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1 Introduction

Within less than one and a half years, Greta Thunberg protesting on her own for political actions against

climate change started the environmental movement Fridays for Future (FFF) which mobilized large demon-

strations worldwide. The reason for the popularity of the topic and thus for the momentum of organi-

zations like FFF, Scientists for Future or Extinction Rebellion are scientific publications such as more than

11,000 scientists around the world declaring that ”clearly and unequivocally [...] planet Earth is facing a

climate emergency” (Ripple et al. (2019)). To some extent, humans are perpetrators and victims of climate

change. In fact, human influence on climate change is significant and there are negative effects of climate

change on (not very far in the) future lives.

As a consequence of that, a wide range of policies has been proposed. The heterogeneity of these policy

proposals stems from, among other things, their attitude towards the economy and specifically towards

economic growth. On a more radical ecological side, there have been demands to stop economic growth

(e.g. Jackson (2017)) or to pursue even de-growth since economic growth would inevitably lead to more

and more severe environmental degradation. On the other side, though clearly not on the most extreme

end of this side, are proponents of the so-called Environmental Kuznets Curve. Their arguments generally

assert that the phase of increased pollution is only temporary and that, after some high level of income

is achieved, pollution begins to decrease again. In other words, policies aimed at economic growth are

environmental policies in the long-run: grow now, clean later.

Not surprisingly, economic scholars started to investigate the multilateral relationships between human

behavior, the economy, and the environment. Clearly, a capstone in this context was William Nordhaus

winning The Sveriges Riksbank Prize in Economic Sciences in Memory of Alfred Nobel 2018 for his research

on the effects of economic development on climate change and vice versa. Central to his and other

environmental economists’ work are so-called Integrated Assessment Models (IAM) which combine the

neoclassical one-sector growth model with an environmental feedback. Even though the IAM are used to

investigate the economy-environment cycle in the very long-run (decades or even centuries), the economic

component disregards structural transformation. This omission, however, is problematic since, as an

economy develops, the sectoral focus shifts from agriculture to industry to services. As a consequence,

this structural change implies sizable differences in emissions while the overall economy experiences

economic growth. The standard IAM fail to capture this variation which in turn also affect the economic

policy analyses in this context.

The aim of this this thesis is to fill this gap in the literature by explicitly taking the interactions between

structural change and the environment into account. For that reason, I develop a model of modern

1
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economic growth and the environment, capturing the effect of structural change on pollution and its

influence on well-being. Moreover, my model allows for the introduction of environmental policies such

as Pigouvian taxes. Thus, the contribution of this thesis is twofold: Investigating the effect of structural

change on emissions and analyzing the effects of environmental policies, such as Pigouvian or exogenous

taxes, on structural change. Figure 1 depicts a schematic overview of these research questions which aim

to capture the circular causality from structural transformation to emissions, i.e. the so-called composition

effect, and via environmental policies back to the economic structure.

Structural Change Environment
Composition effect

Policies

• Exogenous CO2 tax
• Pigouvian tax

Figure 1: Schematic research questions

In the scope of this thesis, there are three main results. First, I find that the composition effect plays a

considerable role in the explanation of emissions. Second, environmental policies such as carbon dioxide

(CO2) taxes accelerate structural transformation. Third, environmental policies which account for the

accumulating aspect of CO2 emissions for climate change, lead to an even further decrease in the labor

share of the goods sector1 than under a static setting.

The rest of this thesis is organized as follows: Section 2 presents the background, where 2.1 provides some

empirical evidence and 2.2 presents the underlying research about structural change and environmental

economics. Section 3 begins with an overview over the model and its components in 3.1. Thereafter,

section 3.2 derives the equilibrium allocations. Then, 3.3 describes the baseline model and its implications

and section 3.4 presents the baseline parameter calibration. Section 3.5 deals with the effects of environ-

mental policies, where 3.5.1 explains the effect of exogenous taxes on structural change and ultimately on

emissions, and 3.5.2 describes the structural change and emissions’ setting under a planner’s optimum.

Finally section 4 discusses some short-comings of this thesis and section 5 concludes.

1The goods sector is the aggregate of the agricultural and industry sectors. In Definition 1 I describe it in more details.

2
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2 Background

2.1 Empirical Motivation

Originally, the analysis of structural change focused on the transition from a mainly agricultural society

to a non-agricultural (mainly industrial) economy. Historically and also from the point of development

of the least developed countries, this is an important perspective. The canonical framework then implies

that countries increase their manufacturing or industry share as they grow richer until this peaks and

begins to fall again. During this process, development is accompanied by an increasing service sector

such that the service sector dominates over the other two sectors in the long-run. The longevity of this

structural transformation should be emphasized here, as the whole process can be observed over the

last 200 years. Since the second half of the twentieth century, the movement out of agriculture has been

advanced and, furthermore, manufacturing appears to have passed its peak. As a consequence of this later

stage of development, modern structural transformation is characterized by an increasing service sector

and a decreasing agriculture and industry sectors. The analysis of modern structural change (Definition

2) should take this into account, and Definition 1 is a straightforward implication of it:

Definition 1. The goods sector is defined as the composite of the agricultural and manufacturing sectors. In terms

of the United Nations (2008) ”International Standard Industrial Classification of All Economic Activities” (ISIC)

classification, this corresponds to section A through F. Complementary to the goods sector is the service sector that

constitutes ISIC sections G through P.

Definition 2. Modern structural transformation or synonymously structural change is defined as the reallocation

of labor from the goods sector to the service sector.

Figure 2 shows the structural transformation over the last 70 years.2 Specifically, it shows the median labor

shares and median value added (VA) shares of the goods and service sector grouped by geographical

regions. Abstracting for one moment from the levels and focusing on the employment shares, it is evident

that the goods sector decreases while the service sector uniformly rises. The identical finding also holds

for the value added shares, with the exception of Latin America. Finally, there are considerable level

heterogeneities between different regions; for example, Europe reaches North America’s 1960 services

share level only in the mid-eighties. An implication of these regional differences, however, is that the

last period’s shares in Asia, Latin America, and roughly Sub-Saharan Africa are very similar to the first

period’s shares in North America. Empirical Fact 1 summarizes.

2Note that these graphs are not based on all countries within the specific geographic group but only the countries that are
covered in the dataset by Timmer, G. J. d. Vries, and K. d. Vries (2015). Moreover, due to data scarcity, I ignore the entire Middle
East and North Africa.
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Figure 2: Employment shares and value added shares over time

Source: Timmer, G. J. d. Vries, and K. d. Vries (2015). Own calculations.

Empirical Fact 1. There is a uniformly rising service sector share and a uniformly decreasing goods sector share

over all regions in the world. This holds for employment and value added shares. Moreover, Asia, Latin America,

and Sub-Saharan Africa have goods and services shares in 2010 that approximately correspond to North America’s

respective shares in 1950.

In contrast to the relative point of view, a look at the absolute levels shows that there is an increase

in absolute goods: Figure 3 depicts the amount of value added in constant prices of goods over the

past 70 years, split by geographic regions. Clearly, there are considerable level differences, but the main

idea is that the qualitative behavior is very similar across all of these regions: an overall steep (linear or

partially exponential) increase in value added of the goods sector implying a multiplied real output over

this period of time. Many economists and politicians would claim that this stems from overall economic

growth and thus is symptomatic for economic development; in essence, a higher production in agriculture

and industry implies a higher consumption of these goods, which in the end is associated with higher

well-being of the people. Empirical Fact 2 summarizes the regularity:

Empirical Fact 2. The absolute level of goods production increases over all regions in the world.

From an environmental perspective, CO2 emissions are of interest since they play a sizable role for climate

change. Figure 4 shows the development of CO2 emissions in kilotons over time, again grouped by

4
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Figure 3: Goods (total) VA over time

Source: Timmer, G. J. d. Vries, and K. d. Vries (2015). Own calculations.
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Figure 4: Total CO2 over time

Source: World Bank (2019). Own calculations.
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Figure 5: CO2 emissions per GDP (2010 US$)

Source: World Bank (2019). Own calculations.

geographical regions. Ignoring the scale difference, East Asia & Pacific, Latin America & Caribbean and

Sub-Saharan Africa all exhibit increasing emissions over time. In a possibly more concave pattern, North

America’s total CO2 emissions also increase, possibly levelling off around 2000. The only outlier is Europe

& Central Asia, which shows falling emissions. For this region, however, data before 1990 is missing. All

in all, with the exception of Europe & Central Asia, Empirical Fact 3 summarizes:

Empirical Fact 3. Total CO2 emissions rise over time.

Considering the considerable heterogeneities in the levels of structural composition and the levels of ab-

solute production, absolute levels of CO2 emissions might be misleading. Thus, looking at CO2 emissions

per real GDP (emission intensity), gives insight into CO2 emissions controlling for economic development.

Figure 5 depicts the emission intensities for different geographical regions over the last 70 years. North

America shows decreasing emissions per GDP over practically the whole time period. Sub-Saharan Africa,

Europe & Central Asia as well as Latin America & Caribbean have falling emission intensities since about

1985, 1990, and 2000 respectively. Only East Asia & Pacific have an unclear pattern of emissions per GDP

over the time period. A rough summary of these observations is Empirical Fact 4:

Empirical Fact 4. CO2 emissions per constant and real GDP (emission intensities) fall over time.

As a combined example, Figure 6 shows the relationship of structural transformation and emissions for

6
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Figure 6: Structural change and emissions in the USA

Source: World Bank (2019); Timmer, G. J. d. Vries, and K. d. Vries (2015). Own calculations.

the USA. The left plot in the first line depicts the development of employment in the goods sector and the

service sector from 1950 to 2010. Employment in the goods sector is relatively constant, but employment

in the service sector increases dramatically. Consequently, the employment share of the goods sector falls,

as is shown in the right plot in the first line. In this graph I also show the value added share of the goods

sector, which also falls. Thus, the plots in the first line describe the effect of structural transformation

since 1950. The left plot in the second line graphs CO2 emissions in megatons (1Mt = 1, 000, 000t) and VA

of the goods sector in thousands and constant prices over the same time period. Both time series increase

in a quite parallel fashion. Finally, the right graph in the second line plots the employment share of the

goods sector and CO2 emission intensity over time. Similarly, these two time series develop in a correlated

way, both falling (with possibly a structural break around 1970 for the emission intensity series).

In conclusion, the empirical evidence convey that total goods production and total CO2 emissions in-

crease. Combining these two findings, I claim that overall CO2 emissions are proportional to overall

goods production. Moreover, the Empirical Facts hint towards a sizable role of structural change, in

the form of a falling goods share, for the explanation of emission intensities. Thus, the model I set up

aims to capture a combination of increasing goods production and rising total emissions while the goods

share falls and emission intensities decline. Finally, the uniform development across regions imply that

the analyses of such a model, which is calibrated to North America in 1950, can be transferred to more

7
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developing regions today.

2.2 Literature Overview

This subsection first summarizes the historical and recent literature on structural change. Then, I present

the foundations and newer findings in the realm of environmental economics. Finally, I provide an

overview of research in the intersection between structural transformation and the environment.

2.2.1 Structural Change

The analysis of the role of sectoral composition and structural transformation for economic development

has a long tradition. Historically, the focus on the economic structure has its roots in dividing an economy

into stagnating traditional sectors versus productive and accumulating modern sectors (Lewis (1954);

Ranis and Fei (1961)). Kuznets (1966) was one of the first scholars to describe the systematics that,

while a country’s income increases agriculture declines, services increase and manufacturing follows

an inverse u-shaped behavior. Kaldor (1967) emphasized the role of manufacturing productivity for

manufacturing’s growth and its significance for overall growth. Chenery (1971) focused on the speed

of structural transformation, Rostow (1977) conditioned economic progress on structural transformation,

and Syrquin (1988) called structural change the center of modern economic growth.

The current models of structural change emphasize different drivers and causes of structural transfor-

mation.3 Two of the most prominent explanations are income and price effects. The former stresses the

demand side of an economy. Specifically, Echevarria (1997); Kongsamut, Rebelo, and Xie (2001); Foellmi

and Zweimüller (2008)4 incorporated non-homothetic preferences5 as a reason for structural transfor-

mation. These preferences imply that as households become richer they shift their relative expenditure

from agricultural goods to services which then also leads to labor reallocation. On the other side, Ngai

and Pissarides (2007); Acemoglu and Guerrieri (2008) focus on the supply side of an economy and price

effects. Precisely, relative price differences, which are caused by productivity growth differences or cap-

ital intensity differences, induce structural transformation. In this context, Herrendorf, Herrington, and

Valentinyi (2015) find that differences in technological progress can explain the main technological forces

of structural change.

A straightforward extension is the combination of income and price effects: Rogerson (2008); Duarte

3See Herrendorf, Rogerson, and Valentinyi (2014); Gabardo, Pereima, and Einloft (2017) for excellent review articles. Lin
and Wang (2017) give a historical overview of structuralist versus neo-classical development policies and introduce the so-called
”New Structural Economics”.

4Note that the model by Foellmi and Zweimüller (2008) is more disaggregated than the canonical three-sector setup.
5Probably the most popular example of non-homothetic preferences is the so-called ”Engel’s (1857) Law” stating that as

income increases, the expenditure share spent on food decreases. Technically, this implies a non-linear income expansion path.

8



Lukas Wiedemann Structural Transformation and the Environment

and Restuccia (2010) set up static models with non-homothetic preferences and differential productiv-

ity growth to explain labor market and aggregate productivity differences, respectively. Finally, Bop-

part (2014) includes both income and price effects in an intertemporal setting with so-called ”price inde-

pendent generalized linearity” (PIGL) preferences (defined by Muellbauer (1975); Muellbauer (1976)) that

fall in the class of non-Gorman preferences. Among other things, Boppart (2014) finds that the price and

income effects seem to be of similar importance to explain structural change. In contrast to that, Comin,

Lashkari, and Mestieri (2015) conclude that income effects play a larger role.

Similar to the origins of the analysis of structural transformation, there is a vast amount of literature fo-

cusing on the role of structural change in developing countries: Some authors (see e.g. Matsuyama (1992);

Caselli and Coleman (2001); Gollin, Parente, and Rogerson (2002); Eckert and Peters (2018)) analyze the

movement out of agriculture to a non-agricultural economy. On the other hand, Bah (2011); Rodrik (2016);

McMillan, Rodrik, and Sepúlveda (2017); Diao, McMillan, and Rodrik (2019) find that developing coun-

tries follow different paths in their structural transformation than already developed countries and also

exhibit sizable heterogeneities among their patterns of structural change.

2.2.2 Environmental Economics

One of the very first economic models introducing the environment into a neoclassical growth model

was created by Forster (1973), who found that optimal allocations would differ when taking pollution

into account. Shortly after this publication, Dasgupta and Heal (1974) published a growth model that

included energy. The first economic analysis of environmental policies6 against climate change was done

by Nordhaus (1991), who then catalyzed the field of environmental macroeconomics with the formulation

of Dynamic Integrated Climate-Economy (DICE) models (Nordhaus (1992)). These DICE and subsequent Re-

gional Integrated Climate-Economy (RICE) models, which build on the model by Dasgupta and Heal (1974),

have been enhanced and used extensively to this day. More recently, Golosov et al. (2014), building on the

RICE model, specified the energy supply side completely, thus making it a general equilibrium model.

In one of its applications, Hassler, Krusell, and Olovsson (2018) circumvent the issue of uncertainty and

analyze the effects of policy errors under lower and upper limits of climate and economic sensitivity.7

On a more empirical research frontier, Grossman and Krueger (1993) were the first to describe that as a

country’s income increases, environmental quality first deteriorates which then, after a turning point at

some high level of income, turns around. This inverted u-shape of pollution as a function of economic

6Already Pigou (1920) derived how market failures due to externalities could be solved with a tax that internalizes the
otherwise social cost and thus induces a socially optimal solution.

7The handbook chapter by Hassler, Krusell, and Smith (2016) presents a comprehensive overview of environmental macroe-
conomics and Hassler and Krusell (2018) focus specifically on the macroeconomics of climate change.
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growth was coined Environmental Kuznets Curve (EKC) with reference to Kuznets (1955)’ discovery of a

similar relationship between inequality and income. Following these footsteps, a vast amount of scholars

empirically investigated the relationship between different environmental measures and income finding

very ambiguous results.8 In other words, the EKC is not robust and the relationship between economic

growth and environmental quality is controversial.9

Nonetheless, the first model to create an EKC was Selden and Song (1994) who adapted the model by

Forster (1973). Within a similar model Stokey (1998) also generates an EKC. Central to her model is

the role of technology, which increases production and pollution. This, however, implies that sustained

growth is not optimal. Andreoni and Levinson (2001) build another static model that generates an EKC:

at low levels of income, agents do not invest in abatement; however, at high levels of income the disutility

from pollution would get so high that agents begin to invest in pollution abatement. A dynamic version

of this model is developed by Egli and Steger (2007), who also derive a Pigouvian tax in this context. With

respect to the empirical ambiguity of the EKC, Kelly (2003) derives conditions for different forms of the

income pollution relationship.10

In contrast to the result of unsustainable growth by Stokey (1998), Hartman and Kwon (2005) find sus-

tainable economic growth in an endogenous growth setting with two goods. An earlier endogenous

growth model with two goods is introduced by Bovenberg and Smulders (1995), who look for optimal

environmental policy. Additionally, Acemoglu, Aghion, et al. (2012) present optimal policies for sustain-

able growth in an endogenous growth model with two goods. Both goods are inputs but one is clean and

the other one is dirty. Among other results, the authors find that in the optimal scenario there would be

a research subsidy and a carbon tax. However, a temporary implementation of them might be enough.11

Similarly, R. E. López and Yoon (2013); R. E. López and Yoon (2014) develop models with a clean good

and a dirty good. However, the goods are consumption complements. These papers focus on the differ-

ence between a closed versus open economy and the conditions for economic growth to be sustainable,

respectively.

Another approach is taken by Brock and Taylor (2010), who incorporate pollution into the Solow Model,

extending it to the so-called Green Solow Model, which stresses the role of convergence in emissions.

Stefanski (2013) shows that the Green Solow Model overvalues GDP growth rates and undervalues the role

8See Kaika and Zervas (2013a) for a detailed literature survey on the EKC. Some more recent but not comprehensive list in-
clude the following articles: Ulucak and Bilgili (2018) find an EKC relationship when the environmental variable is the ecological
footprint, Stern, Gerlagh, and Burke (2017)’s analysis does not provide evidence for an EKC of CO2 and sulfur dioxide. Neither
does Zoundi (2017) for CO2. Apergis (2016) finds mixed support for an EKC behavior of CO2 and Fujii and Managi (2016) find
no EKC for individual industries but for total industry and on country level of eight (including CO2) air pollutants.

9See Stern (2017) for an overall critical assessment of the EKC.
10See Kijima, Nishide, and Ohyama (2010) for a more elaborate literature review on models of the EKC.
11Fischer and Heutel (2013) review endogenous technological change models in the context of environmental policies.
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of emission intensity growth rates. Moreover, he presents a model that captures the transformation from

an agricultural economy to a non-agricultural economy which is able to generate an inverted u-shape in

emission intensity. This directly leads me to models that focus on both structural transformation and the

environment.

2.2.3 Structural Change and the Environment

A few research articles introduce the issue of structural transformation into an environmental context.

R. E. López, Anrı́quez, and Gulati (2007); Kuralbayeva and Stefanski (2013) focus on natural resources

in this context. The former authors set up a model with natural resources as production inputs and

show how structural transformation can occur merely due to the constraint of non-increasing natural

resources. On the other hand, Kuralbayeva and Stefanski (2013) concentrate on the effect of windfalls of

revenues (of natural resources) on workers’ specialization and consequently on relative productivity in

the manufacturing sector. Finally, Stefanski (2014) analyzed the effect of structural transformation on oil

demand and oil prices. Thus, all of these authors focus on a different aspect of the environment than

emissions.

Closer to my research questions, R. López and Schiff (2013); Antoci et al. (2014) develop two-sector models

with physical and natural capital as inputs. One of the sectors represents the agricultural sector, using

natural capital, while the other corresponds to the manufacturing sector. The former authors analyze the

effects of an over-exploiting agricultural sector under open access, resources versus under property rights,

finding that under open access a resource curse or complete resource depletion can occur. The latter paper

focuses on pollution generated by the manufacturing sector, which leads to endogenous industrialization

and a reduction in welfare of the agricultural workers.

Finally, there is a working paper by Wolfersberger (2019), which is closest to my thesis. The author gen-

erates structural change through the model of Ngai and Pissarides (2007) and thus focuses on different

productivity growth rates and the supply-side of the economy. My model, however, is oriented on struc-

tural transformation through the demand-side and also covers environmental policies which are omitted

in Wolfersberger (2019).12 A more detailed explanation is given in the next section.

12My model captures also supply-side factors. Though, I do not focus on them.
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3 Model

3.1 Model setup

In this subsection I first present a general overview of my model. Thereafter, the household, firm, gov-

ernment, market clearing, and the environment are presented individually, including their functional

forms.

3.1.1 Overview

My model set up builds extensively on Duarte and Restuccia (2010), which itself refers to Rogerson (2008)

for the modelling of structural change. With this foundation, it incorporate price and income effects. The

environmental part of the model is mainly based on Stefanski (2013), Bartz and Kelly (2008).

The model is kept simplistic on at least two dimensions: One, it is set up as a closed economy. This

however, could be interpreted as the global economy. Especially in the context of effective climate policies

and overall economic development, it is favorable to focus on a global setting instead of a national one.

Moreover, as shown in section 2.1, the patterns I focus on seem to (roughly) hold in all world regions.

Two, the model abstracts from inter-temporal household decisions.13 Thus, in the decentralized setting,

it is basically a sequence of static equilibria. Next to the analytic simplicity, this makes the problem

absent of discounting more than one period. From a theoretical perspective this is an advantage since the

topic of discounting is very controversial in the long-run climate change and economic growth literature.

This controversy stems from the fact that classically, periods further in the future are discounted towards

zero and the implications of climate change lose their grip (see e.g. Heal (2005); Colapinto, Liuzzi, and

Marsiglio (2017)).

Figure 7 gives a general overview over my model. At the core of the analysis are the two blue boxes

Structural Change and Environment. The effect of structural change on the environment is the so-called

composition effect. This encompasses the economic transformation from the goods sector to the service

sector. Methodologically, this transformation is measured in the change in labor shares. The effect of the

environment on structural change is represented by environmental policies such as an exogenous CO2 tax

on consumption or a social planner’s environmentally optimally implemented structural change. Thus,

there is an evident two-way interaction between structural transformation and the environment. The

environment also interacts with itself through pollution accumulation. This concludes the endogenous

side of the model, which clearly focuses on the demand side of the economy.

13In section 4, I briefly explain why a more elaborate model with capital and thus with inter-temporal decisions should not
imply major differences.
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On the exogenous side of the model, there is Economic Growth and Abatement Growth. The former affects

both the environment and structural change. The environment is detrimentally affected through goods

productivity growth, inducing higher production and thus higher emissions. This is captured in the so-

called scale effect. At the same time, however, economic growth induces structural change.14 Both these

aspects together, economic growth and structural change, can be interpreted as economic development

when defining development from a broader perspective including the economic structure. Thus, an

economy with a high goods share could, following this line of reasoning, be seen as less developed than

an economy with a higher service sector share. Finally, there is also exogenous abatement growth which

leads to less effective emissions per unit of goods output. This effect is called the technique effect.15

Structural Change Environment

Economic Growth Abatement Growth

Economic
Development

Composition effect

Pollution
accumulation

Scale effect Technique effect

Policies

• Exogenous CO2 tax
• Pigouvian tax

exog.

endog.

Figure 7: Schematic model overview

3.1.2 Household

The economy is populated by a representative household. Its size is constant at L. For simplicity, I assume

that the household does not value leisure and therefore inelastically supplies its labor each period. Thus,

the measure of total workers in the economy is identical to the household size. The household derives

utility over a composite of consumption, i.e. consuming goods cg,t and consuming services cs,t. At the

same time the household has to meet subsistence consumption of goods c̄g and has negative subsistence

consumption of services c̄s. The former can be interpreted as having necessary food and basic goods

(such as clothes, shelter, electricity, etc.) in order to ”survive”. Practically, this specification means that

only goods consumption exceeding the subsistence level creates well-being. The latter can be seen as

14This one-way direction is a model simplification since the causality between economic growth and structural transformation
is likely to go in both ways in reality. See Matsuyama (2008) for a brief analysis of this circular causality between structural
change and economic growth. However, this is not the focus of this thesis.

15The terminology of scale effect, composition effect and technique effect in the context of the decomposition of emissions goes
back to the seminal work by Grossman and Krueger (1993).
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home production of services. In other words, only after a certain amount of wealth is achieved, does the

household start to consume services provided by the market. Technically, this implies non-homothetic

preferences, i.e. income expansion paths that do not go through the origin. Standard Stone-Geary utility

achieves that.16 Specifically, my utility function, following the Definition 1, includes goods and services.

Thus, the instantaneous utility of the household takes the following form, where α is the weight on goods

consumption with α P (0, 1):

u(cg,t, cs,t) = α log(cg,t ´ c̄g) + (1´ α) log(cs,t + c̄s) (1)

However, the overall welfare of the household is also affected by the state of the environment. It should

be noted, though, that the household is not aware of its influence on the environment, thus pollution (Pt) is

a pubic bad that generates disutility. Pollution is a catch-all term encompassing all sorts of climate change

related damages.17 I assume that composite consumption and the environmental aspect are additively

separable and for simplicity I assume a constant marginal disutility of pollution χ ą 018:

U(cg,t, cs,t, Pt) = u(cg,t, cs,t)´ υ(Pt) = α log(cg,t ´ c̄g) + (1´ α) log(cs,t + c̄s)´ χPt (2)

Taking this together, the overall household’s welfare is determined by the consumption bundles and the

exposure to pollution from time t = 0 to infinity.19 Future welfare is discounted with β P (0, 1):

8
ÿ

t=0

βtU(cg,t, cs,t, Pt) =
8
ÿ

t=0

βt [α log(cg,t ´ c̄g) + (1´ α) log(cs,t + c̄s)´ χPt
]

(3)

Finally, there is a period budget constraint the household faces. In addition to the market prices (pg,t is

the goods price in period t and ps,t is the services price in period t), there is a government implementing

environmental policies in the form of taxes on goods (e.g. taxes on CO2 emissions), τg,t ě 0, which are

rebated as lump-sum transfers (Tt). The left hand side of the budget constraint can be interpreted as the

household’s expenditure, whereas the right hand side expresses the household’s total income (where wt

16Geary (1950) was the first scholar to derive this functional form and Stone (1954) estimated the corresponding linear expen-
diture system for the first time.

17These adverse aspects of climate change are, for example, water and air pollution, extreme weather phenomena and their
consequences, growing aridification and overall increasing uninhabitability of previously fertile regions, societal disruptions
caused by climate change induced scarcity, and many more.

18Weitzman (2010) shows that my formulation of environmental pollution as a ”negative” amenity is isomorphic to multi-
plicative formulations with a damage function such as for example the DICE models. However, generally, damage function
specifications imply a higher substitutability between consumption and the environment and therefore yield less stringent poli-
cies.

19Note that a majority of the analyses do not need the specific intertemporal dimension. However, the intertemporal specifi-
cation will be needed in the context of a stock pollutant. Thus, I introduce the complete setup of the model already here.
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is the wage rate in period t):

(pg,t + τg,t)cg,t + ps,tcs,t ď wtL + Tt (4)

Note that I omit taxes on labor income. However, since this is a model of inelastic labor supply, taxes

on labor are analogous to lump-sum taxes in their non-distorting effect. Thus, the lump-sum transfer

(Tt) could be interpreted as a composite of wage tax/subsidy and purely lump-sum transfer. Equation

(4) also shows that there are no taxes or subsidies on services consumption. There are two main reasons

why I focus merely on goods consumption taxation: First, I assume that services production is completely

clean, therefore there would never be an environmental tax on its consumption.20 Second, the interactions

between environmental policies and other fiscal policies would create another complexity.21 However, this

also implies that my model does not allow for a so-called double dividend, i.e. one dividend stemming from

an environmental improvement and the other dividend from using the Pigouvian tax revenues to reduce

distortionary taxes.

3.1.3 Firm

There are two firms in the economy, each producing its product (goods (Yg,t) or services (Ys,t)) with

constant returns to scale and linear in the respectively deployed labor (Li,t, i P tg, su) and scaled by the

particular productivity (Ai,t, i P tg, su):

Yg,t = Ag,tLg,t (5)

Ys,t = As,tLs,t (6)

At this point, I define total (real) production (Yr
t ) as the sum of goods and services production:

Yr
t = Yg,t + Ys,t = Ag,tLg,t + As,tLs,t (7)

Moreover, I assume that there is a constant, positive, and exogenous (but not necessarily equal) growth

20Acemoglu, Aghion, et al. (2012) introduce subsidies for research of the clean sector. However, their overall model is a model
of endogenous growth and thus these subsidies are needed to redirect innovation.

21See Goulder (2013) for a review article on this interaction.
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rate of each productivity:

Ag,t+1 = Ag,t(1 + γAg) (8)

As,t+1 = As,t(1 + γAs) (9)

The economic structure is competitive, i.e. the firms are price takers. Moreover, labor is completely mobile

across sectors leading to an equal wage rate across the two sectors. Hence, each firm’s profit function is

defined as:

πi,t = pi,tYi,t ´wtLi,t, i P tg, su (10)

3.1.4 Government

As mentioned in the household’s budget constraint, there is a government implementing goods taxes

(τg,t ě 0) and a lump-sum transfer (Tt). I assume that the government budget constraint must hold each

period, i.e. there is no governmental borrowing across time:

τg,tcg,t = Tt (11)

3.1.5 Market Clearing

Finally, there is labor, goods, and services market clearing at each point in time. Labor market clearing

implies that each period’s supplied labor has to be allocated between the goods and the service sector.

The goods (services) market clearing equation means that total goods (services) consumption is equal to

total goods (services) supply:

L = Lg,t + Ls,t (12)

Yg,t = cg,t (13)

Ys,t = cs,t (14)
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3.1.6 Environment

CO2 emission (Et) is a byproduct of goods production but not of services production.22 However, there

is not necessarily a one-to-one correspondence since there is pollution abatement, usage of clean energy

sources, and other technological factors exogenously reducing emissions per unit of goods output. Thus,

the flow emissions in period t correspond to only a fraction (Ωt) of the amount of produced goods. In

other words, Ωt corresponds to the emissions per unit of goods output:

Et = ΩtYg,t =
1

(1 + γC)t Yg,t (15)

The second equal sign in equation (15) implies that the CO2 emission per unit of output (Ωt) decreases

over time. Namely, I assume that γC is the exogenous technological change leading to cleaner emissions

and thereby effectively to less emissions, even for constant goods production.23

Besides the flow pollutant, I can also analyze the effect of environmental degradation and emissions in

stock form. This, for example, is more reasonable for CO2 emissions and their effect on public welfare.

Specifically, the accumulation of CO2 in the atmosphere drives global warming and climate change rather

than a singular CO2 emission. I capture this accumulation in the variable pollution (Pt). Moreover, a

fraction (ν P [0, 1]) of the previously emitted pollution naturally decays.

Pt = Et + νPt´1 (16)

P0 ě 0

P0 is the given level of pollution that is in the economy at time 0.24 If ν = 0, there is no accumulation of

pollution and the overall pollution accumulation is identical to each period’s emission (15), i.e. it corre-

sponds to a flow pollutant. On the other hand, if ν = 1, there is no natural degeneration and everything

that is once effectively emitted, stays in the atmosphere forever. In later analyses it is sometimes helpful

to first focus on the case of ν = 0. I call this static pollution in contrast to a dynamic pollution. The reason

for this terminology is the straightforward reason that under ν = 0 the model becomes completely static:

whereas the labor decisions and thus the economic part of my model always refer to the current period,

22A service sector being completely free of emissions is of course a simplification. In the caveats section I discuss this issue
more in detail.

23Many models have abatement as a control variable and therefore also endogenous abatement growth. In section 4 I discuss
the implications of setting up abatement exogenously.

24The value of this initial pollution level clearly depends on which time one assumes the economy to start with. Since the
model assumes to start with a relatively high goods share and subsequently only decreases this, this should be seen as the time
when the manufacturing share is at its peak.
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Figure 8: Welfare if pollution is only static emissions and χ = 1

under ν = 0, the pollution also has merely an instantaneous effect on the particular period’s utility.

After introducing the environmental component, I am now equipped to give an overview over this

model’s instantaneous welfare equation (2). It is important, however, to keep in mind that the pollu-

tion disutility stems from an externality, and thus the household is not aware of this negative effect of

goods consumption. Concretely, Figure 8 plots indifference curves on the cg-cs-plane for high and low

Ω. High Ω = 1 corresponds to the first period, i.e. when no growth in abatement technologies has yet

happened (left plot). On the other hand, low Ω « 0.25 corresponds to the last period in my baseline setup

(right plot).25 Note that for expositional reasons, I assume ν = 0 in the figures. Ceteris paribus, ν ą 0

would just imply a shift in the utility levels. Finally, the disutility of emissions parameter is χ = 1 in the

figures and the lower boundaries of the graph are chosen to be c̄g and c̄s.

The figure plots cg-cs-allocations for utility levels of 1 (yellow), 0.75 (yellow-green), 0.5 (turquoise), 0.25

(light blue), 0 (dark blue) if feasible in this range. Of course, I could have drawn many more indifference

curves that yield negative values which would be situated to the (south-)east of the dark blue curve.

Clearly, in the early period (left panel) the disutility through pollution is immanent when increasing goods

consumption. In a less severe way, however, this holds also in the right panel. The overall implications can

best be understood if I, for example, focus on the right panel and would fix services consumption levels

to cs = 2.5. For this level of services consumption, overall welfare is 0.5 at the lower boundary of goods

consumption and then increases to 0.75 for goods consumption levels of around 0.5. Increasing goods

25See section 3.4 Calibration for detailed explanations of the baseline setup.
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consumption further would lead to further increases in welfare, but not forever. In fact, for this fixed

amount of services consumption, welfare would be again merely 0.75 (0.5) for goods consumption levels

of around 1.4 (3). More generally, independent of high or low Ω, the indifference curves are u-shaped:

This implies that there are two levels of goods consumption which induce the same overall welfare. In

other words, for relatively low levels of goods consumption, the positive effect of consumption prevails

and thus increasing goods consumption increases welfare (to the left and inside of the ”u”). On the

other hand, for higher levels of goods consumption, the negative effect through the pollution disutility

dominates over the positive effects of consumption, and thus welfare decreases for even higher levels

of goods consumption (to the right of the ”u”). Finally, services consumption monotonically increases

welfare, i.e. from south to north leads to higher welfare functions.

After introducing the individual agents and components with their respective constraints, it is now time

to interact them. Specifically, in the next subsection I derive the allocations under a sequence of markets

competitive equilibrium following Definition 3. From there, I deduce a decomposed form of emissions

and emissions growth.

3.2 Equilibrium

Definition 3. A sequence of markets competitive equilibrium is characterized by a vector of allocations tLg,t, Ls,t, Yt,

Yg,t, Ys,t, cg,t, cs,t, Et, Ptu
8
t=0 and a vector of prices twt, pg,t, ps,tu

8
t=0 such that for a given set of policies tτg,t, Ttu

8
t=0,

(i) the household maximizes its welfare (3) subject to its budget constraint (4), (ii) the firms maximize their respective

profit functions (10), (iii) the government budget constraint binds (11), (iv) markets clear (12), (13), (14), and (v)

the evolution of the environmental variables is given by (15) and (16).

Necessary assumptions for the sequence of equilibria to be well defined and to be interior, i.e. positive

consumption of goods and services, are:

c̄g ă Ag,0Lg,0 (17)

c̄s ď
1´ α

α
As,0Ls,0 (18)

The corresponding mathematical proofs are in the Appendix A.1.1.

I take labor as the numeraire and normalize the wage rate (wt) to one each period. Thus, the price of

goods (pg,t) at time t and the price of services (ps,t) at time t are relative to wage. In other words, the prices

of the consumption items are given in terms of labor. Then, the first-order conditions of the firm profit

functions (10) directly imply that each consumption item’s price is equal to the inverse of the respective
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productivity:

Bπi,t

BLi,t
= 0 ô pi,t =

1
Ai,t

, i P tg, su (19)

The household is a price taker and chooses each period’s control variables (goods consumption and

services consumption) in order to maximize its utility subject to a period budget constraint. Thus, for the

household optimization I set up the Lagrangian, using wt = 1 :

L =
8
ÿ

t=0

βt [α log(cg,t ´ c̄g) + (1´ α) log(cs,t + c̄s)´ χPt
]

´ λt
[
(pg,t + τg,t)cg,t + ps,tcs,t ´ L´ Tt

]
(20)

The associated first-order conditions are:

BL
Bcg,t

= 0 ô βt α

cg,t ´ c̄g
= λt(pg,t + τg,t) (21)

BL
Bcs,t

= 0 ô βt (1´ α)

cs,t + c̄s
= λt ps,t (22)

BL
Bλt

= 0 ô (pg,t + τg,t)cg,t + ps,tcs,t = L + Tt (23)

Dividing the respective first-order conditions of the consumption items by each other gives a familiar

intra-temporal optimality condition: the marginal rate of substitution between gross services consumption

and gross goods consumption26 equals their price ratio (24). Plugging this into the first-order condition of

the budget constraint (23) gives, after some simple Algebra, the Marshallian demand functions for the

26Gross goods (services) consumption refers to actual goods (services) consumption minus (plus) the subsistence term. This
contrasts net consumption, which merely refers to the consumption item without the subsistence term.
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Stone-Geary utility:

(21)
(22)

:
α

(1´ α)

(cs,t + c̄s)

(cg,t ´ c̄g)
=

(pg,t + τg,t)

ps,t
(24)

ô cg,t =
α

(1´ α)

ps,t

(pg,t + τg,t)
(cs,t + c̄s) + c̄g (25)

ô cs,t =
(1´ α)

α

(pg,t + τg,t)

ps,t
(cg,t ´ c̄g)´ c̄s (26)

(26) in (23) : (pg,t + τg,t)cg,t + ps,t

[
(1´ α)

α

(pg,t + τg,t)

ps,t
(cg,t ´ c̄g)´ c̄s

]
= L + Tt

ô (pg,t + τg,t)cg,t = α [L + Tt + ps,t c̄s] + (1´ α)(pg,t + τg,t)c̄g (27)

ô cg,t = α
1

(pg,t + τg,t)

[
L + Tt + ps,t c̄s ´ (pg,t + τg,t)c̄g

]
+ c̄g (28)

(11) in (28) : cg,t = α
1

(pg,t + (1´ α)τg,t)

[
L + ps,t c̄s ´ pg,t c̄g

]
+ c̄g (29)

Goods demand (28) has an intuitive interpretation: The last term on the right hand side is the subsistence

consumption that is always consumed independent of its overall price. The term in the square brackets is

the so-called supernumerary expenditure. This is the income the household has left after its subsistence

consumption is fulfilled. Thus, the household will consume more goods if it values goods high (high α)

relative to services and/or goods prices (including taxes) are low. In an analogous manner I can derive

services expenditure and services demand:

(25) in (23) ô ps,tcs,t = (1´ α)
[
L + Tt ´ (pg,t + τg,t)c̄g + ps,t c̄s

]
´ ps,t c̄s (30)

ô cs,t =
(1´ α)

ps,t

[
L + Tt ´ (pg,t + τg,t)c̄g + ps,t c̄s

]
´ c̄s (31)

ô cs,t =
1

ps,t

(1´ α)(pg,t + τg,t)(
αpg,t + (1´ α)(pg,t + τg,t)

) [L´ pg,t c̄g
]
´

αc̄s pg,t(
αpg,t + (1´ α)(pg,t + τg,t)

) (32)

For (32) I used (25) in (23) and used the government budget constraint (11). There it is apparent that

even though taxes are only levied on goods consumption, they affect optimal services consumption: Via

the substitution effect, increases in the goods tax lead to increased services consumption. Assuming

for one moment that there are no taxes, i.e. τg,t = 0, (32) would simplify to (31) without the transfers

and taxes. The interpretation would be analogous to the goods demand interpretation, except for the

negative services subsistence term which corresponds to the amount of home services. Finally, the two

consumption expenditures ((27), (30)) constitute a linear expenditure system, which is typical for Stone-

Geary preferences.

I can now plug the firm’s first-order condition (19) in the goods (29) and services (32) demand equations,
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rewriting them again in expenditure form:

(19) in (29) : cg,t

(
1

Ag,t
+ (1´ α)τg,t

)
= α

[
L +

c̄s

As,t

]
+ (1´ α)c̄g

(
1

Ag,t
+ τg,t

)
(33)

(19) in (30) :
cs,t

As,t
=

(1´ α)( 1
Ag,t

+ τg,t)(
α 1

Ag,t
+ (1´ α)( 1

Ag,t
+ τg,t)

) [L´
c̄g

Ag,t

]
´ α

c̄s

As,t

1
Ag,t(

α 1
Ag,t

+ (1´ α)( 1
Ag,t

+ τg,t)
) (34)

In an application of Walras’s law, I can derive the economy’s resource constraint: plugging the government

budget constraint (11) in the household budget constraint (23), then taking the normalized wage rate of

wt = 1 @ t as given and using firms’ first-order conditions (19) for the prices, I just need goods market

(13) and services market clearing conditions (14) to arrive at the resource constraint:

L = pg,tcg,t + ps,tcs,t = pg,tYg,t + ps,tYs,t =
Yg,t

Ag,t
+

Ys,t

As,t
= Lg,t + Ls,t (35)

Generally, in this case of a simple linear production with only one input, I obtain that total output in

wage units (the total goods and services supply) equals total labor input (the total goods sector labor and

service sector labor demand by firms).

In the later analysis of emissions growth, I aim to decompose the different factors behind it: scale effect,

technique effect, and composition effect. Since the overall interest lies in the analysis of the relationship

between structural change and the environment, it is helpful to derive an explicit expression of structural

composition, i.e. the share of labor in the goods sector over total labor (σt):

σt ”
Lg,t

L
=

Yg,t

Ag,tL
(13)
=

cg,t

Ag,tL
(33)
=

1
L

[
α

(
L +

c̄s

As,t

)
+ (1´ α)

c̄g

Ag,t

]
´

(1´ α)τg,t
(
cg,t ´ c̄g

)
L

ô σt =
1(

1 + (1´ α)τg,t Ag,t
)

L

[
α

(
L +

c̄s

As,t

)
+ (1´ α)

c̄g

Ag,t

]
+

(1´ α)τg,t c̄g(
1 + (1´ α)τg,t Ag,t

)
L

(36)

I can use this now to rewrite the emission equation (15):

Et = ΩtYg,t = Ωt Ag,tLg,t = Ωt Ag,t
Lg,t

L
L = Ωt Ag,tLσt (37)

From (37), I can look at the emission growth rate, where γX is the growth rate of the variable X, i.e.
Xt+1

Xt
´ 1 = γX. Moreover, I use the approximation that the product of growth rates is zero:

γE
(«)
= γΩ + γAg + γσ (38)
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In order to get the behavior of emissions over time, I need to characterize each of the growth rates on the

right hand side of equation (38), where γΩ captures the technique effect, γAg represents the scale effect and

γσ encompasses the composition effect. Firstly, I notice that productivity growth is exogenously given and

positive: γAg ą 0. Next, I look at the growth rate of the abatement growth: Recall that Ωt =
1

(1+γC)t and

thus, (1 + γΩ) =
1

(1+γC)
ô γΩ

(«)
= ´γC ă 0.27 Finally, in order to determine the emission growth rate, I

need to characterize the remaining γσ. Note that in contrast to the other growth rates, the change rate of

the goods share is not necessarily constant. Generally, it captures the effect of structural transformation

on emissions but also the interaction of environmental policies and structural change on emissions.

In a very analogous manner, I can also derive an expression for emission intensity and for emission

intensity growth:

Et

Yr
t
=

Ωt Ag,tLσt

Ag,tLg,t + As,tLs,t
(39)

γE ´ γY
looomooon

”γE/Y

= γΩ + γAg + γσ ´ γY (40)

In the general case there is no further analytical simplification of emission intensity. In the special case of

identical productivities, however, the emission intensity growth rate would be captured by γΩ + γσ and

thus be independent of the scale effect (γAg).

γAg = γAs ñ Ag,t = As,t ” At
(12)
ñ Yr

t = AtL ñ
Et

Yr
t
= Ωtσt (41)

As argued above and as can be seen in equation (36), structural transformation depends on environmental

policies. I start by looking at the case of no government intervention (laissez-faire), my baseline model,

to illustrate the different purely non-governmental effects on the environment. Thereafter, I calibrate the

model parameters (section 3.4) such that the baseline model matches the empirical findings. This can

then, finally, be used to analyze the effects of different policies (section 3.5).

3.3 Baseline Model: Laissez-faire

Straightforwardly, no government intervention implies no taxes on goods consumption and neither lump-

sum transfers: τg,t = Tt = 0. This simplifies the above-mentioned equations tremendously. Specifically,

in a scenario without government intervention, the policy interaction with structural change disappears.

Moreover, one can directly see that the goods share converges to the preference parameter associated

27I take the logarithm of both sides and use the approximation that log(1 + x)´1 = ´ log(1 + x) « ´x for small x.
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with goods consumption relative to services consumption α, since the subsistence parameters lose their

importance as the economy becomes richer (goods and services productivities grow). This is the effect of

structural change:

σt =
1
L

[
α

(
L +

c̄s

As,t

)
+ (1´ α)

c̄g

Ag,t

]
(42)

lim
tÑ8

σt = lim
tÑ8

1
L

[
α

(
L +

c̄s

As,t

)
+ (1´ α)

c̄g

Ag,t

]
= α as As,t, Ag,t Ñ8 (43)

γσ ă 0, but concave, i.e. γσ Ñ 0 as t Ñ8 with γAg, γAs ą 0 (44)

Less developed economies are characterized by higher goods shares. This implies that in the initial period,

the goods share is larger than the preference parameter (σ0 =
Lg,0

L ą α) and thus there is negative growth

of σ over time.

Moreover, note the corollary that in the laissez-faire scenario the relative goods expenditure share is

identical to the relative labor allocation to the goods sector over total labor:

pg,tcg,t

pg,tcg,t + ps,tcs,t

(19),(5)
=
(35)

Lg,t

L
= σt (45)

I can use this case to decompose the different purely economic effects on emissions, namely the technique

effect (γΩ), the composition effect (γσ), and the scale effect (γAg). Clearly, the scale effect consists of the

increase in production, i.e. productivity growth in the goods sector (γAg). However, the composition

effect also depends on productivity growth. In other words, without productivity growth, there is no

reallocation of relative expenditure (and also labor) and thus no composition effect. This can be seen in

Figure 9 which depicts the development of emissions and its growth rates for each effect individually

without the others.

Specifically, an economy with only the scale effect and neither composition effect nor technique effect,

leads to exponentially increasing emissions over time (panel (a) in Figure 9). On the other hand, a

technique effect with no scale effect (and no composition effect) leads to decreasing emissions since the

overall emissions growth rate is negative (panel (c) in Figure 9). Finally, as mentioned above, panel (b) of

Figure 9 depicts the composition effect without the other two effects. However, as can be seen in equation

(43), if there is no productivity growth, the labor share is constant, and thus the overall emissions growth

rate is zero. This leads to emissions that stay on the initial level over time, never changing.

Clearly, it is more interesting to investigate cases of interactions between these effects. It is straightforward
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Figure 9: Individual economic effects on their own: (a) scale effect, (b) composition effect without scale
effect, (c) technique effect

that if there is no composition effect (γσ = 0) but technique effect and scale effect, the emission path

depends on the relation between the technique and scale effect: if γAg ą |γΩ| there is constant positive

emission growth and thus exponential emission (congruent to panel (a) in Figure 9). On the other hand,

if γAg ă |γΩ|, emission growth is negative and emissions therefore converge to 0 (congruent to panel (c)

in Figure 9). And finally, if γAg = |γΩ|, there is no emission growth and thus a constant emission on the

initial emission level (congruent to panel (b) in Figure 9). Note that an economy without composition

effect corresponds to the canonical analysis of one-sector models: If there is only one sector, there can be

no structural change, and thus the influence on the environment has to stem from the scale and technique

effect.

Therefore, the interesting cases include structural change and thus the composition effect. As argued

above, (43), the goods share converges to the preference parameter α. However, the speed of this conver-

gence is decreasing and thus the change rate of the composition effect is concave. In this case, there are

three possible scenarios: (a) Emission growth is overall negative and emissions converge to 0, however

with slower speed for later periods (γAg ă |γΩ + γσ| @ t). (b) Up until some time t ă t˚ emission growth

is negative (γAg ă |γΩ + γσ| for t ă t˚), at this moment t = t˚ emission growth is 0 (γAg = |γΩ + γσ|

for t = t˚), and thereafter emission growth is positive (γAg ą |γΩ + γσ| for t ą t˚). This induces u-

shaped emissions. (c) The negative growth of structural change is, even at its beginning (which is its

most negative value), not large enough (in absolute terms) to cause overall negative emission growth

(γAg ą |γΩ + γσ| @ t). Here, emissions start moderately increasing but then grow exponentially. I docu-
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ment these three scenarios in the corresponding panels in Figure 10.28
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Figure 10: The role of structural change for emissions with no government

The analysis of emission intensity and emission intensity growth is very related. Comparing the right-

hand sides of equation (38) and equation (40), emission intensity growth just includes real production

growth as an additional subtrahend (´γY ă 0). Starting from situation (a) from above, i.e. when

abatement growth and the growth rate of structural change are absolutely larger than productivity

growth and therefore emission growth is negative, an additional negative expression would just im-

ply an even more negative growth rate of emission intensity than of emissions. Correspondingly, both

emissions and emission intensity would fall. On the other extreme, if productivity growth is so large

that even subtracting the real production growth does not make emission intensity growth negative, i.e.

γAg ą |γΩ + γσ|+ γY ą |γΩ + γσ| ą 0, then both emissions and emission intensity increase over the

whole time. The interesting cases lie in between the extremes, especially the following scenario:

γE = γAg + γΩ + γσ ą 0 ô γAg ą |γΩ + γσ| (46)

γE/Y = γAg + γΩ + γσ ´ γY ă 0 ô γAg ă |γΩ + γσ|+ γY (47)

In this case there is positive emission growth and thus increasing emissions over time. However, at the

same time, emission intensity growth is negative and thus emission intensity falls. Figure 11 plots this:

The overall economy is decentralized and there are no taxes, i.e. the laissez-faire allocations. Note that the

28In this example I achieve these different effects by manipulating the abatement growth rate. Clearly, one could also change
productivity growth (as long as it is still larger than 0) or some mix of the two growth rates.
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parameter constellation is identical to above’s situation (c).29 Thus, emissions increase over time (Figure

11: right panel, top row). The labor share in the goods sector (left panel, top row) falls over time and

converges to α = 0.15. Analogously, the emission intensity (right panel, bottom row) falls. Finally, the

left panel in the bottom row depicts the decomposed growth rates of emission intensity, namely, constant

goods productivity growth (green dotted), constant abatement growth (purple dotted), the concave labor

goods share change rate (red, γσ), and the negative of real production growth rate (yellow, ´γY). The

sum of these four constitutes the emission intensity growth rate (blue, γE/Y), which is smaller than zero

and thereby induces the emission intensity behavior in the right panel, second row. Generally, since the

negative of the real production growth is almost constant, the overall emission intensity growth rate has

almost the same form as the labor goods share change rate. Finally, as shown above, the emissions (not

emission intensity) growth rate corresponds to the sum without the negative real production growth rate,

which is larger than zero.
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Figure 11: Structural change, emissions and emission intensity with no government

Another example of increasing emissions and falling emission intensity would be the simplifying as-

sumption of uniform productivity (Ag,t = As,t ñ γY = γAg with γAg ą |γΩ + γσ|). Finally, there are of

course also other scenarios in-between where emission growth and/or emission intensity growth are not

positive/negative for the entire time but change sign at some time(s). This would give a more complex

picture of emissions and emission intensity but I abstract from it for the major reason that the data does

not seem to support such involved behavior. This leads directly to the issue of calibration of my model.

29The parameter choices are motivated in the next section.
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3.4 Calibration

I chose the amount of time periods, T = 200, arbitrarily, to some extent. However, the first period

corresponds to year 1950 and I have data until year 2010, so for 60 years or 240 quarters. Generally, the

time horizon does not make a big difference, and the longer time setting brings out the behavior of the

labor variables in a clearer way. The next three variables are calibrated (very similar as Rogerson (2008)) to

match the data of the USA: α corresponds to the employment share of the goods sector in the last period

(year 2010). The reason to do so, is the fact that, as shown, the goods sector of an economy without taxes

would converge to α. Equation (33) is used to calibrate the subsistence consumption parameters c̄g and

c̄s such that the labor shares in the first period (year 1950) are consistent with the data: Lg,0
L « 0.4 and

Ls,0
L « 0.6. These imply that the goods subsistence consumption level of c̄g = 1

7 corresponds to about

one third of the household’s goods consumption in 1950 which is very similar to what Rogerson (2008)

gets for his calibrations. Since the household is of constant size, I normalize it to L = 1 without loss of

generality.

Similarly, I also normalize the initial productivities in the goods sector (Ag,0) and the services sector

(As,0) to 1. Their growth rates are oriented very closely at the values by Rogerson (2008), i.e. he gets

γAg = 0.0248 and γAs = 0.0144. A discount factor of β = 0.985 is similar to discounting in DICE models

and I trivially normalize the initial value of abatement to no abatement, i.e. Ω0 = 1. The different growth

rates in clean/abatement technology, γC, are a bit more complicated: The values in parentheses were

chosen arbitrarily to show emissions under different settings in the previous section (see Figure 10). The

baseline value γC = 0.007, however, is chosen such that γAg ą |γΩ + γσ| @ t. This implies, as shown, that

in the absence of structural transformation emissions would grow. This decision is motivated by Empirical

Fact 3. Moreover, my parameter constellations also capture the emission intensity related Empirical Fact

4.

T c̄g c̄s α β χ ν Ω0 γC

200 1/7 6/7 0.15 0.985

1;
(0.5);
(0)

0.875 1

0.007;
(0.015);
(0.026)

Ag,0 As,0 γAg γAs L Lg0 Ls0 P0 τg,t
1 1 0.02 0.01 1 0.4 0.6 0 t¨u

Table 1: Baseline parameters

The parameter for the share of pollution that remains from the previous period, ν, is taken from Bartz

and Kelly (2008) who calculated the rate of decay of the stock of pollution (1´ ν = 0.125) for different

pollutants. The parameter for the disutility of pollution, χ, is taken from Andreoni and Levinson (2001).

However, at several instances I show the implications of alternative values: χ = 0.5, χ = 0. I set the
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level of initial pollution, P0 to zero. This is a very conservative guess considering that the economy starts

around the time when the industry share is at its peak and thus has already emitted pollution until this

moment. Table 1 presents these parameters in a compact way.

Finally, the tax rate is not calibrated but chosen exogenously or as part of the model solution. In fact, the

previous section with laissez-faire policies (τg,t = 0) implied that there was no channel from the environ-

ment back to structural change. In the next section, however, I look at the effects of environmental polices

in the form of (sin) taxes on goods consumption. These effects influence the goods share σt and its change

rate γσ and consequently constitute the channel from the environment to structural transformation.

3.5 Model with Environmental Policies

The first subsection presents the general implications of taxes on goods consumption, on structural trans-

formation and consequently on emissions. In the following subsection 3.5.2 I concentrate on optimal

allocations and corresponding Pigouvian taxes.

3.5.1 Exogenous taxes

I begin with exogenous (sub-optimal) taxes on goods consumption which are rebated back through lump-

sum transfers: τg,t ą 0, Tt = τg,tcg,t. For expositional reasons I restate the intra-temporal optimality

condition that was solved for goods consumption (25):

cg,t =
α

(1´ α)

ps,t

(pg,t + τg,t)
(cs,t + c̄s) + c̄g (48)

Ceteris paribus, introducing (in contrary to a laissez-faire situation) or increasing taxes on goods con-

sumption leads to a decrease in goods consumption. The household substitutes away from goods con-

sumption to services consumption. Theoretically, the income effect through the rebated taxes could turn

the overall effect around, i.e. taxes on goods consumption leading to an overall increase in goods con-

sumption. However, this is not the case. In fact, going from a situation without taxes to a situation with

taxes (or analogously increasing taxes) always decreases goods consumption: ctax
g,t ă cno tax

g,t . The proof is

in the Appendix A.1.2.
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I look now at the goods labor share with taxes (τg,t ą 0):

σt =
1(

1 + (1´ α)τg,t Ag,t
) ( 1

L

[
α

(
L +

c̄s

As,t

)
+ (1´ α)

c̄g

Ag,t

]
+

(1´ α)τg,t c̄g

L

)
(49)

lim
tÑ8

σt = lim
tÑ8

1(
1 + (1´ α)τg,t Ag,t

)
loooooooooooomoooooooooooon

=0 as tÑ8

 1
L

[
α

(
L +

c̄s

As,t

)
+ (1´ α)

c̄g

Ag,t

]
looooooooooooooooooooomooooooooooooooooooooon

=α as tÑ8

+
(1´ α)τg,t c̄g

L

 = 0 (50)

The fact that increasing the price of goods consumption through the introduction of taxes, reduces goods

demand is not very surprising. Concomitantly, with respect to the labor share, the introduction of taxes

on goods consumption leads to a more and faster falling goods labor share compared to the no-tax

situation. In fact, as the goods labor share in the laissez-faire economy converges to α, the labor share in

the economy under environmental taxation converges to 0. The fact that this is introduced through the

increasing productivity implies that even for very small tax rates, the goods share converges to 0 in the

long-run.
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Figure 12: The evolution of emissions, the goods labor share and per period utility for different constant
exogenous taxes

In Figure 12 I plot the effects of constant exogenous tax regimes on the goods labor share, emissions,

emission growth (not emission intensity growth), and per period utility.30 The blue line corresponds

to the laissez-faire scenario. There, the goods share converges to α. Moreover, I imposed my baseline

parameter constellation that without governmental interference would lead to emission growth in the

30In section A.2.1 I document the results under the same parameter constellation but instead of constant tax rates, the tax rate
increases by 1% and 2% or 5% and 10% per period, respectively.
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long-run. These increasing emissions lead in the long-run to very negative per-period utility. Comparing

this scenario to a setup with constant exogenous taxes of 2% or 4% of the initial period’s consumption

yields one major finding: The growth rate of the goods labor share does not converge to zero but peaks

and falls again inducing an inverted u-shape share growth rate. This reversal happens around period

100 (in this setting). After this, the goods share under taxes starts to considerably diverge from the

goods share under laissez-faire. Specifically, the goods share under taxes decreases further and does not

converge to α. Moreover, the structural transformation happens a bit quicker, i.e. a goods share level of

around α is reached in an earlier period. Of course, the divergence in emissions and per-period utility

also starts around the time the goods share diverges. Emissions under constant taxes still increase but not

as fast as under laissez-faire. This behavior is reflected in the per-period utility that also falls in the tax

scenarios but not as far as the utility under zero-tax.

Moreover, exogenous taxes give me another way to stress the role of structural transformation. In Figure

13 I plot the comparison between an economy without structural change and an economy with structural

change. In the economy without structural change the goods labor share is constant over the whole

time. On the other hand, as derived above, the goods labor share of an economy with structural change

converges to α under no taxes. The two goods shares are shown in the left graph in the first line. Not

surprisingly, a higher labor allocation to the goods sector implies higher production in the goods sector

and consequently higher emissions if there is no structural transformation (second graph, first line).

The left plot in the second line shows a counterfactural scenario with hypothetical tax (blue line) that

would induce the exact same goods consumption in an economy without structural change as in an

economy with structural change but without taxes.31 In this counterfactural economy the tax rate would

first increase and then fall after around period 50. Its maximum is almost τg,t « 0.3 which is quite high,

considering the moderate tax rates 0.02 and 0.04 of Figure 12. In fact, as the red line (left graph, second

line Figure 13) depicts, from around period 10 to period 60 this tax rate would correspond to at least 20%

of the particular period’s laissez-faire goods consumption, reaching a maximum of over 35%. This means

that in order for an economy without ”natural” structural change to have the same emissions (i.e. the

same goods consumption) as a laissez-faire economy with structural transformation, extraordinarily high

taxes would have to be imposed. This stresses the role of the composition effect in the determination of

emissions. In a final step, in the right graph, second line, I plot the corresponding per period utility of such

an economy without structural change where the blue line corresponds to an economy without this tax.

The respective high emissions yield considerable disutilty. On the other hand, the red line corresponds

to the same economy with this high hypothetical tax. Utility also decreases in this scenario but by far

31The mathematical derivation is done in Appendix A.1.3.
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Figure 13: The effects of structural change

not as much as in the first case. Overall, Figure 13 underscores the role of structural transformation and

corresponding changes in emissions.

All in all, the analysis of exogenous taxes yields two important findings: First, under taxes, the goods

share growth rate loses its concave behavior. Therefore, the goods labor share decreases faster and further

than under laissez-faire policies and converges to 0, which in turn leads to decreasing emissions. Second,

when comparing economies with and without structural transformation, the role of the composition effect

for the relative reduction in emissions is significant.

3.5.2 Pigouvian taxes

The motivation to include a government that imposes environmental policies in the first place is the

negative externality from goods consumption. Intuitively, people consume but are not aware of their

consumption’s effects on the environment, and thus are likely to consume more than they optimally

would. As a consequence of this inefficiency, the social planner would impose different allocations than

the decentralized laissez-faire solution. Specifically, the government/social planner takes the negative

externality of consumption into account when determining the amount of goods to be consumed and

consequently produced. In a decentralized setting, the planner imposes a Pigouvian tax that internalizes

the external effects and leads to the same allocations within the decentralized economy that the social

planner would have implemented from its centralized and benevolent position.32 In the most general

32In the Appendix A.1.4 I set up the planner problem and derive the Pigouvian tax.
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case, I obtain the following expression for the Pigouvian tax (in real terms):

τg,t

pg,t
=

Ωtχ´ νΩt
µt+1

βt

α
(cg,t´c̄g)

+ νΩt
µt+1

βt ´Ωtχ
=

Ωtχ´ ν Ωt
Ωt+1

β
[

(1´α)
(cs,t+1+c̄s)

As,t+1
Ag,t+1

´ α
(cg,t+1´c̄g)

]
α

(cg,t´c̄g)
+ ν Ωt

Ωt+1
β
[

(1´α)
(cs,t+1+c̄s)

As,t+1
Ag,t+1

´ α
(cg,t+1´c̄g)

]
´Ωtχ

(51)

A straightforward way to interpret the Pigouvian tax is by looking at it from marginal utility and marginal

distutility perspectives. The optimal real tax on goods consumption is the ratio between the negative

external marginal goods consumption effect (through pollution) on utility and the overall marginal goods

consumption effect on utility:

τg,t

pg,t
=

Bv
BPt

BPt
Bcg,t

Bu
Bcg,t

´ Bv
BPt

BPt
Bcg,t

(52)

Specifically, the numerator corresponds to the marginal disutility per unit of goods consumption. In

other words, a change in goods consumption leads to how much change in pollution ( BPt
Bcg,t

) which in

turn leads to how much change in overall welfare ( Bv
BPt

). Next to this effect, the denominator additionally

captures the positive effect of a change in goods consumption on utility ( Bu
Bcg,t

). The sum of these two

changes is the total effect on welfare caused by a change in goods consumption, i.e. the marginal goods

consumption effect ( BU
Bcg,t

). Thus, equation (52) implies that if there is a relatively high marginal disutility

of goods consumption through pollution, the real Pigouvian tax will be higher, and if there is relatively

high marginal utility of goods consumption, the real Pigouvian tax will be lower.

For ease of interpretation, I look at the two special cases no disutility from pollution and flow pollutant exter-

nality (static pollution) before analyzing the optimal solution under a stock pollutant externality (dynamic

pollution). Note, however, that the Pigouvian tax is derived from the planner’s perspective. Thus, cg,t

refers to the goods consumption allocation the planner would have implemented under a centralized set-

ting. Since the planner takes the particular externality into account, cg,t from the static setting is different

than the cg,t in the dynamic setting. Therefore, the comparison of the different environmental policies is

not possible in a purely analytical way.

No disutility from pollution

If the household does not value the environment and therefore does not experience disutility from envi-

ronmental pollution, there is no externality. Thus, there is no need for a Pigouvian tax and the planner’s

solution should be identical to the unrestricted household optimization. Analytically, this implies that

χ = 0 (no disutility from pollution) and µt = 0 @ t (a shadow price of 0 of the pollution dynamics
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equation, i.e. the pollution dynamics equation does not show up in the welfare maximization):

µt = 0, χ = 0
(51)
ñ τ

(χ=0)
g,t = 0 (53)

Moreover: µt = 0
(A.12)
ñ

α

(1´ α)
=

pg,t

ps,t

(cg,t ´ c̄g)

(cs,t + c̄s)
(54)

Equation (54) implies that the optimal relative gross expenditures33 are equal to the relative preferences

parameters. For example, a higher valuation of goods consumption (a higher α) implies higher gross

expenditure on goods. Of course, this equation is the household’s intra-temporal optimality condition

absent of taxes (24). In conclusion, if the household is unaffected by the environment, it is optimal for the

social planner to not impose a tax on goods consumption. Hence, no tax implies the laissez-faire scenario

and above‘s analysis of the composition effect on the environment holds, though obviously without the

disutility from pollution. Again, no taxation implies no feedback effect of the environment on structural

change. Thus, in this case the goods share converges to the preference parameter α. This constitutes the

optimal structural change under no disutility from pollution.

Flow pollutant externality

Another simplifying case is pollution being a flow pollutant. In this special case, there is no accumulation

of pollution, and the pollution disutility stems merely from the effective emissions in this particular

period. In other words, the problem is completely static. In my setup this translates to ν = 0
(16)
ñ Pt =

ΩtEt:

ν = 0
(51)
ñ

τ
(ν=0)
g,t

pg,t
=

χΩt
α

(cg,t´c̄g)
´ χΩt

ą 0 (55)

The interpretation of the static Pigouvian tax is analogous to above’s interpretation with the particularity

that goods consumption has a mere instantaneous effect on marginal disutility. Specifically, the numerator

corresponds to the disutility per unit of goods consumption, i.e. the disutility of effective emissions.

The denominator includes the marginal utility of goods consumption in addition. Both numerator and

denominator are positive.34 Clearly, a positive tax on goods decreases the consumption. This implies

that the (socially) optimal structural change and the structural change under the laissez-faire equilibrium

33Gross expenditure refers to the prices times gross consumption. The latter means actual goods (services) consumption minus
(plus) the subsistence term. This contrasts net consumption which merely refers to the consumption item without the subsistence
term.

34Since ν = 0, (A.9) implies that µt = ´βtχt, I can replace this in (A.7). There, in the optimality conditions I can also see
that the numerator and denominator of the Pigouvian tax are both larger than zero and thus, a social planner would impose a
positive Pigouvian tax on goods.
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Figure 14: Optimal solutions for different levels of pollution disutility in a static setup

Figure 14 shows optimal solutions for this static setup, i.e. disutility stemming only from a flow pol-

lutant.35 Moreover, I plot different solutions for three different levels of disutility from emissions: χ =

0, χ = 0.5, χ = 1. The former one implies that there is no disutility from emissions (this corresponds to the

previous subsection) and the social planner would therefore impose the identical allocations than under

a laissez-faire scenario. Thus, in this case, the goods share falls but converges ”merely” to the preference

parameter α and emissions increase over time. Moreover, since per period utility is only determined by

consumption, the increase in emissions does not matter and per period utility rises.

On the other hand, the optimal solutions to a static emission disutility of χ = 0.5 or χ = 1 are fairly

similar to each other. As established above, the goods share converges to zero and also emission levels

stay around their initial level. Finally, per period utility increases linearly after the jump in the first period.

It would be wrong, however, to associate the different utility levels to the different policies. In fact, the

per period utility under the respective emission disutility would always be lower (equal for χ = 0) in a

laissez-faire scenario than in the social planner case.

Stock pollutant externality

Now, I am equipped to interpret the optimal solution with a dynamic aspect via the introduction of accu-

mulating pollution that generates disutility. Note that whereas the static emission disutility setup could
35The jump in the first period’s goods labor share and second period’s growth rates stems from the imposed goods and

services labor allocations in the first period. This corresponds to the goods labor share of a laissez-faire economy. In other
words, the first period in the plots can be interpreted as an economy before the implementation of policies.
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be solved by finding the root of a quadratic equation per period, the optimal solution under accumulating

pollution is intertemporally linked. Specifically, the fact that the current level of pollution also depends

on last period’s pollution, requires that goods consumption is dynamically optimally chosen. I reach this

solution with a non-linear least squares problem solver. In Appendix A.3 I present the equations that I

use in the non-linear least squares solver.

In a similar fashion as under the static pollution equation, here it is also possible to induce the optimal

solution under a decentralized setting with a Pigouvian tax. I restate the optimal Pigouvian tax (51):

τg,t

pg,t
=

Ωtχ´ ν Ωt
Ωt+1

β
[

(1´α)
(cs,t+1+c̄s)

As,t+1
Ag,t+1

´ α
(cg,t+1´c̄g)

]
α

(cg,t´c̄g)
+ ν Ωt

Ωt+1
β
[

(1´α)
(cs,t+1+c̄s)

As,t+1
Ag,t+1

´ α
(cg,t+1´c̄g)

]
´Ωtχ

(56)

The expression in the square brackets looks very similar to the intra-temporal optimality condition moved

one period into the future. In fact, the term in the square brackets together with the division by Ωt+1

and this all discounted back to the current period via the discount factor β, corresponds to µt+1. Thus, it

can be interpreted as the shadow price of one unit of pollution in period t + 1. The natural degeneration

ν implies that it refers to the part of pollution that is inter-temporal, i.e. the remaining part of today’s

pollution that will affect tomorrow’s utility. Finally this expression is multiplied with today‘s abatement,

i.e. if the amount of goods output that will be produced tomorrow would have been produced today, to

how much emission (with the abatement technology of today and not tomorrow) would this have led to.

The marginal utility/disutility interpretation also works here with the property that marginal disutilty of

consumption today has an additional temporal effect on future periods.

This implies that, as expected, if the social planner takes the dynamic nature of pollution into account,

i.e. acknowledging that there will be future disutility from emissions today via the accumulation of pol-

lution, the socially optimally implemented solution is different. Concretely, there will be even less goods

consumed, thus produced, and therefore less emissions emitted than under a ”merely” static pollution

scenario. Of course, it does not matter whether the social planner implements these allocations from a

centralized perspective or whether the planner levies Pigouvian taxes. In the end, in the optimal scenario

the equilibrium outcome is identical between a centralized solution and a decentralized solution with

optimal Pigouvian taxes.

The findings with respect to stock pollution are shown in Figure 15 and Figure 16 with χ = 1.36 The

former one compares the economy under a laissez-faire economy (blue line) to an optimal solution in

the case of a stock pollutant. The laissez-faire economy has already been interpreted, except for its stock
36In the Appendix A.2.2 I document the the same graphs with pollution disutility of χ = 0.5 and χ = 0.1. The results are very

similar.
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Figure 15: Decentralized vs. centralized solution to stock pollution

pollution, which I depict in the left plot in the second line. This clearly accumulates as emissions increase.

Over time the increasing pollution leads to strongly falling per-period utility. On the other hand, the

centralized optimal solution under a dynamic pollution setting exhibits a quickly falling goods labor

share. In fact, already around the tenth period, the goods share is smaller than α and thus smaller than

the goods share ever gets in the decentralized economy. Moreover, the overall emissions are very close

to zero. Nonetheless, the stock pollution increases a little and then falls (this is clearer in Figure 16).

In conclusion, Figure 15 implies increasing per-period utility under an optimal environmental policy,

whereas no policy leads to immense disutility.37

Another interesting comparison is given by Figure 16. Specifically, these graphs show the difference

between a centralized economy in response to static pollution disutility (previous subsection) and a

centralized economy in response to dynamic pollution disutility. I assume that there is disutility from

accumulating (stock) pollution; however, under one scenario (blue line) the government mistakenly im-

poses the polices that would have been optimal under a flow pollutant. In the other scenario (red line),

the government implements the optimal policy for this pollution setting. Specifically, the left plot in the

first line shows that if the planner takes the dynamic nature of accumulating pollution into account, the

governmental reaction is more extreme. Concretely, the goods labor share shrinks faster than under a

static setting. This of course implies lower emissions (even though the emissions in a static setting are

also falling over time) and less stock pollution. The associated per-period utility is also higher, though

the per period utility rises in both scenarios. Interestingly, the stock pollution exhibits for both cases an

37In the Appendix A.2.3 I present the corresponding goods tax in a similar manner as in Figure 13.
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EKC, where the falling part stems from the increased degeneration and smaller emissions over time.
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Figure 16: Solution to centralized flow vs. stock pollution

To sum up, I have shown that under both exogenous and optimal environmental policies structural

transformation accelerates and the goods share converges to zero instead of converging to the preference

parameter α. A government taking the dynamic nature of pollution, i.e. the role of CO2 accumulation

for climate change, into account, imposes very quickly a very low goods share. The implications of the

different policies for utility are summarized as follows: A complete laissez-faire situation (assuming no

negative effects of climate change) has by far the gravest per-period utility. Mistakenly imposing polices

for a static pollution yield higher pollution and consequently lower utility levels than when taking the

intertemporal effects of CO2 emissions into account. Finally, policies for the dynamic pollution setting are

most stringent but thereby induce the highest per period utility of the three scenarios.

Recall that my parameters were calibrated to match the USA in 1950. In section 2.1 I showed that this

structural composition is very similar to regions with developing countries today. Therefore, the analyses

of taxes do not only correspond to a theoretical or counterfactural scenario of what would have happened

if the USA would have imposed environmental policies in 1950. In fact, these analyses can be transferred

to (some) developing countries today and their reactions to possible global CO2 taxes. In line with this

reasoning, CO2 taxes generally increase the speed of structural transformation in developing regions.

More stringent policies, which account for the accumulating effects of emissions for climate change,

would induce an even more quickly falling goods share. The economic and social costs of such quick

transformation are outside of this thesis’ scope and are left for future research. Other model related areas

for future research and a discussion of central assumptions are given in the next section.
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4 Caveats and Areas for Further Research

In this section I discuss the implications of some central assumptions of my model and argue how I

would expect these discussion points to influence my results. Generally, they constitute promising areas

for future research.

Clean service sector

My model assumes that the service sector is completely clean. This assumption, of course, generates

the analytical simplicity that CO2 taxes would only be levied on goods consumption and not on services

consumption. From an empirical perspective, however, this is a stretch. For example, Kaika and Zer-

vas (2013b) mention that the emissions intensive transport (sub)sector falls into the service sector and

that high-end services occupations rely heavily on IT and infrastructure. Therefore, a split into clean and

dirty along aggregate services and goods is debatable. Nonetheless, there are two reasons supporting my

model’s assumption in this context: First, from a developmental perspective, lower-end services produc-

tion is much more human dependent and thus less energy intensive than goods production. In fact, since

my model refers to the overall structural transformation, the lower-end, less emission intensive services,

play a considerable role.

The other reason builds on ignored spill-over effects from increased wealth on preferences. In fact, some

scholars of the EKC literature argue that the disutility of pollution increases with income (see e.g. Di

Vita (2004)). If the disutility parameter increases as income rises, the social planner would impose al-

locations with even less goods consumption over time. Hence, since economic growth and increases in

services consumption coincide, the effect of this higher disutility can be, for simplicity reasons, attributed

to the increasing services share (becoming richer). This way, the ignored spill-over effect leading to less

goods consumption could be, in a very simplistic manner, associated to my service sector being clean.

Nonetheless, a more disaggregated approach of the overall sectors or maybe of clean and dirty services

could generate a more involved pattern.

Intertemporal household decisions

A relatively straightforward way to incorporate dynamic household decisions would be to use the model

of Herrendorf, Rogerson, and Valentinyi (2014) who present the model by Kongsamut, Rebelo, and

Xie (2001). It would not make a difference to stick to my two consumption items, goods and services,

instead of agriculture, industry, and services. The main distinction in their setup is that the produc-

tion functions are not linear in labor anymore but also have capital as an input. Capital itself follows
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the canonical law of motion of capital, and therefore the household decisions are not static anymore.

However, a central point is the derivation that the overall household’s maximization problem can be

split into an intertemporal and an intratemporal problem (see section 6.3.2 in Herrendorf, Rogerson, and

Valentinyi (2014)). Thus, after allocating total income among composite consumption and future capital

(the intertemporal problem), the subsequent analysis of splitting the total per period expenditure among

goods and services consumption (the intratemporal problem) is analogous to my main section’s analysis.

Therefore, the incorporation of the environment into a model of structural change which includes capital

would probably not induce major differences in the findings. Nonetheless, it would still be of interest to

test this hypothesis.

Population dynamics

In my model I set population size to be constant. However, introducing population growth could have

intriguing implications. Sticking to the assumption of inelastic labor supply, the population size would

be equal to the labor force. Therefore, the market clearing conditions would become Yi,t = Ltci,t, i P tg, su

and the lowercase letters should be interpreted as per-capita variables. Generally, an exogenous positive

growth rate of population would not alter the analysis. In this case, the scale effect should be seen as the

the composite of the two growth rates population growth and productivity growth. This way, positive

population growth would just introduce another variable but not affect the analysis in any major way.

A more promising setup would be to endogenize the population growth rate. In doing so, the falling

population growth rate could be linked to the effects of structural change which in itself affects the

environment. Considering that richer countries and regions tend to have decreasing population growth

rates, the qualitative behavior of population growth seems related to the development of the goods share

over time. In other words, endogenous population growth could be modeled as the inverse of the goods

share growth rate, maybe with some lag. This would constitute a model with a falling goods share, i.e.

negative growth that converges to 0 and, on the other hand, leveling out population, i.e positive growth

that converges to 0. Generally, analyses taking population growth into account could lead to a less clear

relationship between the economic structural transformation and emissions. Therefore, this could be a

very promising future endeavor.

Abatement

In contrast to many models in environmental macroeconomics, I set up abatement as exogenous. Though,

on a very superficial level, my model implicitly takes abatement into account when the social planner

optimizes over optimal pollution. Generally, Bartz and Kelly (2008) show how a setup with endogenous
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abatement is isomorphic to a setup with pollution as an input in production. Since the focus of my thesis

is on the effect of structural change on emissions and because the modelling of structural transformation

relies on my simple production functions, I restrained from endogenous abatement. Possibly, in an

analogous manner as capital in the production function, endogenous abatement could be modeled here.

Moreover, modeling abatement as an endogenous control variable would put a stronger emphasis on the

intra-household trade-off between goods consumption and the environment. In doing so, the pollution

disutility would have to lose its externality character to some extent. Nonetheless, setting up abatement

as a control variable, could affect the results in either direction.

Calibration

On a related note, calibrating the abatement growth rate closer to some actual data would locate my model

closer to reality. More generally, the overall issue of calibration plays a particular role in the context of

whether developing countries develop similarly as developed countries. Even though my data references

convey a largely homogeneous development, in section 2.2 I mentioned several studies emphasizing

the heterogeneity between developing and developed countries’ structural transformation. One relevant

reason might be the difference that I looked at geographical aggregates, whereas other authors focused

on specific countries. Thus, using my model on more disaggregated data could shed some light on this

controversy.

Policies

My analysis of optimal environmental policies in a decentralized setting referred to the use of Pigouvian

taxes. However, in order to derive an optimal Pigouvian tax the social planner would need to know the

optimal allocations and uncertain, possibly heterogeneous parameters such as the disutility of pollution.

As a consequence of that, the theoretical optimal Pigouvian tax has only limited use in practical policy

making. This issue, however, is not unique to my analysis. Some scholars, e.g. Golosov et al. (2014)

impose some rather strong assumptions, which in turn allow them to derive a Pigouvian tax that does

merely depend on a few parameters. Possibly, a similar approach could be used in my model.

Moreover, the introduction of other taxes and/or subsidies and thus the role of second-best taxation

could influence the interaction of structural change and emissions. Another omitted area in the aspect of

goods taxation is the issue of heterogeneous consumers. Specifically, poorer households consume more

goods and are therefore more affected by environmental taxes. Therefore, environmental policies act like

regressive taxation (Klenert et al. (2018)). This is, to some extent, another dimension but still of high

relevance, especially in a setting with developing and developed countries and global CO2 taxes.
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5 Conclusion

This thesis developed a model capturing the circular relationship between structural transformation and

the environment. The structural component is widely neglected by standard one-sector IAM. Thus, this

model can account for the differing CO2 emissions stemming from the sectoral shift of the goods sector to

the service sector. The composition effect captures this relationship. In addition to this effect, the model

also includes the scale effect, i.e. increasing emissions due to increased production, and the technique

effect, which exogenously decreases effective emissions per unit of goods output. Finally, the emissions

accumulate to pollution which itself induces disutility, however, in the form of an externality.

The analysis of exogenous taxes yields two findings. First, under CO2 taxes, the goods share falls faster

and converges to zero instead of converging to the preference parameter α ą 0. Second, the considerable

role of the composition effect is illustrated in the comparison between an economy without structural

transformation but with a hypothetical tax and an economy with structural change. In fact, to achieve

the same structural transformation in both economies, the former one would need tax rates of up to 35

percent of laissez-faire consumption.

Taking the disutility caused by pollution into account, an optimal planner’s solution, or analogously,

Pigouvian taxes can be derived. The Pigouvian tax scenarios stress the role of the accumulation of

emissions to pollution by conveying that optimal structural transformation is considerably quicker than

laissez-faire structural change. Moreover, the difference between optimal allocations of a static pollution

setting and optimal allocations of a dynamic pollution setting underscore that policies which take the

intertemporal dimension of CO2 emissions for climate change into account are more stringent. In a more

real world related context, these findings imply that imposing global CO2 taxes would lead to increases

in the speed of structural transformation of developing countries. Moreover, structural change would

accelerate even more if policies are targeted more rigorously against climate change.

Finally, there are issues which are not covered in this model or that are kept very simplistic. Examples

of these topics are the completely clean service sector, no capital in the production function, abstraction

from population growth, exogenous abatement, calibration to geographical aggregates, and that there

are no other policies apart from the environmental taxation. These and many other areas are left for

future research. Nonetheless, this model intended to bring structural transformation into the center of

an economic growth model with accumulating emissions. Consequently, the composition effect and its

interaction with environmental policies should be taken into account, especially in models analyzing the

nexus between economic development and climate change.
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López, Ramón E., Gustavo Anrı́quez, and Sumeet Gulati (2007). “Structural Change and Sustainable De-

velopment”. Journal of Environmental Economics and Management 53(3), pp. 307–322.
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A Appendix

A.1 Mathematical Derivations

A.1.1 Derivation of assumptions about subsistence terms

Here, I derive how the assumption about the goods subsistence term (17) implies positive gross goods

consumption for all periods and the assumption about the services subsistence term (18) implies positive

net consumption of services for all periods.38 In other words, these assumptions make sure that the

maximization problem is well defined (cg,t ą c̄g ñ log(cg,t ´ c̄g) exists) and the solution is interior

(cs,t ą 0 ñ Ys,t ą 0 @t). Recall that taxes on goods are τg,t ě 0 and the transfer is used to rebate these tax

revenues Tt = τg,tcg,t:

c̄g ă Ag,0Lg,0 = cg,0 ď cg,t @t (A.1)

c̄s ď
1´ α

α
As,0Ls,0 =

1´ α

α
As,0

[
L´ Lg,0

]
=

1´ α

α
As,0

[
L´

cg,0

Ag,0

]
(A.1)
ă

1´ α

α
As,0

[
L´

c̄g

Ag,0

]

ď
1´ α

α
As,t

[
L´

c̄g

Ag,t

]
ď

1´ α

α
As,t

L + τg,t
(
cg,t ´ c̄g

)
loooomoooon

ě0 (A.1)

´
c̄g

Ag,t


=

1´ α

α
As,t

[
L + Tt ´

(
1

As,t
+ τg,t

)
c̄g

]
(31)
ô cs,t ą 0 @t (A.2)

38Gross consumption refers to the aggregate of consumption item and the corresponding subsistence term, whereas net con-
sumption refers to the consumption item without the subsistence term.
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A.1.2 Derivation of less goods consumption under taxes

Here, I show that goods consumption with taxes is always smaller than goods consumption without taxes.

Thus, the substitution effect prevails over the income effect:

0 ă Ls,t +
c̄s

As,t

ô Lg,t ă L +
c̄s

As,t

ô
Ag,tLg,t

Ag,t
´

c̄g

Ag,t
ă L +

c̄s

As,t
´

c̄g

Ag,t

ô pg,t
(
cg,t ´ c̄g

)
ă L + ps,t c̄s ´ pg,t c̄g

ô pg,tτg,t
(
cg,t ´ c̄g

)
+ pg,t

[
L + ps,t c̄s ´ pg,t c̄g

]
ă τg,t

[
L + ps,t c̄s ´ pg,t c̄g

]
+ pg,t

[
L + ps,t c̄s ´ pg,t c̄g

]
ô pg,t

[
L + Tt + ps,t c̄s ´ (pg,t + τg,t)c̄g

]
ă (pg,t + τg,t)

[
L + ps,t c̄s ´ pg,t c̄g

]
ô

α

(pg,t + τg,t)

[
L + Tt + ps,t c̄s ´ (pg,t + τg,t)c̄g

]
+ c̄g ă

α

pg,t

[
L + ps,t c̄s ´ pg,t c̄g

]
+ c̄g

ô ctax
g,t ă cno tax

g,t (A.3)

A.1.3 Derivation tax rate under no structural change

The goods demand of an economy without structural transformation can be derived from equation (33)

with c̄s = c̄g = 0. Practically, without the subsistence terms the utility function becomes homothetic and

thus goods and services consumption and labor allocation correspond to a constant share. Starting from

this equation, the derivation of the tax rate that leads to the same goods consumption under an economy

without structural change as in an economy with structural change but without taxes, is straightforward:

First, I use the equation to derive the goods consumption with structural change but with no taxes:

cstruct.,τg=0
g,t . From this value I subtract the equilibrium goods consumption with no structural change but

with taxes: cno struct.,τg‰0
g,t . Since this difference is zero if both economies demand the same amount of

goods, I can use this new equation to get and expression for the per period tax rate. In other words,

applying this tax rate to an economy without structural change would induce the exact same goods

consumption than for an economy with structural change (but no taxes):

cstruct.,τg,t=0
g,t ´ cno struct.,τg,t‰0

g,t = 0 ô cstruct.,τg,t=0
g,t ´

α̃L
1

Ag,t
+ (1´ α̃)τg,t

= 0

ô τg,t =
α̃L

(1´ α̃)cstruct.,τg,t=0
g,t

´
1

(1´ α̃)Ag,t
(A.4)
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The replacement for cno struct.,τg‰0
g,t in the first line stems from equation (33) under the condition that the

subsistence terms are zero: c̄g = c̄s = 0. Moreover the constant goods share of the economy without struc-

tural change, corresponds to the first period’s goods share of the economy with structural transformation.

Theoretically, this implies a different parameter for the valuation of goods over services consumption:

α̃ =
Lg,0

L .

A.1.4 Derivation of Pigouvian tax

Here, I set up the planner problem that internalizes the external effects. Comparing the solution of this

centralized setup with the obtained solution to the decentralized setup allows me to derive the Pigouvian

tax which induces the optimal solution even in a decentralized economy. Generally, this approach is

closely related to Egli and Steger (2007). The social planner chooses a sequence of goods and services

consumption to maximize household’s utility. However, the planner is aware of the pollution disutility

and thus can internalize it:

UPlanner(cg,t, cs,t, Pt) =
[
α log(cg,t ´ c̄g) + (1´ α) log(cs,t + c̄s)´ χPt

]
(A.5)

The associated Lagrangian of this social planner welfare function subject to the resource constraint (35)

and the environmental evolution equation (16) is given by:

LSP =
8
ÿ

t=0

βt [α log(cg,t ´ c̄g) + (1´ α) log(cs,t + c̄s)´ χPt
]

´ λt

[
cg,t

Ag,t
+

cs,t

As,t
´ L

]
´ µt

[
Pt ´Ωtcg,t ´ νPt´1

]
(A.6)
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The associated first order conditions are:

BLSP

Bcg,t
= 0 ô βt α

(cg,t ´ c̄g)
+ µtΩt = λt

1
Ag,t

(A.7)

BLSP

Bcs,t
= 0 ô βt (1´ α)

(cs,t + c̄s)
= λt

1
As,t

(A.8)

BLSP

BPt
= 0 ô µt+1ν´ βtχ = µt (A.9)

BLSP

Bλt
= 0 ô

cg,t

Ag,t
+

cs,t

As,t
= L (A.10)

BLSP

Bµt
= 0 ô Pt = Ωtcg,t + νPt´1 (A.11)

In order to get rid of the Lagrange multipliers, (1), I plug (A.8) solved for λt in (A.7) which I then can solve

for µt. (2), I plug this solution for µt and the same solution evaluated at t + 1 in (A.9) which I will use in

the final step. Then, (3), I insert (A.9) into (A.7). (4), I solve the result of (3) for λt, which I can then set

equal to the decentralized household’s optimization ((21), which I solved for λt and where I replaced the

goods price with 1
Ag,t

). I solve this for the tax rate which gives me the externality internalizing Pigouvian

tax rate. Finally, (5) I insert the detailed solution obtained in (2) into the tax rate equation:

(1) : βt α

(cg,t ´ c̄g)
+ µtΩt = βt (1´ α)

(cs,t + c̄s)

As,t

Ag,t

ô µt =
1

Ωt
βt
[

(1´ α)

(cs,t + c̄s)

As,t

Ag,t
´

α

(cg,t ´ c̄g)

]
(A.12)

(2) :
ν

Ωt+1
βt+1

[
(1´ α)

(cs,t+1 + c̄s)

As,t+1

Ag,t+1
´

α

(cg,t+1 ´ c̄g)

]
´ βtχ =

1
Ωt

βt
[

(1´ α)

(cs,t + c̄s)

As,t

Ag,t
´

α

(cg,t ´ c̄g)

]
(A.13)

(3) : βt α

(cg,t ´ c̄g)
+ Ωt

(
µt+1ν´ βtχ

)
= λt

1
Ag,t

(A.14)

(4) : Ag,t

[
βt α

(cg,t ´ c̄g)
+ Ωt

(
µt+1ν´ βtχ

)]
= βt α

cg,t ´ c̄g

1
1

Ag,t
+ τg,t

ô βt α

(cg,t ´ c̄g)
+ Ωt

(
µt+1ν´ βtχ

)
+ τg,t Ag,t

[
βt α

(cg,t ´ c̄g)
+ Ωt

(
µt+1ν´ βtχ

)]
= βt α

cg,t ´ c̄g

ô τg,t =
´Ωt

(
µt+1ν´ βtχ

)
Ag,t

[
βt α

(cg,t´c̄g)
+ Ωt (µt+1ν´ βtχ)

] (A.15)

(5) : τg,t =
´Ωt

(
ν

Ωt+1
βt+1

[
(1´α)

(cs,t+1+c̄s)
As,t+1
Ag,t+1

´ α
(cg,t+1´c̄g)

]
´ βtχ

)
Ag,t

[
βt α

(cg,t´c̄g)
+ Ωt

(
ν

Ωt+1
βt+1

[
(1´α)

(cs,t+1+c̄s)
As,t+1
Ag,t+1

´ α
(cg,t+1´c̄g)

]
´ βtχ

)]
ô τg,t Ag,t

loomoon

=
τg,t
pg,t

=
Ωtχ´ ν Ωt

Ωt+1
β
[

(1´α)
(cs,t+1+c̄s)

As,t+1
Ag,t+1

´ α
(cg,t+1´c̄g)

]
α

(cg,t´c̄g)
+ ν Ωt

Ωt+1
β
[

(1´α)
(cs,t+1+c̄s)

As,t+1
Ag,t+1

´ α
(cg,t+1´c̄g)

]
´Ωtχ

(A.16)
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A.2 Robustness

A.2.1 Increasing exogenous taxes

In this subsection I present the findings for exogenous increasing taxes instead of exogenous constant taxes.

The general findings do not differ dramatically, though the scale is larger than the results in section 3.5.1.

Overall, increasing taxes (Figure 17) lead to a faster decline in the goods share than under constant taxes.

Thus, emissions also increase less before tipping and then falling again (in other words, representing an

environmental Kuznets curve). This tipping point happens when overall emissions growth gets negative,

which is the case when the governmental affected goods share growth rate together with the abatement

growth rate exceed (in absolute terms) the goods productivity growth rate. Since abatement growth is

constant, this behavior is entirely driven by the goods share growth rate. This increases, falls, and for later

period increases again, converging. The final increase stems from the periods when the goods share has

reached almost zero. Overall utility falls and then increases again. Interestingly, the per-period utilities

under a tax regime of 2% are higher than under a tax regime of 1%. Most clearly, this is based on

the higher tax scenario leading to less emissions and thus less disutility that enter linearly in the utility

function.
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Figure 17: The evolution of emissions, the goods labor share and per period utility for different increasing
exogenous taxes: 1%, 2%

In Figure 18, I present the same graphs for tax increases of 5% or 10% per period, respectively. Very

straighforwardly, the goods share decreases even faster and also converges to zero. Similarly, the emis-

sions converge to zero. In contrast to Figure 17, the emission growth rate reaches zero in an earlier period
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and thus the emissions begin to decrease from an earlier period on. The per period utility shows an

interesting pattern: For the 5% per period increase, the per period utility first falls but then increases in

a concave way. The per period utility for the 10% tax increase, however, first diminishes, then increases,

and finally falls again. Since the emissions are very similar to the emissions in the ”5% per period in-

crease” scenario, the fall in per period utility is most likely coming from a severe decrease in income and

thus overall consumption, and not from the disutility of pollution. Finally, the comparison between the

respective growth rates of the goods labor share show a u-shaped behavior. This implies, that these high

increasing taxes skip the increasing goods growth rate and directly decrease until the tipping point is

reached, after which the goods share increases again but is still negative for all periods.
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Figure 18: The evolution of emissions, the goods labor share and per period utility for different increasing
exogenous taxes: 5%, 10%

A.2.2 Stock pollutant analysis with different pollution disutility

In Figure 19 and Figure 20 I display the same graphs as in Figure 15 and in Figure 21 and Figure 22 I

report the same graphs as in Figure 16 with the only difference that the disutility of pollution is merely

χ = 0.5 and χ = 0.1, respectively. The planner’s solution are very similar, namely even for relatively

low disutility of pollution, structural transformation accelerates. The major exception is the planner’s

solution that does only account for a static pollutant with a very low disutility of pollution (χ = 0.1).

Here, emissions increase over time. Another bigger difference is the utility graphs of the laissez-faire

scenarios: obviously, the experienced disutility from pollution is not as severe as under χ = 1.
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Figure 19: Decentralized vs. centralized solution to stock pollution with χ = 0.5
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Figure 20: Decentralized vs. centralized solution to stock pollution with χ = 0.1
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Figure 21: Solution to centralized flow vs. stock pollution with χ = 0.5
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Figure 22: Solution to centralized flow vs. stock pollution with χ = 0.1
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A.2.3 Tax rate for stock pollutant

This subsection emphasizes the comparison between a laissez-faire scenario and a scenario with optimal

goods tax against stock pollution. Thus, it builds on the subsection Stock pollutant externality in section

3.5.2, however, here the focus is on the corresponding goods tax rate. Proportional to the differences in

emission, the left plot in Figure 23 graphs the highly differing goods consumption under a laissez-faire

scenario and under an optimal tax scenario. As analyzed previously, this plot underlines that without

taxation goods consumption increases exponentially, whereas under optimal tax it decreases and then

stays relatively constant. The right graph in this Figure shows how high the corresponding tax would

have to be to induce the optimal outcome. In fact, the maximum of the goods tax would be higher than

8 and thus, this tax rate would correspond to almost 20 times the laissez-faire goods consumption. This

is, of course, extraordinary high. However, this stems from the accumulating nature of emissions and the

concomitant need for reduced emissions from early on.
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Figure 23: Tax in stock pollution scenario with χ = 1
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A.3 Dynamic Equations Setup for Numerical Solver

I set up the problem with both labor lead allocations (Lg,t+1, Ls,t+1) as control variables, where Li,t+1 =

[Li,1 ¨ ¨ ¨ Li,T]
1 , i P tg, su. This constitutes a set of 2ˆ T unknowns: Lg,1, ..., Lg,T, Ls,1, ..., Ls,T. Moreover, I

take Lg,0 and Ls,0 as given and thus have from the combination with the labor lead vectors directly vectors

for the current labor allocations (Lg,t, Ls,t). The 2ˆ T unknowns are solved with the following system of

2ˆ T equations:

Mt =
ν

Ωt+1
β

[
(1´ α)

(As,t+1Ls,t+1 + c̄s)

As,t+1

Ag,t+1
´

α

(Ag,t+1Lg,t+1 ´ c̄g)

]
´ χ´

1
Ωt

[
(1´ α)

(As,tLs,t + c̄s)

As,t

Ag,t
´

α

(Ag,tLg,t ´ c̄g)

]
(A.17)

Λt = L´ Lg,t+1 ´ Ls,t+1 (A.18)

Note that equation (A.17) is equation (A.13) with the right-hand side brought to the left-hand side and

using ci,t = Yi,t = Ai,tLi,t, i P tg, su. This equation states intra- and inter-temporal optimality conditions.

Clearly, in equilibrium Mt should be zero. Similarly, also Λt (stemming from equation (A.10) and using
ci,t
Ai,t

=
Yi,t
Ai,t

= Li,t, i P tg, su) should be zero in equilibrium. This equation ensures that goods and services

labor add up to total labor each period. I use the non-linear least squares solver ”lsqnonlin.m” in MATLAB

which allows me to impose the further conditions that both labor allocations are between zero (strictly

speaking larger than zero) and (smaller than) L in all allocations: Li,t P (0, L), i P tg, su.
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