Hence, it may make sense not to restrict

the subsidies to investments in R&D (and therefore in non-physical capital) only, but

to support also the build-up of physical capital. Investments in more e�cient machines

and in infrastructure (e.g. better insulation of buildings) can contribute signi�cantly to

a reduction of fossil energy use and to a decrease in carbon emissions. In this scenario,

we model a subsidy that supports both physical and non-physical capital.

The two capital types are summarized to one aggregate capital stock using a nested
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CES function. We assume that the two capital types (physical and non-physical capital)

are imperfect substitutes. Hence, the corresponding elasticity of substitution σI is

set below unity (the exact value is 0.3). The underlying conjecture is that the two

capital stocks are interdependent in the sense that one stock can hardly be increased

without a corresponding progress in the other stock. For example, the development

of new, more energy-e�cient machines (and thus an increase in the physical capital

stock) presupposes research and the accumulation of related knowledge. In this sense,

the two stocks are complementary to a certain degree. This assumption has important

implications for the modeling of policies related to R&D and capital build-up. A subsidy

to R&D as in the previous scenario is, due to the assumption of relatively strong

complementarity, also indirectly a subsidy to the build-up to physical capital. As a

result, the capital stock cannot rise by an increase in the non-physical capital stock

alone. The increase in the non-physical capital stock has to be accompanied with an

increase in the physical capital stock (however, not in �xed proportion, because the

two stocks are not perfect complements). The same would hold, of course, if capital

accumulation decreases.
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Figure 4.19: Aggregate investments, consumption and output, R&D subsidies vs. cap-
ital subsidies

Thus, in comparison to the scenario with R&D subsidies, we expect no big di�erence

in the results if the accumulation of both capital types are explicitly subsidized. The
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results con�rm this hypothesis. Aggregate output, consumption and investments (see

Figure 4.19) are almost identical in the two scenarios. All three variables are slightly

higher with capital subsidies, but the di�erences are minimal. In accordance with these

results for aggregate variables, the e�ects at the sectoral level are also virtually the

same.

If we drop the assumption of relative complementarity and instead assume that physical

and non-physical investments are good substitutes, there is only a slight additional

upward shift, both at the sectoral and the aggregate level. Hence, the similarity of the

results of the two di�erent types of capital subsidies does not depend only on the degree

of substitutability between the two capital types. A simplifying assumption in our

stylized data set is that the two regular sectors have equal total initial investments and

equal shares of physical and non-physical investments. In reality, sectors are obviously

heterogeneous. If we assume heterogeneity in the shares of physical and non-physical

investments on total sectoral investments, it may be relevant for the results whether

the subsidies are restricted to R&D investments or include both types of investments.
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Figure 4.20: Normalized output and capital stocks after 40 years, R&D subsidies vs.
capital subsidies

In the following, we assume that both sectors still have equal total investments, but that

the shares of physical and non-physical investments are di�erent. To be more precise, we

assume that the energy-intensive sector (Z1 ) relies mostly on non-physical investments
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and only has a small amount of physical investments. In the energy-extensive sector

(Z2 ), the opposite holds. In comparison to the scenario where only R&D investments

are subsidized, aggregate e�ects are virtually the same as shown in Figure 4.19, even

if we relax the assumption of relative complementarity between the two capital types.

However, the capital subsidy does a�ect sectoral reactions (Figure 4.20). First, as one

would intuitively expect, an expansion of the subsidy to both capital types favors the

sector with high physical investments (Z2 ). Both the capital stock and output are

higher than when only R&D is subsidized. On the other hand, sector Z1 is better

o� when the subsidy is restricted to non-physical investments. These sectoral e�ects

are ampli�ed when we assume that the two capital types are good substitutes. Hence,

with heterogeneous shares of physical and R&D investments, the two policies do have

di�erent impacts on sectoral development, despite the interrelations and dependencies

of the two capital types explained at the beginning of this section. Given these results,

sectorally di�erentiated policies with subsidies supporting the capital types that are

relatively more "important" may be advisable, even if we assume a high degree of

complementarity between the two types.

4.7 Important parameters in applied policy analysis

4.7.1 The elasticity of substitution between fossil and non-fossil

energy

In energy policy models that di�erentiate between various sources of energy, choices

for the values of the elasticities of substitution between these di�erent energy sources

are obviously very important. As usually only some energy sources are subject to

policy intervention (typically fossils or carbon-intensive energy sources), the degree

of substitutability between the inputs whose use should be reduced and alternative

energy sources may have a pronounced in�uence on the e�ectiveness of the policy and

thus on the results. If we assume that the energy sources that are subject to policy

intervention can easily be replaced, the policy should be relatively more e�ective than

in a case where the substitution potentials are limited. Of course, other constraints

such as adjustment costs or learning rates may also play a role in this context. To a

certain degree, the importance of such other factors can be captured by the elasticity
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of substitution. Abstracting from other in�uences is a simpli�cation that is, however,

widely used, because most of these impacts are hard to estimate. On the other hand,

this also means that the role of the elasticity of substitution is even more substantial.

In the CITE model, the energy sector is represented in a relatively aggregated and

simpli�ed way. We di�erentiate between non-fossil and fossil energy. Fossil energy is

further divided into two energy sources (natural gas and oil). Additionally, we assume

that fossil and non-fossil energy do not enter sectoral production directly. Instead,

the production sectors use an energy aggregate that consists of both fossil and non-

fossil energy. Hence, the carbon tax on fossil energy use we implement as a policy

measure directly a�ects the energy sector and only has an indirect e�ect on the two

regular sectors. Our hypothesis is thus that the better fossil and non-fossil energy can

be substituted, the smaller should be the impacts on the regular sectors. If they are

good substitutes, we should see mainly composition e�ects within the energy sector,

but only relatively small changes in overall energy use. On the other hand, if they are

poor substitutes (as we assume in the two scenarios discussed above and also in the

original version of the CITE model), the e�ects on the two regular sectors should be

more pronounced, because overall energy use should contract along with the decrease

in fossil energy use.

Given its importance, it seems rather surprising that there are (at least to our knowl-

edge) no empirical estimates available for this parameter. The values commonly used

in energy policy models thus rely on "guesstimation" (i.e. on a more or less reasonable

guess) or on values taken from existing studies rather than on solid empirical founda-

tion. This leads to a large variation of values used in di�erent models. Gerlagh and

van der Zwaan (2003) assume that fossil and non-fossil energy are good substitutes by

setting a value of 3 for the corresponding elasticity, while Ecoplan (2007) sets a value

for 0.2. Without an empirical basis, there are arguments in favor and against both

choices. Generally, depending on the context of the analysis and the research question,

assuming either good or bad substitutability can be reasonably justi�ed. The time hori-

zon considered often plays an important role in this context. If we look at short run

policies, it may be reasonable to argue that fossil fuels cannot be readily replaced with

non-fossil energy, e.g. because of the limited maturity of certain green technologies, or

simply because of �nancial constraints. In the original CITE model, time horizons are

relatively short (25 or 40 years), which is why we use the assumption of limited sub-

stitutability. In the long run, however, this may be di�erent. As clean energy becomes
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more and more competitive, the assumption of poor substitutability may no longer be

valid. Acemoglu et al. (2010) argue that the case of good substitutes is even relevant

when shorter time horizons are considered, because clean technologies must be able to

fully replace dirty technologies once they have become successful and enter the market.

If they were not able to fully substitute for conventional fossil energy, they would not

be competitive and would not be employed at all. The validity of this argument seems

a bit doubtful, since clean technologies are being used despite the fact that they are in

some cases either more expensive or less e�cient than dirty technologies, which would

in fact make them an imperfect substitute.

Nonetheless, we take up the argument from Acemoglu et al. (2010) in this variation

of the base scenario and set the elasticity of substitution between fossil and non-fossil

energy (σE) to 1.3 instead of 0.3, which implies good substitutability between the two

energy sources. Other than that, we leave all the assumptions from the base scenario

as well as the data unchanged. The results show that the variation of σE has quite a

large e�ect on the results. As expected, the e�ects on production of the regular sectors

are much smaller in the case of good substitutes (see Figure 4.21). The increase in

production of the energy-extensive sector is now only minimal, and also the decrease in

the energy-intensive sector is much smaller. Sector Z1 reduces its output only by about

5% in 2050 (compared to the benchmark). In the base scenario, the decrease in 2050

was more than 10%. Similarly large is the di�erence in sector Z2. Production in 2050

is only about 1% higher than in the benchmark, which is considerably less than the

increase of about 5% in the base scenario. As a consequence, total output is also higher

than in the base scenario (shown in Figure 4.22). This con�rms our hypothesis that

better substitutability between fossil and non-fossil energy leads to a smaller impact on

total production. Additionally, the e�ect on aggregate consumption and on welfare is

smaller as well. Welfare decreases by only 0.9%, and the growth path of consumption

is only minimally below the benchmark path.

Another positive e�ect of good substitutability between fossil and non-fossil energy is

that carbon emissions can be reduced much faster and at a lower cost. With the same

tax pro�le as in the base scenario, carbon emissions can be reduced by 90% until 2050.

The 60% reduction target from the base scenario could thus be reached with a much

lower tax, which would reduce the welfare loss and the e�ects on production even more.

The case of good substitutes also leads to di�erent e�ects on investment incentives
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Figure 4.21: Percentage change from benchmark in sectoral output after 40 years,
σE=0.3 vs. σE=1.3
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and on sectoral capital accumulation (shown in Figure 4.23). The main di�erence

compared to the base scenario is the substantial increase in capital accumulation in

the energy sector. To be more precise, given our nesting structure, this corresponds
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to an increase in capital accumulation in non-fossil energy. Hence, if fossil and non-

fossil energy are good substitutes, non-fossil energy becomes increasingly attractive

for investors and attracts even more capital than in the benchmark scenario. In fact,

capital accumulation increases even more than in the energy-extensive sector. Capital

accumulation in the two regular sectors is only moderately a�ected. In the energy-

extensive sector, there is a marginal increase (compared to the benchmark scenario),

while capital accumulation in the energy-intensive sector is slightly lower than in the

benchmark. The range in the e�ects and therefore the degree of reallocation of capital

in regular sectors is considerably smaller than in the base scenario. Due to the positive

e�ect on investments directed at non-fossil energy, total investments are signi�cantly

closer to the benchmark path than in the benchmark scenario. The assumption of

good substitutability also leads to di�erent patterns in the demand for labor and non-

accumulable capital. Demand for both inputs rises in the non-fossil energy sector

compared to the benchmark scenario. It also slightly increases in the energy-extensive

sector, while it decreases by about 3% in the energy-intensive sector. Similarly to

capital, the reallocation of the two inputs is to a larger degree in favor of non-fossil

energy rather than to the energy-extensive sector.
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Figure 4.23: Growth paths of sectoral capital stocks, σE=1.3

In the energy sector (see Figure 4.24), the picture is also drastically di�erent from the

base scenario. The impact of the tax is almost fully restricted to fossil energy. Thus,
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rather than dragging down non-fossil energy use as well, the tax almost exclusively

a�ects fossil energy, leading to a much larger decrease in the use of both natural gas

and oil. Non-fossil energy use on the other hand even increases slightly compared to

the benchmark. As a result of this, overall energy use contracts only by about 11%,

which is signi�cantly less than in the base scenario.
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Figure 4.24: Energy demand by source, higher σE=1.3

Finally, trade e�ects are also present in the case of good substitutes, but they are less

pronounced than in the base scenario. The tax still leads to a specialization in the

production of non-energy goods, but to a lesser degree than before. This again mirrors

the smaller impacts of the carbon tax on the two regular sectors.

Summing up, this scenario shows that the assumptions on the substitutability between

fossil and non-fossil energy have pronounced e�ects on the results. Using the same

pro�le as in the base scenario, the carbon tax leads to a sharper and faster decrease in

fossil energy use, implying that the same target as in the base scenario can be achieved

with a much lower tax. Additionally, it leads to much lower e�ects on regular sectors,

con�rming our hypothesis that in case of good substitutes less of the impact of the

carbon tax is passed on to the regular sectors. Furthermore, investment incentives are

di�erent if the two energy sources are assumed to be good substitutes. Considerably

more investments (both compared to the benchmark and to the base scenario) are
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directed at non-fossil energy. Capital accumulation in regular sectors and therefore

their production react less strongly. The same holds for the two inputs in intermediate

goods production, labor and non-accumulable capital. Hence, in this scenario, resources

are relocated to non-fossil energy rather than to the energy-extensive sector.

These results highlight the need for research on the elasticity of substitution between

fossil and non-fossil energy. Robust and profound estimates for this parameter would in-

crease the credibility of energy policy modeling signi�cantly and reduce the uncertainty

about the reliability of the results. Whether or not we assume fossil and non-fossil

energy to be good substitutes has a signi�cant impact on the investment incentives and

on the degree of structural change, and therefore leads to di�erent policy implications.

4.7.2 The intertemporal discount rate

Another important parameter in intertemporal models and, more speci�cally, in en-

dogenous growth theory and its application in CGE modeling, is the rate of time pref-

erence (denoted ρ from here on, see Frederick, Loewenstein and O'Donoghue (2002)

for a detailed discussion). ρ is also often referred to as the intertemporal discount

rate. It denotes at which rate the representative household discounts future utility

(or consumption) with respect to current utility. Hence, it is an important parameter

for the determination of welfare, which is measured as total intertemporal discounted

consumption. A higher value for ρ means that the representative household cares rela-

tively little about future utility and that current consumption is more relevant for the

determination of intertemporal welfare. The lower the value of ρ, the more concerned

is the representative household about its consumption in the future and hence the more

relevant future utility is for welfare. This implies that if we set a value greater than

zero for ρ, more weight is placed on consumption in the near-term relative to future

consumption.

In an energy policy context, this measure of discounting over time is apparently very

important. First of all, climate change and its side e�ects are long-term issues. Hence,

it requires policies with a long time horizon. For the evaluation of such policies and their

possible costs, it is important to what extent future costs and their e�ects on utility

are taken into consideration. Second, it is also important when calculating the costs

of undamped climate change. As Stern (2007) points out, the costs of climate change



122 CRUCIAL DYNAMICS OF CLIMATE POLICIES

if no political action is taken rise at an exponential rate over time and may augment

up to a loss of 35% of GDP per capita in 2200. An important driver of these results

is the intertemporal discount rate. Stern uses a very low discount rate of 0.1% per

annum. According to Stern, this near-zero discount rate ensures an equal treatment of

all generations and hence an intergenerational neutrality. Setting a higher discount rate

would thus lead to a lower estimate for future costs of climate change. More generally

speaking, climate change and its consequences may be perceived as being much less

serious if we discount its long term e�ects at a higher rate. This raises the question

what an "appropriate" value for ρ would be. Stern (2007) claims that from an ethical or

moral point of view, utility of future generation should not be valued less than today's

utility, and hence the discount rate should be set close to (if consumption is growing

over time) or even equal to zero.

However, Stern's choice for the discount rate has been criticized by several authors (e.g.

Nordhaus (2007) or Weitzman (2007)). They argue that the key results of the Stern

Review (most importantly the call for "strong and early action" and the notion that the

bene�ts of these actions would unambiguously outweigh their costs) critically depend

on the choice of the discount rate. With higher intertemporal discounting, the results of

the review would be far less clear-cut. Furthermore, assuming a very low discount rate,

or even complete altruism, re�ected by a value of zero for the intertemporal discount

rate, can lead suboptimal outcomes, as shown in Stephan and Mueller-Fuerstenberger

(1998). Because a high degree of altruism implies very high investments by current

generations, these generations su�er a large decrease in consumption. Compared to a

case with Pareto-e�cient internalization of climate change (which includes a positive

intertemporal discount rate), this leads to an adverse outcome. Additionally, it can

lead to ine�ciently high abatement (or, put di�erently, to "too much" abatement)

compared to the optimal path. Hence, a certain degree of intertemporal discounting is

necessary to ensure that future generations and their welfare are not too high valued

in comparison to welfare at the beginning of the model horizon. Finally, as showed by

Nordhaus (2007), near-zero discounting can imply an unrealistically high willingness-

to-pay of current generations to reduce damages in the far future. This seems especially

problematic in models with long time horizons. Given the relatively short time frame

in the CITE model, this should be less of a problem here.

In the original CITE model, and also in the scenarios discussed so far, ρ is set to 0.9%.

In this scenario, we investigate the e�ects of using a signi�cantly higher rate of pure time
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preference and set ρ to 4.5%. Changing the value of ρ is however not so straightforward,

because it does not have an explicit representation in the model. Instead, it is implicitly

de�ned as a function of other model parameters as

ρ =
1 + r

(1 + gr)1−θ
− 1,

where r denotes the nominal interest rate, gr the growth index of consumption and θ

the intertemporal elasticity of substitution in the welfare function. In the base scenario,

gr is equal to 0.1336 and θ is equal to 0.6. The interest rate r in dynamic models can be

determined (see the Appendix for the derivation and Paltsev (2004) for further details)

in the following way:

r =
(δ + grk)V0

I0
− δ,

with δ being the depreciation rate of capital, grk the growth index of the capital stock

and I0 and V0 denoting the benchmark levels of total investments (i.e. the sum of phys-

ical and non-physical investments) and the value of capital endowments respectively.

Given these relations, we can �rst calculate the interest rate r. V0 and I0 can be taken

directly from the data. V0 is equal to 68900, I0 (which is the sum of both physical and

non-physical investments) is 61900. δ and grk are set to 4% and and 1% respectively.

This results in an interest rate of 1.565%. Inserting this in the equation for ρ leads to

a value of 0.894% for the rate of pure time preference.

These equations show that the rate of pure time preference cannot be changed directly,

but only through the variation of at least one other parameter. Hence, it is reasonable

to vary the parameter that reduces comparability to the benchmark scenario the least.

Varying gr would lead to a di�erent benchmark growth path than in the base scenario

and is therefore not an option. For θ, large variations would be required to change ρ,

leading to values for θ being out of a reasonable range (i.e. signi�cantly above 1) if

ρ is to be increased to 4.5%. Therefore, we vary ρ by changing the nominal interest

rate r. This can be done by adjusting the benchmark quantities of capital and total

investments. Doing this, we increase r from its benchmark value of 1.57% to 5.2%.

This results, combined with the original values for gr and θ, in ρ being equal to 4.5%.

An intuitive hypothesis would be that a higher discount rate mitigates the e�ects of the
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carbon tax. We again use the same tax pro�le as in the base scenario, meaning that the

tax is rising over time. Political intervention is therefore more severe in later periods.

However, with a higher intertemporal discount rate, these later periods have a lower

weight in the determination of welfare. The welfare loss should thus be considerably

lower than in the base scenario. As we expect the overall e�ects of the tax to be less

severe than in the base scenario, sectoral e�ects should also be less pronounced. Results

are shown below in Figures 4.25 to 4.28.

As expected, the e�ects on overall welfare are mitigated with a higher value for ρ.

Welfare decreases by only 1.2%. However, carbon emissions are reduced by a smaller

amount than in the base scenario. To reach the same reduction target, a higher tax

would be needed. This is in line with the results of Stephan and Mueller-Fuerstenberger

(1998), who �nd that higher discounting leads (ceteris paribus) to signi�cantly lower

emission reductions. Still, the 60% reduction could be attained with a lower welfare

loss. Varying the tax pro�le so that carbon emissions are e�ectively reduced by 60%

leaves the welfare loss unchanged at 1.2%. Generally, it can be said that setting higher

discount rates ultimately results in higher policy costs if we assume that the carbon

tax is rising over time. Or put di�erently, it may lead to an overestimation of the �scal

e�orts necessary to reduce carbon emissions to a given level.
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Figure 4.25: Growth paths of aggregate consumption, higher ρ
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However, the e�ects on welfare are surprisingly small. Figure 4.25 shows that the path

of consumption in the scenario with a higher discount rate lies even slightly below the

path from the base scenario. It seems that there are two forces at play. On the one

hand, higher discounting reduces long-run e�ects on consumption by putting a lower

weight on future generation. But on the other hand, a higher discount rate also reduces

the incentives to invest in new capital varieties, leading to lower total output and thus

to lower consumption. Figure 4.25 indicates that the second e�ect dominates.

On a sectoral level, results are quite similar compared to the base scenario. Structural

change remains similar in direction (see Figures 4.26 and 4.27). The energy-extensive

sector increases its production in comparison to the benchmark, while the energy-

intensive sector slightly reduces its output. Total output decreases slightly more than

in the base scenario. This highlights the importance of investments for sectoral and

aggregate development.
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Figure 4.26: Percentage change from benchmark in sectoral output after 40 years, base
scenario vs. high ρ

In the energy sector (Figure 4.28), e�ects are similar in direction compared to the base

scenario, but a bit less pronounced. As indicated above, the carbon tax has a lower

impact on carbon emissions in the case of higher intertemporal discounting. Hence,

there is a smaller reduction in fossil energy use. The same holds for non-fossil energy.
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Figure 4.27: Growth paths of sectoral output, higher ρ
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Figure 4.28: Energy demand by source, higher ρ

Summing up, a higher intertemporal discount rate tends to mitigate the impacts on

welfare stemming from the carbon tax. Too high discount rate may thus lead to an

underestimation of the welfare losses of a given policy. Especially when we assume a

rising tax pro�le over time and thus an increasing tax burden on later generations (as
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it is done here and in many similar applied models), results may depend notably on

the value used for ρ. In case of high discounting, these higher future costs have a lower

weight in the determination of the overall e�ects, which drives the welfare losses down.

However, the e�ects of a higher discount rate on investments, consumption over time

and sectoral output indicate that there is another force that may be especially relevant in

models including endogenous growth. By reducing investment incentives considerably,

a higher discount rate may even lead to ampli�ed (rather than to mitigated) e�ects.

Due to the direct link between investments in capital varieties and sectoral growth,

higher discounting and a reduced innovation rate do not necessarily reduce the long-

term impacts of environmental regulation. When investments are the driving force

behind sectoral growth, total output and thus consumption may even be lower in case

of higher discounting despite the lower value placed on future generations and on future

costs of regulation.

This modi�cation of the base scenario illustrates that the value for the intertemporal

discount rate plays a crucial role, and that di�erent values may lead to di�erent conclu-

sions for policy. In contrast to the elasticity of substitution between fossil and non-fossil

energy (a parameter that could be based on empirical estimations if available), the dis-

cussion on reasonable value for ρ is more complex. As indicated at the beginning of

this section, moral and ethical arguments are also important in this context. In applied

policy models that aim at delivering advice to decision makers, high discounting seems

not appropriate, because there is no obvious reason why the welfare of future generation

should have a lower weight. In this sense, an annual discount rate of e.g. 5%, as it

is used in comparable studies focusing on the Swiss economy, such as Ecoplan (2007)

seems to be an extreme assumption, and it is an important part of the explanation

for the relatively low welfare e�ects they �nd, even in the case of stringent policies. It

is reasonable to assume that welfare losses under the assumption of high discounting

may be underestimated. Hence, from our point of view, relatively low discounting at

an annual rate of 1% or even lower, as it is done in the original CITE model seems to

be more appropriate in the context of applied energy policy analysis.
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4.8 The role of the knowledge intensity

In this section, we brie�y investigate the role of the knowledge intensity. The knowledge

intensity refers to the "size" of the sectoral research labs, i.e. the relative importance

of non-physical capital in the di�erent sectors. Given our modeling of capital accumu-

lation, this may be particularly relevant if the energy policy is coupled with an R&D

subsidy, as in the scenario discussed before. In such a case, a knowledge intensive sector

may bene�t from a subsidy simply because non-physical capital has a high and relevant

share in its capital accumulation process. In sectors where R&D is only a minor factor,

the positive in�uence of supporting research is supposedly smaller. When the subsidy

is expanded to support the build-up of all capital types, heterogeneity in the shares of

physical and non-physical capital indeed proved to be relevant.

So far (except for parts of the subsection on capital subsidies), we have assumed that

both regular sectors are equally knowledge intensive and that both sectors have identical

total investments. As long as no R&D policy (or generally a policy that a�ects capital

accumulation) is in place, this assumption has no distorting e�ect on the results. Since

we assume that both investment types (i.e. physical and non-physical investments) are

equally productive in capital accumulation, shares are not important if total investments

are equal. This can easily be con�rmed by dropping the assumption of equal shares of

capital types in the base scenario. Whether we assume that both sectors have an equal

share of non-physical investments or one of the two sectors is more knowledge intensive

is almost irrelevant for the results.

When the carbon tax is coupled with an R&D policy and the tax revenues are used to

subsidize to build-up of non-physical capital, the sectoral knowledge intensities are more

relevant. If we assume that the energy-extensive sector has a higher knowledge intensity,

this increases the gap between the two sectors, i.e. the sector Z2 bene�ts slightly more

than in the case with equal knowledge intensities, and output from sector Z1 decreases

a bit further. The reason for this is that the energy-extensive sector attracts more

capital in this case if R&D is more relevant. This leads to a small ampli�cation of the

e�ects observed in section 5. The opposite holds if R&D is relatively more important

in the energy-intensive sector. In this case, the negative e�ects on the energy-sector are

slightly mitigated, and generally, the range of e�ects gets smaller.

However, in both cases, the knowledge intensity does not have a big impact on the
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results. A reason for this is that the productive e�ects of capital accumulation are

essentially e�ects on total factor productivity. Investments directed at a speci�c factor,

most notably at energy, are not included in our setting. Hence, even if R&D is subsi-

dized, a sector that is both knowledge-intensive and energy-intensive cannot o�set the

negative impacts from a carbon tax, it can only mitigate the e�ects to a limited degree.

If we drop the assumption that sectors are unequally energy-intensive and instead as-

sume that sectors Z1 and Z2 are identical in every aspect except for the size of their

research lab, a higher knowledge intensity can be a comparative advantage. In this

case, if R&D is subsidized, the sector with the higher knowledge intensity is relatively

better o� when a carbon tax is implemented. More investments are directed at the

knowledge intensive sector, which results in higher output. Thus, when sectors are

similar with respect to their factor shares, the knowledge-intensity can be a decisive

factor in determining the structural e�ects resulting from policy intervention.

4.9 Conclusions

The central aim of this paper is to highlight and identify the dynamics and some key

parameters that drive the CITE model. By reducing the complexity of the original

model and removing numerous sectoral inhomogeneities, we are able to point out the

characteristics that are most important for a better understanding of the observed

e�ects.

Implementing a long-term oriented policy that aims at reducing carbon emissions, the

results show a pronounced structural shift in favor of the less energy-intensive sector.

While both sectors still grow at positive rates, production in the energy-intensive sec-

tor is reduced compared to the business-as-usual case. As a result of the policy, the

economy increasingly specializes in producing the energy-extensive good, and imports

of the energy-intensive good rise. The driving force behind the resulting growth pat-

terns is the impact on sectoral capital accumulation. After the implementation of the

carbon tax, investments in the energy-extensive sector rise and decrease in the energy-

intensive sector, leading to diverging growth patterns. Hence, environmental regulation

spurs capital formation in one sector and decreases it in the other. This indicates that

environmental policy does indeed a�ect innovation, but whether or not the e�ects are

positive depends on the characteristics of the sectors. If R&D is directly subsidized,
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the negative e�ect on the energy-intensive sector (compared to the business-as-usual

case) can be mitigated, but not fully o�set. In the long run, R&D subsidies can lead

to a superior outcome in welfare terms. Expanding the subsidy to include all capital

types can make a di�erence (compared to research subsidies) if the sectors have unequal

shares of physical and non-physical capital and if the the two capital types are good

substitutes.

Additionally, we identi�ed two parameters that are crucial, not only in this model,

but generally in numerical energy policy analysis. First, the elasticity of substitution

between fossil and non-fossil energy is important in determining the e�ectiveness of a

given policy. The better the substitutability, the lower are the taxes needed to reach

a speci�c reduction target. Given the lack of empirical estimations for this parameter,

the pronounced e�ects on the results indicate that more research in this �eld would

be valuable. Second, in growth models, the rate of intertemporal discounting ρ is

a key parameter. The results show that whether we choose relatively high or low

discounting does have a pronounced e�ect on the results. Additionally, and in line with

other studies, reductions of carbon emissions are signi�cantly smaller for a given tax

when future utility is discounted at a higher rate. Furthermore, we also show that the

knowledge intensity (or the relative importance of the sectoral research labs) is relevant

for the results, but on a smaller scale.

The positive and encouraging result of the model is that both sectors are able to grow

even if a stringent policy is put in place. However, induced innovation e�ects in the

sense of the Porter hypothesis are restricted to certain sectors, and they can at best

mitigate the negative e�ects in sectors that are heavily a�ected by the regulation. A few

points are important in this context. First, the sectoral structure is obviously highly

simpli�ed. Special characteristics of sectors or even �rms (e.g. high adaptive capacities

or learning rates with respect to new innovations) with respect to technologies are not

modeled here. Hence, it is possible that individual �rms in a given sector do bene�t

from a regulation, even if the sector at the aggregate is negatively a�ected. The lack of

data prohibits a detailed analysis in this direction. Second, it needs to be noted that

it is in fact an aim of a carbon-reducing policy to change the structure of the economy

in a way that the share of sectors with high emissions is reduced. In this sense, the

direction of the resulting structural change in the CITE model is consistent with one

of the purposes of the policy. Third, on the aggregate level, e�ects are very moderate.

Hence, in an international context, competitiveness is only minimally a�ected. And
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�nally, the policy we implement here (and also in the original version of the model) is

by no means optimal. The initial rate of the tax and its pro�le over time are chosen

arbitrarily in a way that it leads to the planned reduction of carbon emissions. However,

the results indicate that even with an optimally chosen policy, it is unlikely that induced

innovation could reverse the e�ects explained above.

Given the fact that Switzerland still does not have stringent and long-term oriented

environmental regulation and binding targets in e�ect, the results indicate that re-

ducing energy abundance and emissions before such a policy is put in place seems to

make sense. This reduces the vulnerability to carbon and energy policies and increases

competitiveness, not only on a domestic level, but also internationally. Investments in

energy-saving technologies and related research and early adaptation of such technolo-

gies can thus be crucial as a "preparation" for future regulations. A model with a more

sophisticated representation of the relevant technologies, and possibly also including

learning rates, could be useful to highlight these e�ects.
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4.10 Appendix

This appendix explains how the equations for the interest rate r and the implicit in-

tertemporal discount rate ρ (as used in section 4.7.2 of this chapter) can be derived.

We follow Lau, Pahlke and Rutherford (2002) and Paltsev (2004) and their method

of calibration for dynamic models. We �rst aim at expressing the parameter r as a

function of other model parameters and benchmark values that can be taken from the

data. Then we derive an expression for the implicit rate of pure time preference ρ.

We start by assuming that a representative consumer maximizes his lifetime utility

according to

max
∞∑
t=0

(
1

1 + ρ

)t
U(Ct), (4.1)

with ρ denoting the rate of pure time preference and U(Ct) being the utility function. In

each period, the consumer allocates his income between consumption and investments

(both by physical and non-physical investments), i.e. total output is either consumed

or invested. Thus, we have

Ct = F (Kt)− It, (4.2)

where F denotes the production function, and Kt is capital. For simplicity, we abstract

from other inputs to production (such as labor or energy). Capital is increased by

investments and is assumed to depreciate at a given rate δ. Between two periods, it

therefore evolves in the following way:

Kt+1 = Kt(1− δ) + It, (4.3)

The consumer has one decision variable (Ct), and the capital stock in t + 1 (Kt+1) is

determined by investments in period t. This means that there are two constraints, one

for Ct and one for Kt+1. To set up the Lagrangian, we �rst combine equations 4.2 and

4.3 to obtain
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Kt+1 = Kt(1− δ) + F (Kt)− Ct, (4.4)

as a side condition for the maximization problem. The Lagrangian then looks as follows

L =

(
1

1 + ρ

)t
U(Ct) + λt (Kt(1− δ) + F (Kt)− Ct −Kt+1) (4.5)

Maximization of equation 4.5 over Ct considering the evolution of the capital stock

yields the following �rst order conditions:

(
1

1 + ρ

)t
∂U(Ct)

∂Ct
= λt, (4.6)

and

λt = λt+1 ((1− δ) + F ′(Kt)) . (4.7)

Under the assumptions of perfect competition and constant returns to scale, price equals

marginal cost. In the case here, this means that the prices of consumption and cap-

ital have to be equal to the corresponding marginal costs. We can then reformulate

equations 4.6 and 4.7 in the following way:

Pt =

(
1

1 + ρ

)t
∂U(Ct)

∂Ct
(4.8)

and

PK,t = PK,t+1 ((1− δ) +RK,t) , (4.9)

where we also assumed that the marginal product of capital equals its rental rate. As

capital can either be bought or rented, this means that there are actually two prices for

capital: The purchase price PK and the rental price RK . The underlying assumption

here (again considering two time periods) is that the household purchases the capital
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stock in period t at PK,t, then rents it to the �rms at a rate RK,t and sells it again at

t+ 1.

When calibrating the model to a steady state where all variables grow at constant rates,

we also need to assume a benchmark price path. Because we calibrate the model to a

base year, we express future prices in terms of present value. Between two periods t

and t+ 1, prices in these two periods are then related in the following way:

Pt+1 =
Pt

1 + r
, (4.10)

with r being the nominal interest rate and hence the parameter we are looking for. For

convenience, we will assume that prices in the base year at t = 0 are equal to 1 (so

we have that P0 = 1). Equation 4.10 can then be generalized to express prices in any

future period τ as

Pτ =

(
1

1 + r

)τ
, (4.11)

Note that this formulation essentially implies a decreasing price path over time. In this

sense, the expression of future prices in terms of present value also prevents output

from growing without bound. In a growing economy, nominal output must be bounded

for reasons of numerical optimization. Without this restriction, the model would be

unable to �nd a solution. We can interpret this price path as being the result of some

sort of monetary policy that aims at stabilizing future development.

According to equation 4.10, we have PK,t = PK,t+1(1 + r). This can be used to remove

PK,t+1 in equation 4.9. This yields

RK,t = δ + r (4.12)

as an expression for the rental rate of capital. Equation 4.12 can be interpreted as a no-

arbitrage condition. If capital and other loans or bonds are perfect substitutes (which

is a prerequisite for no arbitrage), the two returns have to be equalized. When investing

in other loans, the household receives an interest rate r. The return on capital is RK,t

minus the depreciation rate. We can rearrange equation 4.12 to obtain r = RK,t − δ,
which is exactly the no-arbitrage condition just described.
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We need to consider two further relations. First, the data given in the input-output

table represents values and not stocks. As far as capital is concerned, this means that

the entries in the data refer to the value of the capital stock at period t (denoted Vt),

which is simply given by

Vt = Kt ∗RK,t. (4.13)

Second, in a steady state, all variables grow at a constant rate (which we de�ne by gr).

Between two periods, capital then evolves according to:

Kt+1 = (1 + gr)Kt. (4.14)

We can then use equations 4.3 and 4.14 to derive investments in the steady state. The

following equation results:

It = (δ + gr)Kt. (4.15)

This is also a familiar condition. It says that in a steady state, actual investments It
and break-even investments (δ + gr)Kt have to be equal.

Replacing Kt using equation 4.13 and implementing equation 4.12 yields the following

expression for investments in the base period (at t = 0):

I0 =
(δ + gr)V0
δ + r

. (4.16)

This can then be rearranged to obtain the equation for the nominal interest rate r used

in the main text:

r =
(δ + gr)V0

I0
− δ. (4.17)

Hence r is given as a function of initial investments and the value of the capital stock,

the depreciation rate and the benchmark growth rate.

Steady state calibration is also the basis for the derivation of the implicit rate of pure
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time preference ρ. Remember that ρ does not have an explicit representation in the

model. We can, however, derive the value of ρ implied by parameters that are used in

the model. The utility function used in the model reads

U(C) =

[
T∑
t=0

(
1

1 + ρ

)t
C1−θ
t

] 1
1−θ

. (4.18)

Preference orderings are de�ned by the marginal rate of substitution. Again given two

periods t and t+1, the marginal rate of substitution between these two periods is given

by

∂U\∂Ct+1

∂U\∂Ct
=

1

1 + ρ

(
Ct
Ct+1

)1−θ

. (4.19)

In equilibrium, the marginal rate of substitution must be equal to the relation of prices

in periods t+ 1 and t (i.e. it is equal to Pt+1

Pt
). According to equation 4.10, Pt+1 and Pt

are related in the following way:

Pt+1

Pt
=

1

1 + r
. (4.20)

In the steady state, consumption grows at a constant rate 1 + gr. We therefore have

Ct+1 = (1 + gr)Ct. (4.21)

Given this and equations 4.19 and 4.20, we get

1

1 + ρ

(
1

1 + gr

)1−θ

=
1

1 + r
, (4.22)

which is the standard Keynes-Ramsey rule. This can then be rearranged to obtain the

implicitly de�ned rate of pure time preference ρ, which is a function of r, the steady

state growth rate of consumption 1+gr and the intertemporal elasticity of substitution

θ:
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ρ =
1 + r

(1 + gr)1−θ
− 1. (4.23)

These calculations highlight that both r and ρ depend on other model parameters. In

particular, r depends on investments and the capital stock, which are both given by the

data. In combination with the depreciation rate δ and the benchmark growth rate of

capital gr, we can derive the value for r that is to be used in the model. In accordance

with other studies, we set δ to 4%. The benchmark growth rate of capital is set to 1%,

which re�ects the average growth rate of capital in Switzerland in the past 30 years.

This gives us a value of 1.57% for r. Given r, we can derive the value for the implied

rate of pure time preference ρ. According to equation 4.23, ρ is then equal to 0.9%.
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