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Abstract 
 
Carbon dioxide emissions are a major force driving climate change. We construct scenarios of 
CO2 emissions from fossil energy until 2100 in Europe. Major innovations are first that 
economic growth is based on an endogenous economic growth model and second that we 
calibrate our model to historical data on population and GDP since 1850. We provide 
statistically valid confidence intervals of economic growth to indicate the accuracy of our 
forecasts and we show that aggregate forecasts vary with their spatial resolution. We find 
stronger income divergence between Western- and Eastern European countries than is 
projected in the ‘Middle of the Road’ scenario of the so-called Shared Socioeconomic 
Pathways (SSP2), a framework which was adopted together with the Fifth Assessment Report 
of the Intergovernmental Panel on Climate Change (IPCC AR5). 
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1. Introduction

Emission scenarios help to anticipate potential temperature increases and consequential

damages. The IPCC Special Report on Emission Scenarios by Nakicenovic et al. (2000)

reveals a wide range of projections from near zero emissions worldwide in 2100 to an over

tenfold increase compared to 1990. In these scenarios income per capita growth is a major

determinant of future emissions, and a great source of uncertainty. Nevertheless, in the

scenario literature and in Integrated Assessment Modeling economic growth is not system-

atically studied, and the underlying growth models do not re�ect the rapid development

of economic theory since 1990.

The aim of this study is to construct carbon dioxide emission scenarios for Europe until

2100. We introduce three innovations. First, economic growth is modeled using a re-

cently developed model of endogenous growth by Jones (1995), rather than older models

of Solow (1956) or Koopmans (1965). Second, the model is formally calibrated, using data

that span a period (1850-2008) longer than the projection period (2008-2100). Third, de-

riving from the quality of the calibration, this work provides statistically valid con�dence

intervals of economic growth, which translate into a measure of uncertainty regarding fu-

ture carbon emissions. Forecasts are made on the country level and for Europe as a whole,

so that we can assess the e�ect of spatial resolution on best projections and con�dence

intervals. In addition, we compare our results to earlier projections.

In the theoretical literature of environmental economics endogenous growth models have

been applied in varied forms. Bovenberg and Smulders (1995) for instance evaluate the

impacts of environmental policies on the long run equilibrium in a two sector economy

with constant returns to the non-diminishing factor and endogenous pollution-augmenting

technological progress. Smulders (1995) investigates the feasibility of long-run economic

growth given the scarcity of natural resources and stresses the importance of new growth

theory when addressing the limited nature of certain natural resources.

In the Integrated Assessment literature there have been sustained e�orts to endogenize

technological change. The best known models in this regard are the WITCH model (see

Bosetti, Massetti and Tavoni (2007)), the ENTICE model (see Popp (2004)) and the

DEMETER model (see Gerlagh and van der Zwaan (2003) and Gerlagh et al. (2004)).

These models have in common, that they entail at least two competing energy technologies

and endogenized technological change (for further reference on directed technical change
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see also Acemoglu et al. (2012) and Pottier, Hourcade and Espagne (2014)). The WITCH

and the DEMETER model are both based on a learning-by-doing approach. However, in

these models long-run economic growth is still driven by exogenously given growth rates.

To our best knowledge the only calibrated model in which the economic growth engine is

speci�ed in the spirit of new growth theory is a CGE model by Bretschger, Ramer and

Schwark (2011). The model is calibrated to match a number of di�erent emission trajecto-

ries using a Swiss input-output table. As an application the authors simulate the economic

e�ects of potential carbon policies.

In this paper economic growth is modeled based on the product variety approach as �rst

suggested by Romer (1990). We �nd that in order to keep future carbon emissions until

2100 constant, Western Europe would have to reduce its' energy and emission intensities

by roughly 1% annually, while in Eastern Europe and former USSR countries 0.5% of an-

nual reductions would be su�cient. This is the case, since our calibrations yield higher

annual growth rates in Western Europe than in Eastern Europe and former USSR coun-

tries. This is even more striking considering that current per capita carbon emissions in

Western Europe are approximately 21% higher than in Eastern Europe. Because of past

economic turmoil our con�dence intervals of future carbon emissions turn out to be larger

in Eastern Europe and former USSR countries than in Western Europe. In addition, there

are relatively large discrepancies between forecasts on the aggregate and on the country

level, which in some cases tend to underestimate future growth and thus carbon emissions.

In the following section we present and discuss our choice of data sets employed in the

calibration. Section 3 proceeds with the methodological approach and our choice of pa-

rameter values. A summary of all results will be discussed in section 4. This entails carbon

emissions projections and their corresponding con�dence intervals on the country level as

well as for Europe as a whole. In addition we provide a comparison of the sum of all

country-wise forecasts and the aggregate forecast for Europe. In section 5 we compare

our income and emission pathways to the SSP and RCP scenario framework which was

codeveloped with the Fifth Asessment Report of the Intergovernmental Panel on Climate

Change and in section 6 we conduct a sensitivity analysis regarding the discount rate and

the capital share. Finally, section 7 concludes.
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2. Data

The data set comprises 23 countries or regions in Europe. In addition, we construct ag-

gregates for Western Europe, Eastern Europe and Europe as a whole. The data set covers

annual observations from 1850 to 2008. This allows us to pick up historical time trends

and to project those into the further future. Several boundary changes in Europe's past

turn the collection of data into a cumbersome business. Because we are interested in time

series which are not in�uenced by the changing geographical size of a country, the data

was compiled as if today's borders had been in place since 1850. Former Czechoslovakia,

the USSR and Yugoslavia were each aggregated into one region.

Population

Historical data on population by country is available in Angus Maddison's historical statis-

tics (see Maddison (2010)). Coverage is complete by country and year starting in 1920.

In addition, data are complete in 1850. This allows for cubic and in rare cases linear in-

terpolation to �ll in gaps. In those cases where boundary changes led to a sudden change

in the population size we construct a replacement which re�ects the current geographical

size of the regarding country. Annual population forecasts by country from 2011 to 2100

are provided by the United Nations (see United Nations (2010)). Figure 1 illustrates past

and future population growth in Europe and Russia. Apparently, a population maximum

is expected to be reached shortly after 2000.
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Figure 1: Sample population in total Europe and Russia
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Income

Income between 1850 and 2008 was taken from Angus Maddison's historical statistics and

adjusted to the current geographical size of each country. For some countries there are

no observations before 1870 available. In those cases missing observations were �lled in

by linear data extrapolation. Since 1850 our sample income in Europe and Russia has

increased by a factor of 34 (see �gure 3). Growth has been relatively constant except for

some kinks during the Second World War and the collapse of the German Wall and the

communist system.

Capital share

Past and future capital shares in Europe are controversially discussed. The Kaldor facts

(Kaldor (1961)) state that long run capital shares have been relatively constant over

time. For a discussion see for instance Kongsamut, Rebelo and Xie (2001), Foellmi and

Zweimüller (2008) and Acemoglu (2009). So far the literature has made ample use of

their straighforwardness. However, recent empirical �ndings suggest that in a number

of developed countries capital shares have been strongly increasing for some decades. In

Blanchard (1997) the estimated capital share in some European countries increases from

0.32 in 1980 to roughly 0.4 in 1995. Jones (2003) provides empirical data on capital shares

in OECD countries since 1960, which have been non-constant over time and in a number of

countries in Europe these have been increasing signi�cantly. In this study we assume that

the capital share in Europe before 1850 was constant at 25%; in other words, before 1850

the capital-income ratio assumes its steady-state value. After 2100 we assume the capital

share to stagnate at 45%. This premise together with the assumption of a constant pop-

ulation growth rate after 2100 leads to steady-state growth some years later. In between

we explore the possibility of an increasing capital share. To keep our results comparable

between countries, we assume the same evolution of capital shares in all countries as is

given in equation (1), where (1− σ) represents the capital share (see also �gure 2).

1− σ = arctan((year − 1975) ∗ 0.02) ∗ 0.084 + 0.35 (1)

In section 6 we present a continuum of assumptions regarding the capital share and

show that our results are relatively sensitive towards these assumptions. In the bigger part

of the literature however, a careful examination of the assumptions regarding the capital

share is excluded from the analysis and capital shares are at a constant and at a seemingly
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Figure 2: Assumed capital share

arbitrary level.

Energy use and carbon emissions

Annual data on energy use by country since 1960 is available at the World Bank online data

base. Data on annual carbon emissions from fossil fuel by country since 1751 is available

in a very comprehensive collection by Boden, Andres and Marland (2013).

Figure 3 illustrates how past carbon emissions in Europe and Russia have been increasing

until 1980. Later on we observe their sudden decline, while income continues to grow.

Therefore, we assume that future energy and emission intensities until 2100 will continue

to decrease. The rate at which both are assumed to decrease will be part of the analysis

in section 4.

3. Model

Carbon emissions (Xt) are subdivided into four partially observed components: population

(Pt) growth, income per capita (Yt/Pt) growth, changes in the energy intensity (Et/Yt)

and in the emissions intensity (Xt/Et). That is, we use the Kaya identity to decompose

carbon emissions 1:

Xt = Pt ∗
Yt
Pt
∗ Et
Yt
∗ Xt

Et
(2)

Our focus is on endogenizing economic growth and on a quanti�cation of the uncertainty

that is tied to economic growth. Future population sizes are taken from UN forecasts and

1As has for instance been done in Ho�ert et al. (1998) and Tol and Pacala (2009).
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Figure 3: Sample income and carbon emissions in total Europe and Russia

energy and emission intensities are assumed to decrease at constant rates, which will be

part of the analysis in section 4, thus they are outside of our growth model.

The economic model depends on innovation-based growth as described in Romer (1990).

Growth is driven endogenously by pro�t maximizing agents who invest in the creation of

new technologies and thereby increase overall productivity. Technological change is char-

acterized as an increasing variety in intermediate products. To circumvent scale e�ects,

which arise for non-zero rates of population growth, we calibrate the model variant of

Jones (1995). The aim of this section is to give a brief introduction to the model. For

further detail the reader is referred to the original paper.

The economy consists of three sectors, a �nal output sector, a sector producing intermedi-

ate product varieties and a research sector. The latter develops blueprints, needed for the

production of additional variants of intermediate goods, which are employed in the pro-

duction of �nal output. Economic growth is endogenous in the sense that growth derives

from the invention and pursuit of new technologies by pro�t maximizing agents.
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Final output is derived from labor and a variety of intermediate inputs 2:

Y = (φL)σ
∫ A

0
xi

1−σ di (3)

where 0 < φ < 1 represents the share of labor, L, which is allocated to the production of

�nal output Y and A is a stock of intangible knowledge about the production of variants.

It denotes the number of blueprints that is available for the production of intermediate

products and thus represents technological progress in the economy. xi denotes the amount

of variant i that is employed in the production of �nal output and σ represents the pro-

duction elasticity. Because symmetric, pro�t maximizing, monopolistic �rms determine

the quantities in which intermediate product variants are produced, they are produced in

equal amounts using one unit of capital, K, for the production of one unit of intermediate

input x: K = Ax. Thus, the social production function above can be reduced to:

Y = (AφL)σK1−σ (4)

In the research sector the creation of new blueprints pro�ts from the stock of intangible

knowledge accumulated in the past and from the labor share (1 − φ)L allocated to the

research sector:

dA

dt
= Ȧ = αJA

ηA [(1− φ)L]ηL (5)

ηA and ηL denote the production elasticities and αJ is an exogenous technological pa-

rameter.

Each �rm in the intermediate sector, having purchased one blueprint from the research

sector, acts as a pro�t maximizing monopolist for the production of its own variant. Since

�nal good production is constant scale, we can consider it as one price-taking �rm. Thus

intermediate �rms maximize their pro�ts by choosing the optimal price of an intermediate

input. Production costs in the intermediate sector derive from the cost of capital. Because

all �rms in the intermediate sector are symmetric, all variants are produced in the same

quantity and all �rms yield the same pro�ts π:

π = σ(1− σ)Y
A

(6)

2From here on we drop the time index.
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r represents the interest rate towards capital and is a formal result derived from the

pro�t maximization in the intermediate sector:

r = (1− σ)2 Y
K

(7)

The patent price PA of a blueprint will be bid up among �rms in the intermediate sector

until it equals the present value of all pro�ts that a monopolist can extract:

PA(t) =

∫ ∞
t

e−
∫ τ
t
r(s) dsπ(τ) dτ (8)

In the research sector all earnings derived from the sale of new blueprints to the inter-

mediate sector are allocated to the reimbursement of labor:

wL = PA
Ȧ

(1− φ)L
(9)

where wL denotes wages in the research sector. Hence, there are no pro�ts in the research

sector. In the �nal output sector the marginal cost of labor equals its marginal revenue:

wY = σ
Y

φL
(10)

where wY denotes wages in the �nal output sector. In equilibrium both wages are equal.

Households maximize their discounted utility and have constant elasticity preferences:

max

∫ ∞
0

U(c)e−ρt dt (11)

U(c) =
c1−θ − 1

1− θ
(12)

Lower case c represents per capita consumption. θ is the elasticity of marginal utility

and ρ the discount factor.

Household optimization is subject to the budget constraint:

K̇ = rK + wL− PAȦ+Aπ − C − δK (13)

where w denotes the equilibrium wage in the research and the �nal output sector and δ

represents a constant rate of capital depreciation.

On the balanced growth path the economy grows at rate:
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Ȧ

A
= gA =

ηL
1− ηA

n (14)

which derives from equation (5) and

gA = gy = gc (15)

where lower case variables represent per worker ratios. The growth rate of the economy

does not depend on its size as in Romer (1990) but on the population growth rate. For a

discussion about stylized facts and non-scale models of economic growth see Jones (1995)

and Eicher and Turnovsky (1999).

The model is fully determined by a system of four di�erential equations describing the

evolution of the stock of intangible knowledge A, the accumulated capital stock K, house-

hold consumption C and the patent price for new blueprints PA and one static condition

regarding wage equality:

Ȧ = αJA
ηA [(1− φ)L]ηL (16)

K̇ = Y − C − δK (17)

Ċ =
C

θ
(r − ρ− δ − n) + nC (18)

ṖA = rPA − π (19)

σ
Y

φL
= PAαJA

ηA [(1− φ)L](ηL−1) (20)

Equation (17) is equvalent to equation (13). Equation (18) representents the optimal

path of household consumption maximizing household utility (see equation (11)). Equa-

tion (19) is the derivative of equation (8) with regard to time and equation (20) is a static

condition of wage equality in the research and the �nal output sector (see equations (10)

and (9)). In order to solve this system of simultaneous di�erential equations, A,K,C and

PA have to be transformed into stationary variables whose equilibrium growth rates are
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zero (for the transformation see the appendix). Numerically we use the relaxation algo-

rithm (see Trimborn (2008)) to solve equations (16) through (20) simultaneously.

We calibrate the model such that the squared residual between observed and calibrated

income is minimized. All parameter values are given in table (1). Since the population

growth rate, n, is non-constant, the numerical solution of the model has to account for

transitory dynamics. The resulting pathway of income per capita until 2100 is not on the

balanced growth path. We choose our parameters of calibration to be ηA and ηL, which

determine the growth rate of the economy (see equation (14)). Hence, we do not impose

any assumption about economic growth on the calibration in the �rst place, except for the

common non-negativity and non-increasing-returns-to-scale constraints. Imposing ηA < 1

eliminates unwanted scale e�ects as in Romer (1990). Economic growth depends on the

growth rate of the labor force, rather than on its level.

Table 1: Parameters of the model

Symbol Description Value Source

ρ discount factor 0.015 DICE 2013

θ elasticity of marginal utility 1.45 DICE model 2013

(1-σ) capital share in �nal output production non-const. see section (2)

δ capital depreciation rate 0.1 DICE model 2013

n population growth rate non-const. own calculations

αJ technological shift factor 1 assumption

0 ≤ ηA ≤ 1 productive elasticity of technology - parm. of calibration

0 ≤ ηL ≤ 1 productive elasticity of labor - parm. of calibration

We construct con�dence intervals of future income per capita based on the assumption

that ηA and ηL follow a truncated multivariate normal distribution. We draw a large

sample of random values for ηA and ηL and use these to derive their corresponding income

per capita projection. The 95% con�dence interval represents all forecasts except for the

2.5% highest and lowest income per capita projections.

To determine the distribution of ηA and ηL, we derive their covariance matrix as in

Amemiya (1985). Assuming that the residuals, εi, between our observed and estimated

income from 2009 to 2100 are independently and identically normally distributed, which
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is a bold assumption since we are dealing with time series, our income estimates, yi, follow

the distribution below:

yi ∼ N(µi, σ
2I) =

1√
2πσ2

e−
ε2
i

2σ2 (21)

where µi denotes the expected value of yi and σ2 represents its variance. Thus the

likelihood for the whole sample is:

L =
N∏
i=1

1√
2πσ2

e−
ε2
i

2σ2 (22)

withN representing the number of forecasts. We derive the corresponding Log-Likelihood

function:

lnL = Nln

(
1√
2πσ2

)
− 1

2σ2
(ε′ε) (23)

and simplify further:

lnL =
−N
2
ln(2π)− N

2
ln(σ2)− 1

2σ2
(ε′ε) (24)

In a second step we derive the Hessian, which is a matrix of second derivatives of equation

(24) with regard to vector κ as de�ned in equation (26). Since the derivates with regard

to ηA and ηL are identical, both will be referred to as η:

H =
∂2lnL
∂κ∂κ′

=

− 1
2σ2

∂2(ε′ε)
∂2η

1
2σ4

∂(ε′ε)
∂η

1
2σ4

∂(ε′ε)
∂η

N
2σ4 − (ε′ε)

σ6

 (25)

with

κ =

 η
σ2

 (26)

It turnes out that H is a diagonal matrix, because the expected value of the �rst deriva-

tive of the sum of squared errors with regard to η is null. The covariance matrix of κ is

the inverse of the negative expected value of the Hessian:

Cov =
[
−E[H]

]−1
(27)

Assuming that ηA and ηL follow a truncated multivariate normal distribution and once

we have estimated ηA and ηL and their covariance matrix as described above, we can draw

a large sample of random parameter values for ηA and ηL and derive their corresponding

income per capita projection as well as their con�dence interval until 2100.
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4. Results

First, we calibrate the Jones model of economic growth for 26 countries and regions in

Europe by minimizing the squared residual between observed and calibrated income from

1850 to 2008. Our parameters of calibration are the production elasticities ηA and ηL

in the research sector. Table 2 shows all calibrated parameter values for ηA and ηL and

their corresponding variance and covariance. For most countries and regions we achieve

a very good �t. In countries marked with an asterisk, we attain a dissatisfactory �t. In

those cases calibrated income remains below observed income between 1850 and 2008 and

ηA and ηL are underestimated. This is the case, because for these countries our model

does not converge for higher values of ηA and ηL. Given the observed and expected paths

of population growth and the assumed path of capital shares between 1850 and 2100,

there is no optimal path of consumption which allows for the transition of the model

and provides a better �t to observed past income. To di�erentiate between both we set

the barrier at a 5% deviation of our calibrated income from observed income in 2008. A

better �t would be possible to achieve for a di�erent set of parameter values. However, to

maintain comparability between countries, we prefer to use the same parameter values for

all countries.

The variances in our parameter estimates give us a crude idea of the uncertainty that is

tied to future income per capita growth. However, there is no linear relationship between

the size of the con�dence intervals of future income per capita growth and the variance

and covariance of our parameter estimates. Among others this is mostly the case because

future population growth is expected to di�er tremendously between countries (see United

Nations (2010)). To derive the covariance of our point estimates, we need to determine

the second derivative of the likelihood function (see equation (25)). However, usually the

model does not converge for a deviation of ηA and ηL into all directions. In those cases

where the corresponding sum of squared errors (SSE) is consequently missing, we construct

SSEs by averaging neighboring values. In addition, since the optimum is surrounded by

nearly symmetric SSE values, some gaps can be �lled by re�ecting the data.

In a second step we construct future carbon emission scenarios according to equation

(2) using UN population forecasts, own income per capita forecasts and energy as well as

emission intensity projections. The resulting future emissions and their components are

summarized for Western Europe, Eastern Europe, Europe as a whole and the Former USSR

13



Table 2: Coe�cients, Variances and Covariances

Country ηA V ar(ηA) ηL V ar(ηA) Cov

Austria * 0.55 0.0096 0.55 0.0038 1e-05>Cov>-1e-05

Belgium 0.66 0.012 0.74 0.0041 -0.0069

Denmark 0.66 7.607e-05 0.75 1.044e-04 1e-05>Cov>-1e-05

Finland 0.62 1.77e-04 0.77 2.058e-04 1e-05>Cov>-1e-05

France * 0.58 0.0027 0.81 0.0037 1e-05>Cov>-1e-05

Germany 0.63 5.149e-04 0.78 3.56e-04 -2.367e-04

Italy 0.66 1.634e-04 0.82 2.419e-04 1e-05>Cov>-1e-05

Netherlands 0.37 1.373e-04 0.78 154e-04 1e-05>Cov>-1e-05

Norway * 0.60 9.997e-04 0.74 0.0012 1e-05>Cov>-1e-05

Sweden * 0.65 5.575e-04 0.73 7.649e-04 -3.323e-04

Switzerland 0.64 0.001 0.76 0.001 1e-05>Cov>-1e-05

UK 0.59 2.202e-04 0.64 4.025e-04 1e-05>Cov>-1e-05

Ireland * 0.68 0.0039 0.68 0.0301 1e-05>Cov>-1e-05

Greece 0.58 0.0023 0.75 0.0017 -0.0018

Portugal * 0.62 0.0014 0.64 6.985e-04 1e-05>Cov>-1e-05

Spain * 0.55 0.0122 0.55 0.0049 9.919e-04

Western Europe 0.71 3.919e-04 0.73 5.561e-04 -3.759e-04

Former Czechoslovakia * 0.60 0.0018 0.63 0.0018 1e-05>Cov>-1e-05

Former Yugoslavia * 0.37 0.0017 0.78 0.0017 1e-05>Cov>-1e-05

Bulgaria * 0.60 0.0011 0.74 8.944e-04 1e-05>Cov>-1e-05

Hungary 0.71 8.533e-04 0.74 0.002 -7.795e-04

Poland 0.43 9.436e-04 0.77 0.0012 -6.786e-04

Romania 0.34 0.0011 0.82 0.0011 1e-05>Cov>-1e-05

Eastern Europe 0.52 0.0021 0.80 0.0013 -7.21e-04

Europe 0.67 2.738e-04 0.75 3.141e-04 -1.513e-04

Former USSR 0.37 0.0025 0.78 0.0027 1e-05>Cov>-1e-05

In countries marked with an asterisk calibrated income is more than 5% lower than observed income

in 2008.
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in �gures 4 to 7. Future economic growth substantially di�ers between these regions. Table

3 summarizes the mean, upper and lower bound of annual growth rates (averaged over the

21st century). Projected growth is clearly strongest in Western Europe, followed by Eastern

Europe and the former USSR. Hence, we �nd income divergence. In the scenario literature

and in Integrated Assessment Modeling this is rather uncommon, yet not unexpected given

that other models typically have a Solow growth model. Many analyses assume income

convergence between Eastern and Western European countries such that future income

per capita growth in Eastern Europe is assumed to be higher than in Western Europe.

However, this is not what we have observed in the past. Since 1850 Western European

economies have on average been growing at higher rates than Eastern European economies.

Therefore, the Jones model will project similar growth patterns into the future. In addition,

according to UN forecasts of population growth, the Eastern European population will be

strongly reduced after 2000 (see �gure 5) while the Western European population size will

stay relatively constant (see �gure 4). In our model this will also have a negative e�ect on

the economies' growth rate (see equation (14)).

The con�dence intervals on income are not symmetric. In Western Europe income is more

likely to be underestimated, while in Eastern Europe it is more likely to be overestimated.

In addition, the con�dence intervals do not have the same width. The variation around

the mean in Eastern Europe is much larger than in Western Europe, re�ecting greater

economic (and other) turmoil in the past.

Table 3: Forecasted annual average growth rates in %

Region Mean Upper bound Lower bound

Western Europe 1.81 1.83 1.58

Eastern Europe 1.06 1.49 0.85

Europe 1.61 1.83 1.39

Former USSR 1.05 1.31 0.71

Since energy and emission intensities are outside of our model, we choose three constant

rates of their annual reduction for which we calculate future paths of carbon emissions.

These rates are 0.5%, 0.75% and 1%. The reader may decide for himself which rate he

thinks is the most plausible one.

In Eastern Europe (�gure 5) and the former USSR (�gure 7) we observe a very strong
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decline in past carbon emissions from around 1989 to 1998, which is probably linked to the

collapse of the communistic system. However, future carbon emission projections in this

paper are based on own forecasts regarding income per capita growth, population growth

data and on future energy and emission intensity projections. Hence, these big hikes have

a very indirect e�ect on our carbon emission projections. Further we do not take into

account trade and carbon leakage. Peters and Hertwich (2008) �nd that in a number of

European countries in 2001 embodied emissions in imports were signi�cantly higher than

in exports. Thus we expect that our point estimates underestimate future consumption

based carbon emissions.

Alltogether, in order to keep future carbon emissions roughly constant, Western Europe

has to decrease its energy and emission intensities by approximately 1% per year, while

in Eastern Europe and the former USSR an annual reduction by 0.5% would be su�cient.

Since Western Europe is predicted to grow faster, it has to engage in heavier emission

reduction schemes than Eastern Europe, to keep its future carbon emissions constant.

Notably, Western Europe's energy and emission intensities are below the ones in Eastern

Europe in 2008, however, its carbon emissions per capita in 2008 are approximately 21%

higher. In addition, emission forecasts in Eastern Europe and former USSR countries

reveal larger con�dence intervals due to higher uncertainty in income per capita growth.

Further, we �nd that carbon emission projections turn out di�erently when a region is

calibrated as a whole as opposed to calibrations made on the country level, which are

aggregated subsequently (see �gure 8). We �nd that the carbon emissions forecast for

Europe is higher, when it is calibrated as a whole and that the con�dence interval of this

aggregate forecast is much larger than that of the sum of country-wise forecasts. One

reason why the disaggregate forecast is substantially lower than the aggregate forecast is

that in some cases on the country level ηA and ηL are underestimated, because of the non-

convergence of the model for higher values of ηA and ηL, as was discussed above. Therefore,

the aggregate point estimate is a more reliable forecast of future carbon emissions in

Europe. However, in those countries where we achieve a good �t of observed income, the

average con�dence interval is smaller than that of the aggregate forecasts. In those cases

the usage of country level data adds information to our estimations and thus turns into

more precise forecasts. Because of spatial correlation between countries it makes sense that

the aggregate point estimate is surrounded by a larger con�dence interval.
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Figure 4: Kaya Decomposition of Carbon Emissions in Western Europe

b: Income per Capita after 2008 is sourrounded by a shaded area representing the 95% con-

�dence interval. c, d: Energy Use rel. to GDP and Emissions rel. to Energy Use after 2008

were extrapolated assuming annual reductions of 0.5%, 0.75% (solid line) and 1%. e: Carbon

Emissions after 2008 were calculated for the following annual energy and emission intensity

reductions: 0.5%, one 0.5% and the other 0.75%, 0.75% (solid line), one 0.75% and the other

1% and �nally 1% (top to bottom). The shaded areas represent the 95% con�dence intervals of

the resprective annual energy and emission intensity reduction with regard to the uncertainty

in income per capita. Thus, the darkest area represents the 95% con�dence interval for an

annual reduction of the emissions and energy intensity by 0.75%.
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Eastern Europe
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Figure 5: Kaya Decomposition of Carbon Emissions in Eastern Europe

See �gure 4 for explanations.
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Figure 6: Kaya Decomposition of Carbon Emissions in Europe

See �gure 4 for explanations.
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Former USSR
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Figure 7: Kaya Decomposition of Carbon Emissions in the former USSR

See �gure 4 for explanations.
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Figure 8: Aggregated and Disaggregated Carbon Emissions Projection for Europe
Carbon emissions projections and con�dence intervals in Europe if both the energy and the

emission intensity are reduced by 0.75% annually. Aggregate: Europe calibrated as a whole.

Disaggregate: The sum of all emissions calibrated on the country level.

5. A comparison with the SSP framework

Together with the Fifth Assessment Report of the Intergovernmental Panel on Climate

Change (IPCC AR5) a new framework of so-called Shared Socioeconomic Pathways (SSPs)

and Representative Concentration Pathways (RCPs) was adopted. In this section we com-

pare our own income projections in this paper with the SSP pathways.

The SSPs comprise of worldwide GDP, population and urbanization data until 2100 grouped

into 32 regions. All three time series are available for 5 di�erent scenarios, of which SSP2

is the 'Middle of the Road' scenario, with which we compare our results. Three modelling

teams, one each at IIASA, OECD and PIK, have made projections for GDP. Each team

used models with di�erent growth dynamics, although they are comparable in the sense

that in all three models growth is driven by increases in primary inputs, labor-augmenting

e�ciency improvements and total factor productivity improvements (Lutz et al. (2014)).

However, the degree to which these forces in�uence economic growth di�ers in each model.

The IIASA model places more emphasis on growth induced by human capital increases,

while the PIK model places more weight on the long run total factor productivity growth

rate. The OECD model after 2016 is similar to that of PIK. Before this date the data is

calibrated towards projections made by OECD, IMF and World Bank. In the SSP2 sce-
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nario all three groups implemented medium total factor productivity growth at the frontier

and a medium speed of income convergence between countries. In �gures 9 through 11 we

compare the three GDP pathways with our own icome projections for Western Europe,

Eastern Europe and the Former USSR 3.
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Figure 9: A comparison of the SSP2 pathways ('middle of the road scenario') in Western

Europe by IIASA, OECD and PIK with our own results from this paper. (Source:

SSP database version 0.9.3 and own calculations)

For Western Europe the income projection of this paper lies above all three GDP path-

ways projected by IIASA, OECD and PIK. In Eastern Europe and the Former USSR on

the contrary our own projection lies below the other three pathways. Since we calibrate

the growth dynamics of the Jones model to data since 1850, we pick up stronger growth

rates in Western Europe than in the other two regions. Our parameters of calibration, ηA

and ηL, are correspondingly higher in Western Europe than in Eastern Europe and the

Former USSR. All other parameter choices being the same, the only other in�uence on

the growth dynamics is population growth. Since according to the United Nations (see

United Nations (2010)) future population growth in Western Europe will be higher than

in Eastern Europe and the Former USSR, income growth is faster, too. If we had used the

3The SSP data on GDP is corrected for purchasing power parities and given in 2005 US $. Since our

own projections are made in 1995 GK $, we normalize our own time series such that income in 2010 is

the same as in the SSP data. Regional speci�cations do not completely match. See appendix B for a

comparison.
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Figure 10: A comparison of the SSP2 pathways ('middle of the road scenario') in East-

ern Europe by IIASA, OECD and PIK with our own results from this paper.

(Source: SSP database version 0.9.3 and own calculations)
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Figure 11: A comparison of the SSP2 pathways ('middle of the road scenario') in the former

USSR by IIASA, OECD and PIK with our own results from this paper. (Source:

SSP database version 0.9.3 and own calculations)
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population pathway included in the SSP2 scenario, growth in Western Europe according

to the Jones model would be even stronger, since the SSP2 population forecasts are more

optimistic than the United Nations data base.

Altogether we achieve a stronger income divergence than is projected in the SSP2 pathways.

There are four RCP pathways of carbon dioxide emissions, each developed by a dif-

ferent group of modellers. The four models which were employed are IMAGE (van Vu-

uren et al. (2007)), MiniCAM (Smith and Wigley (2006) and Wise et al. (2009)), AIM

(Fujino et al. (2006) and Hijioka et al. (2008)) and MESSAGE (Riahi, Gruebler and Na-

kicenovic (2007)). The RCP scenarios aim at providing a consistent set of pathways of

the components of radiative forcing. A summary of theese pathways is available in van

Vuuren et al. (2011). However, a comparison between our own emission forecasts in this

paper and the RCP pathways is not expedient, since our focus lies on the economic model,

which drives future income growth and hence carbon emissions and the RCP pathways do

not have an economic model at their core.

6. Sensitivity Analysis

So far we have discussed carbon emission projections in Europe and former USSR countries

depending on a certain set of parameter choices. In this section we will evaluate the

sensitivity of our results towards the discount rate, ρ, and towards the capital share, (1−σ).

In the past there has been an intense debate about di�erent parameterizations of discount

rates. The lower the discount rate is, the stronger is the utility of today's households

in�uenced by future generations welfare. Consequently, the debate about discount rates

is strongly in�uenced by di�erent moral views. In this study we refrain from a discussion

of this sort, but we do want to provide insights into the sensitivity of our results towards

the discount rate. A high discount rate leads to more consumption and lower savings

today and thus to a lower level of future income per capita along the entire growth path.

Correspondingly in �gure 12 we observe that a higher discount rate leads to lower income

per capita in 2100. This will also imply lower emissions in the future. In accordance to the

Keynes-Ramsey rule this is also true for economic growth on the balanced growth path.

However, due to transitory dynamics the balanced growth path is not achieved before 2100.

In addition, our �t seems to improve with higher discount rates (see �gure 14). Overall
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the sensitivity towards the discount rate is rather low. For a variation of discount rates

between 1% to 3% ηA and ηL stay entirely constant, income per capita decreases by 4.7%

and the root mean squared error (RMSE) by 1.8%.
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Figure 12: Sensitivity analysis towards the discount rate - Europe

0.01 0.015 0.02 0.025 0.03

0.66

0.68

0.7

0.72

0.74

0.76

rho

 

 

etaA
etaL

Figure 13: Sensitivity analysis towards the discount rate - Europe

We have already discussed our reasons for choosing an increasing capital share over time

in section 2. In the modelling literature (see for instance the DICE 2013 model) it is

commonplace to assume a constant capital share. In addition, sensitivity analyses towards

the capital share are rare. In this section we increase the capital share from 0.25 in 1850

to 0.3 up to 0.5 in 2100 and we �nd that this choice has tremendous impacts on income

per capita growth. Income per capita in 2100 increases by roughly 60% if the capital share

amounts to 0.5 in 2100 compared to 0.3 (see �gure 15). Taking into account that population

growth rates in Europe will continue to decline, it is intuitively clear that increasing capital

shares have a strong and positive impact on growth. So far this has been neglected in the

literature. The �t of our model improves with a lower capital share in 2100. According to
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�gure 17 capital shares of more than 0.45 in 2100 yield an unproportionally large error.
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Figure 15: Sensitivity analysis towards the capital share - Europe

7. Conclusions

In this paper we endogenize economic growth in the construction of carbon dioxide emis-

sion scenarios. Our results indicate the importance of endogenous growth modeling in the

scenario literature and potentially for Integrated Assessment Modeling. We show that en-

dogenizing economic growth leads to di�erent income projections than what is commonly

assumed for the construction of carbon emission scenarios. In particular, we �nd stronger

annual average growth rates in countries with a higher current income per capita. As a

consequence these countries have to lower their annual energy and emission intensities by

more to keep their total carbon emissions constant. While Western Europe would have

to decrease its energy and emission intensities by approximately 1% per year, in Eastern
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Europe and the former USSR 0.5% per year seem to su�ce. If we regard both regions

independently from each other, the same goal of keeping carbon emissions constant would

lead to more radical policy measures to be taken in Western Europe than in Eastern Eu-

rope. Taking into account past reductions in the energy intensity in Western Europe (see

�gure 4) a continued yearly reduction by 1% seems achievable. A yearly reduction of the

emissions intensity by 1% however, entails a reduction of the same by more than 50% by

2100. In other words, in order to keep future carbon emissions in Western Europe relatively

constant, it would have to substitute 50% of its fossil energy supplies by non-fossil sources.

This may not be feasible without severe political intervention.

Further we �nd that conducting forecasts on the country level adds to the overall precision

of our projections. In particular, when income per capita in Europe is calibrated as a

whole, there is more uncertainty tied to corresponding projections of future carbon diox-

ide emissions than there is to the sum of country-wise forecasts. The sensitivity analysis

reveals that our income and carbon emission projections are rather robust to the discount

rate, while they are strongly dependent on the capital share. Although there has been

an intense debate about the former, in the scenario literature capital shares are typically

assumed to stay at a constant and seemingly arbitrary level. We propose that future work

could shed some more light on the implications of certain assumptions concerning the cap-

ital share.

This model does not entail components for the carbon cycle, climate, and impacts of

climate change. In the theoretical literature endogenous growth models including damage

functions have already been proposed (see section 1). In the future a simultaneous calibra-

tion of both together with endogenized energy and emission intensities would be desirable

(at this point we are not referring to endogenous technological change - this has been done).

Pindyck (2013) and Stern (2013) underline the importance of a better understanding of

damage functions and related assumptions regarding their nature. Likewise it does matter

in endogenous growth modeling whether we assume damages to a�ect stocks or levels.
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A. Transformation of the Jones model into stationary

variables

All state and control variables are transformed into stationary values using:

Â = A
LβA

, K̂ = K
LβK

, Ĉ = C
LβK

and P̂A = PA
L with βA = ηL

1−ηA and βK = 1−ηA+ηL
1−ηA .

Thus we solve equations (28) through (32) numerically.

˙̂
A = αJ Â

ηA(1− φ)ηL − ÂβAn (28)

˙̂
K = (Âφ)σK̂1−σ − Ĉ − (δ + βKn)K̂ (29)

˙̂
C =

Ĉ

θ

(
(1− σ)2(Âφ)σK̂−σ − ρ− δ − n+ θn

)
− nβKĈ (30)

˙̂
PA =

(
(1− σ)2(Âφ)σK̂−σ − n

)
P̂A − σ(1− σ)Âσ−1φσK̂1−σ (31)

σÂσφσ−1K̂1−σ = P̂AαJ Â
ηA(1− φ)ηL−1 (32)

B. Region de�nitions
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Table 4: Region de�nitions in this paper an in the SSP database

Region This paper SSP database

Western Europe Austria, Belgium, Denmark, Austria, Belgium, Denmark,

Finland, France, Germany, Finland, France, Germany,

Italy, Netherlands, Norway, Greece, Ireland, Italy,

Sweden, Switzerland, UK, Luxembourg, Netherlands,

Ireland, Greece, Portugal, Portugal, Spain, Sweden,

Spain UK, Iceland, Norway,

Switzerland

Eastern Europe Bulgaria, Hungary, Poland, Albania, Bosnia and

Romania, Former Herzegovina, Croatia,

Czechoslovakia (Czech- Montenegro, Serbia, The

Republik, Slovakia), Albania, Bosnia and

Former Yugoslavia ( former Yugoslav Republic

Yugoslavia, Bosnia, Croatia, Albania, Bosnia and

Macedonia, Slovenia, Serbia/ Albania, Bosnia and

Montenegro/ Kosovo) Albania, Bosnia and

of Macedonia, Cyprus,

Czech Republik, Estonia,

Hungary, Malta, Poland,

Slovakia, Slovenia, Bulgaria,

Latvia, Lithuania, Romania

Former USSR Former USSR (Armenia, Russian Federation, Belarus,

Azerbaijan, Belarus, Republic of Moldova, Ukraine

Estonia, Georgia,

Kazakhstan, Kyrgyzstan,

Latvia, Lithuania, Moldova,

Russia, Tajikistan,

Turkmenistan, Ukraine,

Uzbekistan)
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