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Abstract

This thesis contains four empirical contributions which address socio-economic chal-

lenges of the Anthropocene and carbon dioxide emissions as well as critical issues of

nuclear power which are of relevance for achieving the transformation towards decentral-

ized, sustainable energy systems. We start analyzing the relationship between economic

growth and carbon dioxide emissions, thereby challenging the hypothesized long-term sus-

tainability of further economic acceleration. The empirical results indicate that continued

economic growth does not pose a natural solution to reduce carbon dioxide emissions

in the long-term as suggested by the Environmental Kuznets Curve (EKC) hypothesis.

Next, we provide an assessment of the primary drivers of carbon dioxide emissions and

identify the average growth in consumption of goods and services produced rather than

population as a stronger determinant. We analyze these issues using datasets comprising

countries grouped according to their level of economic development and apply dynamic

nonstationary panel time series estimation techniques which account for heterogeneity

among countries. We then turn towards democracy and security issues surrounding both

the introduction and usage of nuclear energy. We are the first to empirically analyze

the impacts of democratic development on the introduction of nuclear power. Using a

multinomial logistic regression approach to predict category membership, we find that

countries with lower democratic development are more likely to introduce nuclear power.

Finally, we provide the first empirical analysis of the determinants of the accumulation of

nuclear weapons in seven nuclear arms states. Using econometric techniques for inferring

causality in time series data, we identify a significant causal relationship between a state’s

nuclear warhead stockpiles and its nuclear energy consumption levels.
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Zusammenfassung

Die vorliegende Dissertation enthält vier empirische Beiträge, welche sich mit sozioöko-

nomischen Herausforderungen des Anthropozäns und Kohlendioxidemissionen sowie kritis-

chen Fragen der Atomkraft befassen, die für den Übergang zu einem dezentralen, nachhalti-

gen Energiesystemen von Bedeutung sind. Die Arbeit beginnt mit der Analyse des Zusam-

menhangs zwischen Wirtschaftswachstum und Kohlendioxidemissionen und hinterfragt

die Hypothese der langfristigen Nachhaltigkeit von kontinuierlichem Wirtschaftswachstum.

Die empirischen Befunde implizieren, dass anhaltendes Wirtschaftswachstum keine nach-

haltige Lösung darstellt, um den Kohlendioxidausstoß langfristig zu reduzieren, wie von der

Umwelt-Kuznets-Kurve Hypothese vorgeschlagen. Als nächstes evaluieren wir die Deter-

minanten von Kohlendioxidemissionen und identifizieren das durchschnittliche Wachstum

des Konsums der produzierten Güter und Dienstleistungen anstelle von Bevölkerungswach-

stum als stärksten Bestimmungsfaktor. Zur Analyse dieser Fragestellungen benutzen

wir Datensätze, in denen Länder entsprechend ihrem wirtschaftlichen Entwicklungsstand

klassifiziert werden. Wir verwenden dynamische ökonometrische Schätzverfahren zur

Analyse von nicht-stationären Panel-Zeitreihen Daten, welche die Heterogenität zwischen

den Ländern berücksichtigen. Danach fokussieren wir demokratie- und sicherheitsrelevante

Fragestellungen, welche sowohl die Einführung als auch die Nutzung von Atomkraft

betreffen. Wir testen erstmalig empirisch den Zusammenhang zwischen dem Ausmaß

an demokratischer Entwicklung und dem Einstieg in die Atomkraft analysieren. Die

empirischen Ergebnisse einer multinomialen logistischen Regressionsanalyse zur Vorher-

sage von Gruppenzugehörigkeiten zeigen, dass Länder mit einem niedrigeren Ausmaß

an demokratischer Entwicklung eher den Einstieg in die Atomkraft durchgeführt haben.
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Abschließend liefern wir die erste empirische Analyse von Bestimmungsfaktoren für

die Anhäufung von Atomwaffen in sieben atomar bewaffneten Staaten. Anhand von

ökonometrischen Verfahren zur kausalen Modellierung in Zeitreihendaten identifizieren

wir eine signifikante kausale Beziehung zwischen der Anzahl an Atomsprengköpfen eines

Staates und seines Atomenergieverbrauchs.

Schlüsselwörter: Umwelt-Kuznets-Kurve, STIRPAT Modell, ökologische Moderni-

sierung, Kohlendioxidemissionen, Energieverbrauch, Wirtschaftswachstum, Handelsof-

fenheit, Verstädterung, Atomkraft, Demokratie, nukleare Proliferation, Militärausgaben,

nicht-stationäre Panel-Zeitreihen Daten und Methoden, Multinomiale logistische Regres-

sion, Toda-Yamamoto Kausalität
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Chapter 1

General Introduction

My journey towards working on sustainability related issues began approximately in

2015. I was supporting the research and writing process for a short study aimed to quantify

the social costs of lignite for Germany, while being an intern at Green Budget Germany.

Around that time, I was also doing research aimed to find a topic for my master’s thesis.

I ended up conducting an empirical analysis of the interaction between economic growth

and carbon dioxide emissions on the macro level which - after quite some work and (quite)

some time at the journal - eventually led to Chapter 2 of this disseration.

Another important event triggering my interest in sustainable development and the

low-carbon energy transformation in particular was happening just before I started

my PhD in 2017. While being an intern at Deutsche Gesellschaft für Internationale

Zusammenarbeit (GIZ), I was helping to organise the printing of brochures, flyers, and

studies of our programme locally, thereby having the opportunity to also attend The

Solar Future Nigeria Conference in Lagos, Nigeria. Power outtages happened during the

conference proceedings and multiple times a day during our stay. This gave me a modest

understanding of what the data we are analysing actually can mean for the poeple. There

was no single event triggering my interest in sustainability, but these experiences and

events alltogether helped me developing my research interests.
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Last but not least, I have to mention how I met Christian, who also contributed to this

development. Anne introduced me to Christian and on that day, if I remember correctly,

he also showed me the infamous “Bierdeckelbidlchen”. I think it actually was rather

a normal piece of paper. For clarification, the “Bierdeckelbildchen” is build around a

cross-section of some countries which plan to install nuclear power. It shows an inverse

relationship between a countries’ level of democratic development on the horizontal axis

and the ratio of the planned nuclear generation capacity to the overall installed electricity

generation capacity on the vertical axis. In some of it’s now many variants, the underlying

idea of the infamous “Bierdeckelbildchen” then eventually led to the development of

Chapter 4 of this dissertation.

1.1 The Issue

The impacts of mankind on the global environment have both increased and intensified

over the past centuries. The Earth’s regulatory capacity nevertheless maintained an

environment which enabled human development over the past 10,000 years. Human

civilizations arised, developed and thrived during the current geological epoch of the

Holocene. However, recent global environmental changes suggest that the planet Earth is

moving into a new geological era: the Anthropocene. Humankind thus has become a global

geological force in its own right and human activity is responsible for the Earth leaving

the Holocene era. The epoch of the Anthropocene also implies that ”[h]uman activity

is now global and is the dominant cause of most contemporary environmental change”

(Lewis and Maslin, 2015). Put differently: the global economic system predominantly

has become the main driver of change with results that could likely be irreversible for

the Earth System. Although not accepted formally, Crutzen (2002) suggests that the

Anthropocene period started at the end of the 18th century which coincides with the

invention of the steam engine in 1784 by James Watt (Crutzen, 2002; Rockström et al.,

2009; Steffen et al., 2011).

Following Steffen et al. (2007), the trajectory of the Anthropocene timeline may be

2



subdivided into three episodes:

• Stage 1 of the Anthropocene ranges from ca. 1800 to 1945 and describes the

”Industrial Era”. Replacing the preindustrial utilization of wood, the industrial

revolution led to an enormous expansion in the use of fossil fuels. Hydrocarbon-

containing resources such as coal, oil, and natural gas served as both energy basis and

precondition for the industrial revolution. Likewise, utilization of their associated

technologies - steam engines, internal combustion engines - increased efficiency of old

processes and enabled new activities which led to dynamic economic development.

This in turn led to an increase in population and facilitated their ability to consume

the goods and services produced.

• Stage 2 of the Anthropocene characterizes the ”Great Acceleration” of socio-economic

and Earth system trends showing the most rapid and pervasive shift in the human-

environment relationship since 1945: The post-World War II periods are character-

ized by worldwide industrialization, techno-scientific development, nuclear arms race,

population explosion, migration to cities, increased primary energy use, rapid eco-

nomic growth, and a dramatic rise in carbon dioxide concentrations which parallels

the rise in primary energy use and in GDP without any significant decoupling of emis-

sions from either energy use or economic growth (Steffen et al., 2011; Friedlingstein

et al., 2014; Steffen et al., 2015).

• Stage 3 of the Anthropocene is concerned with an outlook of the future trajectory of

the Anthropocene since mankind remains a major geological force for an unforseeable

future. Humankind either achieves ensuring the sustainability of Earth’s life support

system against human-induced stress or the next decades will bring the ”Great

Collapse” (Steffen et al., 2015).

To avoid a potential ”Great Collapse” and to maintain in the Holocene state, Rockström

et al. (2009) propose a framework based on nine planetary boundaries which defines a safe

operating space for humanity. The planetary boundaries recognise Earth systems associ-

ated with the Earth’s biophysical subsystems or processes such as climate change, ocean
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acidification, chemical pollution, nitrogen and phosphorus loading, freswater withdrawals,

land conversion, biodiversity loss, air pollution, and ozone layer depletion. The planetary

boundaries are interlinked and sensitive to trehshold levels of certain key variables. Not

crossing critical natural thresholds is key for the Earth to remain in the Holocene state

(Rockström et al., 2009; Raworth, 2012; Raworth, 2017a; Raworth, 2017b). Raworth

(2012) combined the concept of planetary boundaries with the complementary concept of

social boundaries. Raworth (2017a, 2017b) updated the framework which now consists of

the nine original planetary boundaries and twelve dimensions of the social foundation.

The latter is derived from internationally agreed minimum standards for human wellbeing

which have been set out by the United Nations Sustainable Development Goals (SDG) in

2015. It thus includes measures linked to sustainable development and measures shortfalls

in wellbeing in the following aspects: water, food, health, education, income and work,

peace and justice, political voice, social equity, gender equality, housing, networks, and

energy (Raworth, 2017a; Raworth, 2017b). Figure 1.1 shows the evolution of the proposed

framework which is aimed to ”guide humanity in the Anthropocene” (Raworth, 2017a;

Raworth, 2017b).

Figure 1.1: Evolution of the framework based on planetary and social boundaries

Notes: Left figure is from Rockström et al. (2009) and the right figure from Raworth (2017a, 2017b).

The inner boundary is the social foundation and red wedges indicate shortfalls in these

universal aspects of wellbeing. The outer boundary is the ecological ceiling and the red
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wedges indicate an overshoot of pressure on Earth’s life-supporting systems in at least the

following dimensions: climate change, nitrogen and phospohorus loading, land conversion,

biodiversity loss.

Human-induced climate change due to the burning of fossil fuels and deforestation

increases atmospheric carbon dioxide concentrations and is likely to be irreversible for

1,000 years also after emissions stop (Solomon et al., 2009). The two major impacts of

climate change are atmospheric warming and sea level rise. Climate change further affects

Arctic sea ice retreat, increases in heavy rainfall and flooding, permafrost melt, loss of

glaciers and snowpack with attendant changes in water supply, and increased intensity of

hurricanes amongst other things (Solomon et al., 2009). Moreover, climate change affects

all continents; the world’s poorest countries remain the most vulnerable. At the time of

writing this thesis, atmospheric concentrations of CO2 have increased from 316 (1950) to

413 parts per million (ppm). This is an increase of 31% since 1958, when data became

publicly available (NASA, 2020). Maintaining an enabling environment for the more than

10 billion people projected to live on this planet over the coming century thus requires to

stabilize the Earth’s climate by reducing the atmospheric concentration of carbon dioxide

levels (Raworth, 2017a; Raworth, 2017b).

This dissertation focuses on intensifying socio-economic aspects within the periods of

the ”Great Acceleration” in the Anthropocene which are in connection to climate change

and on issues of nuclear power of relevance for achieving the transformation towards

decarbonized and decentralized, sustainable energy systems. Specifically, the thesis is

structured around four empirical contributions which address relationships between these

intensifying socio-economic challenges and carbon dioxide emissions as well as democracy

and security issues surrounding nuclear energy. The outline of this dissertation thus may

be subdivided into two parts.

• The first part consist of Chapters 2 and 3. Chapter 2 analyzes if continued economic

growth pose a solution to reduce carbon dioxide emissions in the long-term as

suggested by the Environmental Kuznets Curve (EKC). Chapter 3 more prominently
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emphasizes the socio-demographic aspects of ecological sustainability and evaluates

how both urbanization and population growth are linked to carbon dioxide emissions.

The empirical findings from both chapteres have income-group specific implications

helping to avoid further destabilisation of critical planetary boundaries with regard

to climate change. Chapters 2 and 3 contribute to the relevant literature using

state-of-the-art panel time series data and methods at an aggregate level considering

countries which are clustered according to their level of economic development. The

methodologies are applied to established environmental and ecological economic

theories for which empirically however no clear consensus has been reached yet.

• The second part consists of Chapters 4 and 5, both of which utilize established

econometric techniques to analyze two issues around using nuclear power, which

however have not been investigated from an empirical perspective so far. Chapter 4

empirically analyzes how the level of democratic quality relates to the likelihood for

introducing nuclear power. It contributes to the literature by shifting discussions

about nuclear power beyond the issues of climate change addressing the frequently

neglected political and democratic dimension connected to nuclear power which helps

to explain future nuclear trajectories among countries. Chapter 5 empirically analyzes

the causal determinants of the accumulation of nuclear warheads in seven nuclear

armed states thereby emphasizing the mutually beneficial relationship between a

state’s nuclear warhead stockpiles and its civil nuclear capabilities empirically. The

results of Chapter 5 help explaining the future use of nuclear power in nuclear armed

states as well as the global security issues surrounding the use of nuclear energy.

The rest of this introductory chapter is structured as follows. Section 1.2 surveys

the literature relevant for each contribution. Section 1.3 introduces the econometric

methodologies used in this dissertation. Section 1.4 summarizes the contributions of this

dissertation. Section 1.5 concludes and provides an outlook for future research.
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1.2 Survey of the Literature

Environmental economic theories suggest that it is possible to grow out of environmental

problems with continued economic growth at higher levels of economic development. The

Environmental Kuznets Curve (EKC) hypothesis postulates that after a certain thresh-

old income level is reached, environmental quality improves over the course of further

economic development; thus, economic prosperity might be a solution to environmental

issues (Grossman and Krueger, 1991). The EKC postulates an inverted-U-shaped rela-

tionship between different pollutants and per capita income. It is essentially an empirical

phenomenon which tends to be more liekly to hold for air quality indicators, especially

local pollutants (Dinda, 2004; Stern, 2004). Conceptually, the EKC hypothesis relies on

the assumption that initial increases in pollutant emissions are only temporary, whereas

subsequent decreases in pollutant emissions are considered to be permanent. The EKC

hypothesis thus represents a long-term relationship between environmental impacts and

economic growth (Dinda, 2004). The pollutant income relationship in its simplest form

can be analyzed in an econometric regression model as quadratic functions of the levels of

income. Outcomes of quadratic EKC regression specifications however are considered to

be to favourable to the EKC hypothesis wrongly leading to the conclusion that economic

growth helps to undo the damage done after a certain threshold level of income is reached.

When specified as a cubic regression function, the inverted U-shaped pattern associated

with the EKC hypothesis is only one out of seven possible outcomes which describe

the pollution income relationship depending on sign, significance, and magnitude of the

coefficients for per capita income. For pollutants having long-term effects on a global scale

such as carbon dioxide emissions, there still is no consensus regarding the existence or

shape of an EKC although the literature has grown rapidly over the recent years (Dinda,

2004; Stern, 2004; Shahbaz and Sinha, 2019).

Environmental economic theories concerning the man-made impact on the environment

already emerged in the 1970s, when Ehrlich and Holdren (1971) summarized the major

driving forces of human activities on the environmental impacts (I) in the IPAT identity
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as a product of population (P), affluence (A), and technology (T). Thus, population,

income growth, and technological progress significantly impact the human-environment

relationship simultaneously. Kaya (1990) redefined the IPAT identity as an equation

that relates to carbon dioxide emissions. Dietz and Rosa (1994), translated the IPAT

identity into the Stochastic Impacts by Regression on Population, Affluence and Technology

(STIRPAT) model. With the variables in logarithms, the STIRPAT model can be expressed

as an additive linear regression model in a more flexible way as it is no longer an accounting

equation. The estimated coefficients then represent the ecological elasticity of each impact

factor (York et al., 2003a). To what extent population growth and in particular increasing

urbanization levels impact carbon dioxide emissions, also is controversially debated in

the academic literature. Urbanization does not only imply the demographic transition

from rural to urban areas, but similarly is a process of social transformation from an

agriculture-based economy to a manufacturing and service oriented economy thus serving

as an important indicator for macrostructural characteristics of modernization (Sadorsky,

2014).1 Closely related to the EKC hypothesis, the Ecological Modernization Theory

(EMT) (Spaargaren and Mol, 1992; Mol and Spaargaren, 2000) emphasizes non-economic

factors such as social and institutional transformations and views modernization processes

to lead environmental sustainability. Ecological modernization theorists therefore argue

that urbanization can foster environmentally sustainable economic development and

urbanization is hypothesized to have a positive association with ecological sustainability

(York et al., 2003b; Poumanyvong and Kaneko, 2010). However, the empirical literature has

not reached any consensus because of a failure to account for urbanization’s varying impact

at different stages of economic development, the implicit assumption of a homogeneous

impact of urbanization for all countries, and the potential of a nonlinear relationship

between urbanization and CO2 emissions (Poumanyvong and Kaneko, 2010; Martinez-

Zarzoso and Maruotti, 2011; Liddle, 2013; Zhang et al., 2017b).

With rising incomes, population growth, and ongoing urbanization, global energy
1Although the level of economic development is the most important indicator of modernization, ur-
banization similarly is linked to and impacts structures of modernity (Kasarda and Crenshaw, 1991;
Ehrhardt-Martinez, 1998; York et al., 2003c).
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demand is expected to grow by more than 25% to 2040 (IEA, 2018). Nuclear power

offers a possible yet centralistic solution to meet future energy demands and is discussed

as a potential solution for mitigating long-term climate change (IAEA, 2018), although

greenhouse gas-equivalent emissions for nuclear power plants are on average estimated to

be around 65 kg CO2/MWh over the lifetime of a plant (Lenzen, 2008; Sovacool, 2008).

Evidence from qualitative multi-country case studies however suggests that ”countries

promoting nuclear energy tend to have closed political systems that minimize opposi-

tion, debate, and discussion and foster low transparency and accountability. They have

economies with a history of central planning and government intervention. They have a

strong social commitment to technological progress and modernization, but a weaker com-

mitment to pluralism, civic policy participation, and environmental protection” (Sovacool

and Valentine 2010). Although nuclear energy has endured under democratic regimes,

it co-evolved based upon narrow (and political) calculations of costs and benefits and

highly centralized administration (Burke and Stephens, 2018). To what extent political

power is concentrated and democracy is developed may impact the deployment of energy

infrastructures, but the developed energy system similarly may influence the level of demo-

cratic development according to the analytical concept of concentrated energy-politics vs.

distributed energy-politics (Burke and Stephens, 2018). These arguments suggest, that

the introduction of nuclear power is detrimental to at least some aspects of democractic

qualities, partly due to the inflexibility and technical complexity of nuclear power.

Continued use of nuclear power moreover may include a constant risk of proliferation:

A civilian nuclear infrastructur increases knowledge in nuclear-related matters which

ultimately helps to establish the expertise also for proliferation (Fuhrmann, 2009). Tech-

nologies, infrastructures, and materials in connection with a nuclear weapons program

also have legitimate civilian applications: uranium enrichment and plutonium reprocessing

facilities are dual-use technologies since they can produce fuel for power reactors or fissile

material for nuclear weapons. The majority of empirical literature analyzes aspects of

horizontal proliferation; that is the spread of nuclear weapons to new states (e.g., Singh

and Way, 2004; Jo and Gartzke, 2007; Tago and Singer, 2011). Empirical aspects of
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vertical proliferation - that is the accumulation of nuclear weapons within nuclear armed

states - is, however, a suprisingly neglected reasearch area (Kubiak, 2020). What is

intensifying this issue is that, ”for the first time in more than 50 years, there are no current

strategic arms control negotiations between the United States and Russia” (Neuneck,

2019) and the 2010 US-Russian New Strategic Arms Reduction Treaty (New START) is

due to expire in February 2021.

1.3 Methodological Aspects

In this dissertation, all the empirical analyses are conducted using country level data.

Chapters 2 and 3 use state-of-the-art panel time series data and methods considering groups

of countries which are clustered according to their level of economic development. Chapters

3 and 4 use established and commonly used econometric procedures. The classification

method used in Chapter 3 is applied to panel time series data and Chapter 4 uses time

series data on seven nuclear armed states for inferring causal relations. The following

sections outline i) the development of nonstationary panel data analysis emphasizing the

methodologies used in Chapters 2 and 3 which are related to nonstationarity, cointegration,

and the estimation and inference of long-term relationships of carbon dioxide emissions,

ii) the multinomial logistic regression approach used in Chapter 4 to evaluate how the

level of democratic quality affects the likelihood of a country to introduce nuclear power,

and iii) the Toda and Yamamoto (1995) version of the Granger non-causality test used in

Chapter 5 to identify the causal determinants of the accumulation of nuclear weapons.

1.3.1 Nonstationary Panel Data Econometrics

1.3.1.1 Recent Developments in Macro Panel Econometrics

The empirical analysis of panel data in general can be subdivided in two worlds of

panel data econometrics. Micro panels are typicially characterized by large cross-sectional

and small time series observations. Macro panels are characterized by large cross-sectional

as well as all time series observations. The empirical analysis of macro panels with
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both a large number of cross-sectional (e.g. countries) and time series observations (e.g.

years) has received much attention in recent years.2 The greater availability of data in

both dimensions contributed to this shift. Adding the cross-section dimension to the

time dimensions also offers an advantage in testing the variables for nonstationarity

and cointegration before conducting the estimation of long-term average relations. The

development of panel unit root and cointegration tests resembles those of nonstationary

time series analysis in the 1980s and 1990s (Choi, 2006; Baltagi, 2013). Using panel data

with both a long-time and cross-section dimension moroever improves the efficiency of

econometric estimates due to more informative data with more variability, more degrees

of freedom, and reduces multicollinearity (Hsiao, 2005).

With the increases in the time series dimension, nonstationarity is also a concern in

macro panels. A nonstationary process violates the stationarity requirement. Its means

and variances are non-constant over time. A time series thus may contain stochastic

trends: in every period a random shock with permanent influence is added (Hendry and

Juselius, 2000). An example of a nonstationary stochastic process is the random walk

yt = yt−1+ut where ut ∼ iid(0,σ2
u) is an independent and identically distributed white noise

error term with a mean of zero and a constant and finite variance. Using successive

substitution, one can express a random walk as a function of the sum of all disturbances

so that in every period a random shock with permanent influence is added (Lütkepohl,

2005). A regression of nonstationary variables can lead to significant results although

the data are unrelated: the usual statistical inference on the estimated coefficients from

a spurious regression wrongly exhibit significant coefficients, as the null hypothesis of

a zero coefficient is rejected far too often (Granger and Newbold, 1974). Identifying

the stationary properties of the variables moreover helps to examine whether shocks to

variables have permanent or temporary effects: the presence of a unit root in the variables

then indicates that shocks will have permanent effects whereas for a stationary process, a
2This relatively new field of study emerged since the early 1990s and the major developments in the
econometrics of nonstationary panels have been summarized in the academic literature (Banerjee, 1999;
Baltagi and Kao, 2000; Phillips and Moon, 2000; Choi, 2006), although no standard textbook for
nonstationary panel data econometrics exists to the best of my knowledge. Two chapters in a book by
Pesaran (2015) however extensively cover large heterogeneous panel data models and cross-sectional
dependence in panels.
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shock will result in only a temporary deviation from the variable’s long-term growth path

(Smyth, 2013).

A number of unit root tests used in the time series literature have been extended to

panel data. Due to the increases in the cross-section dimension, panel unit root tests

however need to take into account the heterogeneity among panel members which may be

characterized by different dynamics. In the basic framework the series yit is described for

each cross-section unit by the following first-order autoregressive AR(1) process:

yit = φiyit−1+ εit, (1.1)

where i = 1, ...,N are the cross-section units, the subscript t = 1, ...,T indexes the time

dimension, φi are the autoregressive coefficients, and the observation-specific error terms

are assumed to be εit ∼ iid(0,σ2
ε ). In this setting, the general idea is to test whether φi is

equal or significantly less than one. For φi = 1, equation (1.1) becomes a nonstationary

random walk. Equivalently, equation (1.1) can be written in first differences as simple

Dickey Fuller (DF) regressions:

∆yit = ρiyit−1+ εit, (1.2)

where ∆yit = yit − yit−1 and ρi = (φi −1) so that the null hypothesis of unit roots then

becomes H0 ∶ ρi = 0 for all i which is tested against the alternative hypothessis H1 ∶ ρi < 0.

The evolution of panel unit root tests is characterized by different assumptions about

the amount of heterogeneity allowed in the autoregressive coefficients to test the null

hypothesis. The panel unit root tests proposed by Levin et al. (2002) and Breitung

(2000), and Hadri (2000) are based on the assumption that all cross-section units have

the same autoregressive parameter whereas Im et al. (2003) and the Fisher-ADF and PP

test of Maddala and Wu (1999) and Choi (2001), respectively, allow the autoregressive

parameter to be unit specific: a homogeneous null hypothesis is thus being tested against

the heterogeneous alternative. This literature however assumes that the individual time

series in the panel are cross-sectionally independently distributed. These panel unit root
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tests belong to the group of first generation panel unit root tests.

A second evolution in panel time series analysis concerns cross-sectional dependence.

In macro panels with country data, the individual units may be interdependent. The

possibility of contemporaneous correlation of the time series has potential implications

on parameter estimation and inference. This between group dependence may result from

unobserved global shocks and local interactions that take place in a globalized world

where economic integration between regions has increased over the decades (Moscone

and Tosetti, 2009; Sarafidis and Wansbeek, 2012). Pesaran (2007) showed that the first

generation panel unit root tests have substantial size distortions when the assumption of

cross-section independence does not hold which could lead to an over-rejection of the null

hypothesis. Testing for cross-section dependencies in the data is important in order to

account for the consequences that contemporaneous correlation has on existing testing

procedures in nonstationary panels (Phillips and Sul, 2003). The cross-section dependence

(CD) test suggested by Pesaran (2004) is suitable for stationary and unit root dynamic

heterogeneous panels under a variety of panel data models. The CD test relies on an

average of pairwise correlation coefficients of OLS residuals from the individual regressions

in the panel. The CD test statistic ist defined as follows:

CD =
√

2T
N(N −1)

⎛
⎝
N−1
∑
i=1

N

∑
j=i+1

ρ̂ij
⎞
⎠
, (1.3)

where ρ̂ij is the estimated pairwise correlation coefficient that includes the estimated

residuals êit of the regression from one of the panel data models applied in order to

calculate the CD statistics.

ρ̂ij = ρ̂ji =
∑Tt=1 êitêjt

(∑Tt=1 ê2
it)

1/2(∑Tt=1 ê2
jt)

1/2 . (1.4)

Under the null hypothesis of zero dependence across the panel members, the CD test

statistics are distributed as standard normal for the number of cross-section units suffi-

ciently large. The test is robust to the presence of nonstationary processes, parameter
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heterogeneity or structural breaks and performs well even in small samples (Baltagi, 2013).

To overcome the deficiencies of first generation panel unit root tests, panel unit root

test have been developed which allow for different forms of cross-sectional dependence.

The tests proposed over the past decades by Chang (2002, 2004), Phillips and Sul (2003),

Bai and Ng (2004), Moon and Perron (2004), Breitung and Das (2005), Choi and Chue

(2007), and Pesaran (2007) belong to the group of second generation panel unit root tests.

The Pesaran (2007) panel unit root test in particular has become one of the most popular

second generation tests around with a very large number of applications (Westerlund et

al., 2016). Pesaran (2007) suggested to augment the standard augmented Dickey-Fuller

(ADF) regressions with the cross-section average of lagged levels and first differences of

the individual series. The cross-sectional dependence arising from a single common factor

is thus being filtered out in a simple and intuitive way. The individual cross-sectionally

augmented Dickey-Fuller (CADF) regressions are given by:

∆yit = αi+ρiyi,t−1+ciyt−1+
J

∑
j=0
dij∆yt−j +

J

∑
j=1
βij∆yi,t−j + εit. (1.5)

To account for serial correlation in the residuals, the standard ADF regressions are applied

on each cross-sectional unit i but yt−1 =N−1∑Ni=1yit−1 and ∆yt =N−1∑Ni=1 ∆yit are included.

The homogeneous null hypothesis of a unit root H0 ∶ ρi = 0 is being tested against the

heterogeneous alternative. Like in the Im et al. (2003) IPS test, the alternative hypothesis

thus allows to differ across countries:

H1 ∶

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

ρi < 0 for i = 1,2, ...,N1

ρi = 0 for i =N1+1, ...,N

Pesaran (2007) considered a cross-sectionally augmented version of the standardized IPS

t-bar test, that is based on the average of individual CADF statistics:

CIPS(N,T ) = t-bar =N−1
N

∑
i=1

CADFi =N−1
N

∑
i=1
ti(N,T ), (1.6)

14



where ti(N,T ) is the CADF statistic for the i-th individual in the panel which is given by

the estimated t-ratio of ρi obtained from the above CADF regression. The test allows for

three specifications of the deterministic and the corresponding critical values of the CIPS

statistics tabulated by Pesaran (2007). Simulation results indicate that the Pesaran (2007)

panel unit root test has satisfactory size and power even for a relatively small number of

cross-section units and for small values of the time dimension (Baltagi, 2013).

When data are nonstationary due to unit roots, they can be brought back to stationarity

by linear transformations. If there is an indicated long-term relationship between two

nonstationary processes in a way that both have a common trajectory except for transitory

fluctuations, then the nonstationary variables are said to be cointegrated. According to

Engle and Granger (1987), there exists a linear combination of two I(1) processes - which

is actually stationary - as both variables follow a common stochastic trend. Thus, these

linear combinations can often be interpreted as a long-term economic relationship because

the variables never deviate too much from the equilibrium. This linear combination is

called a cointegrating relation and the coefficients form the cointegrating vector (Baltagi,

2013).

1.3.1.2 Panel Cointegration Tests

Likewise to panel unit root tests, the application of panel cointegration tests is also

motivated due to the gains in statistical power compared to the individual time series tests.

The residual-based tests of cointegration which have been extended to the panel data

framework by Kao (1999), McCoskey and Kao (1998), and Pedroni (1999, 2004) are the

most common approaches. The main idea is to test for a unit root in the residuals from

the cointegrating regression. Stationarity in the residuals of a cointegrating regression

then implies a cointegrating relation between the dependent and independent variables.

Residual-based tests of cointegration impose a common factor restriction which implies

the long-term cointegrating vector of the variables in their levels is equal to the short-term

adjustment process of the variables in their differences (Westerlund, 2007). Empirically,

however, the estimated short- and long-term elasticities often differ and a failure on
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this common factor restriction results in a significant loss of power for residual-based

cointegration tests (Kremers et al., 1992). Residual-based approaches to cointegration

moreover tends to ignore possible effects of cross-section dependence.

Responding to the issue of the common factor restriction, Westerlund (2007) proposed

four error-correction-based panel cointegration tests to test the null hypothesis of no

cointegration. These tests are based on structural rather than residual dynamics in order

to avoid the problem of a common factor restriction. The general idea is to test the null

hypothesis by inferring whether the error-correction term in a conditional error-correction

model is equal to zero. The rejection of the null hypothesis of no error-correction implies a

rejection of the null hypothesis of no cointegration. Bootstrapped robust critical values for

the four panel cointegration test statistics prevents the statistical inference to be delusive

even under very general forms of cross-sectional dependence. The error-correction tests

assume the following data-generating process:

∆yit = δ
′
idt+αi(yi,t−1−β

′
iXi,t−1)+

pi

∑
j=1
αij∆yi,t−j +

pi

∑
j=−qi

γij∆Xi,t−j + εit, (1.7)

where i = 1, ...,N stands for each unit in the panel, the subscript t = 1, ...,T refers to time

and dt contains the deterministic components being either fixed effects, fixed effects and

linear time trends, or no deterministic terms. The set of non-strictly exogenous regressors

included in the model is described by Xit. The data-generating progress is general enough

to allow for unit-specific short-term dynamics for the variables in their first differences

and heterogeneous slope parameters. A reparameterized version of (1.7) is estimated by

OLS in order to obtain the error-correction term:

∆yit = δ
′
idt+αiyi,t−1+λ

′
iXi,t−1+

pi

∑
j=1
αij∆yi,t−j +

pi

∑
j=−qi

γij∆Xi,t−j + εit, (1.8)

where λ
′
i = −αiβ‘

i and the least square estimate of αi can be used to provide a valid

test of the null hypothesis against the alternative hypothesis. The parameter αi is the

error-correction or speed of adjustment term and determines the amount of time at
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which the system converges back to the long-term equilibrium relationship yi,t−1−β‘
iXi,t−1

after a sudden shock. The four test statistics which are constructed by using the least

square estimates of (1.8) can be grouped into two categories: The panel statistics Pτ and

Pα are based on pooling the information with respect to the error-correction along the

cross-sectional dimension of the panel while the group mean statistics Gτ and Gα do not

take advantage of this information. The null hypothesis is the same for each statistic

while the alternative hypothesis differs between the panel and group mean statistics. For

the panel statistics, the null hypothesis H0 ∶αi = 0 for all i is tested against the alternative

hypothesis H1 ∶ αi = α < 0 for all i = 1, ...,N . The rejection of the null hypothesis provides

evidence for cointegration of the panel as a whole. For the group mean statistics, the null

hypothesis H0 ∶αi = 0 for all i is tested against the alternative hypothesis H1 ∶αi < 0 for all

i = 1, ...,N and a rejection of the null hypothesis indicates cointegration for at least one of

the cross-sectional members (Westerlund, 2007).

With the increases in the time series dimensions for some cross-national datasets, each

unit of observation effectively can be estimated separately. This led to the developments

of new estimation techniques which consider slope parameter heterogeneity. A central

finding of the literature on macro panels is that traditional pooled estimators such as

fixed and random efffects suffer from a potential bias when used to estimate dynamic

panel data models since the assumption of homogeneity of slope parameters is often

inappropriate (Pesaran and Smith, 1995; Pesaran et al. 1999; Phillips and Moon, 2000).

To obtain the long-term regression coefficients, we use estimation techniques which address

the issue of slope parameter heterogeneity. Pedroni (2001) proposes a dynamic OLS

(DOLS) estimator that can be applied to nonstationary cointegrated panels. The DOLS

estimation technique adds lags and leads of the differenced explanatory variables into the

cointegrating regression in order to control for endogeneity due to the correlation between

the regressors and the disturbances, and to obtain consistent and efficient estimators of the

long-term relationship. By estimating a dynamic ordinary least squares estimation for each

panel unit, the dynamic group-mean panel DOLS estimator allows the slope coefficients to

vary across individual panel members. The group mean panel DOLS estimator suggested
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by Pedroni (2001) is based on the following augmented regression equation:

yit = αi+βiXit+
Ji

∑
j=−ji

γij∆Xi,t−j + εit, (1.9)

where i = 1, ...,N stands for each unit in the panel, subscript t = 1, ...,T refers to time,

j = 1, ...,J is the number of individual lags and leads in the DOLS regression, Xit describes

the set of regressors included in the model, and εit are the unit-specific error terms.

The slope coeffficients βi are permitted to vary across panel members. The individual

specific coefficient estimates and the corresponding t-statistics are then averaged over the

entire panel to obtain the DOLS estimates for the panel as a whole. The corresponding

group mean DOLS estimator then becomes β̂∗GM =N−1∑Ni=1 β̂∗GM,i where β̂∗GM,i is the

conventional DOLS estimator, applied to the ith member of the panel. The t-statistics

can be constructed as tβ̂∗GM =N
−1/2∑Ni=1 tβ̂∗GM,i

. The information is thus pooled along the

cross-section dimension over the entire panel. The group-mean estimator allows for more

flexibility in the presence of heterogeneity of the cointegrating vectors (Pedroni, 2001).

When the order of integration differs among the variables of interest, we us the dynamic

heterogeneous panel autoregressive distributed-lag (ARDL) approach proposed in a series

of papers by Pesaran and Smith (1995), Pesaran (1997), and Pesaran et al. (2001). The

ARDL (p,q) model, with p lag lengths of the dependent variable and q lag lengths of the

explanatory variables, allows to identify both short- and long-term dynamics. Variables

which have a different order of integration can be used irrespective of whether the variables

of interest are I(0) or I(1). The inclusion of lags of both the dependent and independent

variables eliminates problems resulting from endogeneity. Suppose the heterogeneous

ARDL (p, q1,...,qk) in a dynamic panel specification with i = 1, ...,N cross-section units

observed over t = 1, ...,T time periods takes on the following form:

yit =
p

∑
j=1
λijyi,t−j +

q

∑
j=0
δ
′
ijXi,t−j +µi+ εit, (1.10)

where Xit is the vector of explanatory variables for group i, µi represents fixed effects,

the coefficients of the lagged dependent variables, λij , are scalars, δij are the coefficient
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vectors, and εit are the idiosyncratic error terms. Assuming the variables of interest

are I(1) and cointegrated, the error term εit then becomes a stationary I(0) process for

all i and equation (1.10) can be rewritten as an error-correction model. An underlying

feature of cointegrated variables in an error-correction model is their responsiveness to

any long-term changes: when unexpected shocks occur, the system converges back to the

long-term cointegrating relationship while allowing for short-term adjustment dynamics.

Reparameterization of (1.10) yields the following error-correction model:

∆yit = φi(yi,t−1−β
′
iXi,t−1)+

p−1
∑
j=1

λ∗ij∆yi,t−j +
q−1
∑
j=0

δ∗
′
ij∆Xi,t−j +µi+ εit, (1.11)

where φi = −(1−∑1
j=1λij), βi =∑

q
j=0 δij/(1−∑kλik), λ∗ij =∑

p
m=j+1λim j = 1,2, ...,p−1, and

δ∗
′
ij =∑

q
m=j+1 δim j = 1,2, ...,q−1. The expression ∆ denotes the first difference operator.

The term in brackets contains the long-term relationship between yit and xit. The

parameter φi is the error-correction or speed of adjustment term and determines the

time it takes for the system to converge back to the long-term equilibrium. A negative

coefficient on the error-correction term provides evidence for a long-term relationship.

Stability of the model requires the error-correction term to be not lower than -2 which is

within the unit circle (Loayza and Rancière, 2006).

Pesaran and Smith (1995) and Pesaran et al. (1999) suggested two estimation techniques

to obtain the long- and short-term effects and the speed of adjustment towards the long-

term in such a nonstationary heterogeneous macro panel data framework. The mean

group (MG) or pooled mean group (PMG) estimation technique can be used to obtain

both the short- and long-term coefficients. The MG estimation technique allows all

coefficients to be heterogeneous: the country specific intercepts, and both the short- and

long-term dynamics as well as the error variances are permitted to differ across countries.

The MG estimator does not impose any homogeneity restrictions on the parameters for

the cross-section members. For each cross-sectional member, separate regressions are

estimated by OLS and the long- and short-term coefficients are calculated as an unweighted

average of the individual cross-sectional coefficients (Pesaran and Smith, 1995). The PMG
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estimator allows both the individual specific intercepts and short-term dynamics as well

as the error variances to differ freely across countries. The long-term parameters are

constrained to be homogeneous: that is constant across countries. Pesaran et al. (1999)

adopt a maximum likelihood approach to obtain the parameters of the PMG estimation

technique: The long-term coefficients are obtained by using a concentrated maximum

likelihood procedure jointly across panel units. The likelihood of the panel data model is

the product of the likelihoods for each group. The estimation of the short-term coefficients,

error-correction terms, panel unit specific intercepts, and panel unit specific error variances

is also based on maximum likelihood and uses the estimates of the long-term coefficients

previously obtained (Loayza and Rancière, 2006). Pesaran et al. (1999) term these

maximum likelihood estimators pooled mean group (PMG) estimators to highlight both

the pooling implied by the homogeneity restrictions on the long-term coefficients and the

averaging across groups. The means of the estimated error-correction coefficients φ̂ and

the short-term parameters κ̂ of the model estimated with the PMG technique are obtained

likewise to the MG procedure and can be estimated by the unweighted average of the

individual coefficients φ̂MG =N−1∑Ni=1 φ̂i and κ̂MG =N−1∑Ni=1 κ̂i. The variance of these

estimators, in case of φ̂MG for example, is given by ∆̂φ̂ = 1/N(N −1)∑Ni=1(φ̂i − φ̂MG)2.

Compared to fixed and random effects estimation procedures, both the MG and PMG

estimator have the advantage that the dynamic specifications are allowed to vary across

panel members. A Hausman (1987) specification test identifies whether the difference

between the two estimators is significant in order to choose the right estimation technique

in terms of efficiency and consistency (Pesaran et al., 1999).

1.3.2 Multinomial Logit Regression

The multinomial logistic regression approach models relationships between a categorical

outcome and a set of predictor variables. The multinomial logit model builds on the binary

logit model, but the factors which affect the outcomes are determined simultaneously

which increases the efficiency of the estimates. The parameter values are determined

using the maximum likelihood estimation technique to establish the probability of group
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membership. The categories of the outcome variable are restricted to be unordered and

based on the assumption of the independence of irrelevant alternatives (IIA) stating that

the inclusion or exclusion of categories does not affect the relative risks associated with

the remaining categories (Hausman and McFadden, 1984). In the multinomial logit model,

the log-odds ratio that country i will fall in response category j relative to the reference

category J is assumed to follow a linear model:

ηij = log(
π

(j)
i

π
(J)
i

) = α(j)+β(j)1 X1i+ ...+β(j)k Xki, (1.12)

where πi is the probability for outcome j in the i = 1, ...,n countries, α(j) is a constant,

β
(j)
1 , ...,β

(j)
k are the k regression coefficients, for the j = 1, ...,J −1 outcomes, and X1i, ...,Xki

are the k explanatory variables.

1.3.3 Toda and Yamamoto (1995) Granger Non-causality Test

The Toda and Yamamoto (1995) version of the Granger non-causality test can be

applied to variables involved in the system that may be integrated or cointegrated of an

arbitrary order. It thus reduces the risks associated with the possibility of identifying

the order of integration of the time series incorrectly (Mavrotas and Kelly, 2001) thus

minimizing pre-test biases (Soytas and Sari, 2006). The methodology of Toda and

Yamamoto (1995) utilizes a modified Wald test to test the significance of the parameters

in a vector autoregression (VAR) model to identify the causal relations. The basic idea is

to artificially augment the optimum lag length l by the maximal order of integration dmax

of the variables to include an additional lag. This ensures that the usual test statistic for

Granger causality tests has the standard asymptotic distribution (Wolde-Rufael, 2004).

The framework operationalized for empirical analysis consists of a system of k equations
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with k = 1, ...,K variables Xkt involved in the following VAR system:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

X1t

⋮

XKt

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

α1

⋮

αK

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+
l

∑
j=1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

β11j . . . β1Kj

⋮ ⋱ ⋮

βK1j . . . βKKj

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

X1t−j

⋮

XKt−j

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+
dmax

∑
j=l+1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

δ11j . . . δ1Kj

⋮ ⋱ ⋮

δK1j . . . δKKj

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

X1t−j

⋮

XKt−j

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ε1

⋮

εK

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

The definition of causality based on Granger (1969, 1980) is that a change in one variable

occurs before changes in another variable with the underlying assumption that past and

present variables cause the future, but the future cannot cause the present. Testing

for Granger causality thus requires inferring zero restrictions on certain coefficients.

The standard t−, χ2-, and F -tests based on the Wald principle may have nonstandard

asymptotic properties for the inference regarding the VAR parameters if integrated or

cointegrated variables are involved in the system and are thus not valid (Toda and Phillips,

1993). The nonstandard asymptotic properties of the standard tests on the coefficients of

cointegrated VAR processes are due to the singularity of the asymptotic distribution of

the estimators. However, overfitting the VAR order and ignoring the extra parameters

in testing for Granger-causality overcomes the problems associated with standard tests.

In the estimated (l+dmax)th-order VAR the coefficients of the last lagged dmax vectors

are therefore regarded as zeros when inferring the causality with the modified Wald test

(Toda and Yamamoto, 1995; Dolado and Lütkepohl, 1996).

1.4 Contributions

Chapters 2 and 3 contribute to the literature by applying state-of-the-art panel time

series data and methods to established environmental and ecological economic theories for

which empirically no clear consensus is reached yet. Chapters 3 and 4 contribute to the

literature by applying established econometric techniques to analyze two issues around
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using nuclear power which have not been investigated from an empirical perspective so

far. The following sections briefly outline for each of the four chapters the motivation

and relevance, the contributions, key characteristics, and hypotheses, the data and

methodological framework used, and summarize the main results. Table 1.1 lists the

chapters of this dissertation indicating co-authors, describing my own contribution, and

publications.

Table 1.1: Summary of the chapters
Dissertation Chapter Joint work with Contribution Publications

Chapter 2: Beyond the
Inverted U-Shape:
Challenging the

Long-Term
Relationship of the

Environmental
Kuznets Curve

Hypothesis

Anne Neumann Main Author.
Responsible for data,
literature, estimation,

interpretation of
results, and writing.
Development of the

econometric model was
collaborative.

Postprint version
included in this

Dissertation:
Economics of Energy &
Environmental Policy,

9(2), July, 2020.

Also published as a
preprint version: DIW
Discussion Papers, No.
1699, October 2017.

Chapter 3: The Impact
of Population,

Affluence, Technology,
and Urbanization on

CO2 Emissions Across
Income Groups

Anne Neumann Main Author.
Responsible for data,
literature, estimation,

interpretation of
results, and writing.
Development of the

econometric model was
collaborative.

Preprint version
included in this

Dissertation:
Submitted to

Environmental
Sociology (June 2020).

Also published as a
preprint version: DIW
Discussion Papers, No.

1812, July 2019.
Chapter 4: Democratic

Quality and Nuclear
Power: Reviewing the
Global Determinants

for the Introduction of
Nuclear Energy in 166

Countries

Anne Neumann,
Christian von

Hirschhausen, Ben
Wealer

Main Author.
Responsible for data,
literature, estimation,

interpretation of
results, and writing.
Development of the

econometric model was
collaborative.

Postprint version
included in this

Dissertation: Energy
Research & Social

Science, Volume 63,
101389. https:

//doi.org/10.1016/
j.erss.2019.101389

Also published as a
preprint version: DIW
Discussion Papers, No.

1811, July 2019.
Chapter 5: Nuclear

Energy Consumption
and Vertical

Proliferation in
Nuclear Armed States

Author’s independent
research.

Preprint version
included in this

Dissertation:
Submitted to Journal
of Conflict Resolution

(June 2020).
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1.4.1 Chapter 2: Beyond the Inverted U-Shape: Challenging

the Long-Term Relationship of the Environmental Kuznets

Curve Hypothesis

Chapter 2 draws on the theory of the Environmental Kuznets Curve (EKC). Since

the empirical literature has not reached any consensus regarding the existence or shape

of an EKC in particular for pollutants having long-term effects on a global scale with

high abatement costs, the analysis consideres carbon dioxide emissions as the dependent

variable for environmental quality. The estimation of an EKC with a quadratic specification

produces highly biased results in favour of an inverted U-shaped pattern. The analysis

thus consideres a cubic specification to allow the relationship between income and CO2

emissions to follow other forms than the rather optimistic inverted U-shaped pattern.

By utilizing the quadratic formulation, recent papers (e.g. Kasman and Duman, 2015;

Al-Mulali and Ozturk, 2016; Bilgili et al., 2016; Dogan and Seker, 2016; Jebli et al.,

2016; Sapkota and Bastola, 2017; Zhang et al., 2017a) find an inverted U-shaped pattern

wrongly leading to the impression, that patterns of economic growth are ecologically

sustainable (Shahbaz and Sinha, 2019) thereby ignoring what could happen after the first

turning point. This chapter thus hypothesis that the improvement in the relationship

between income and CO2 emissions is - if at all - only a transitory phenomenon which is

unlikely to hold in the long-term. The anaylsis contributes to the literature by analyzing

whether the EKC does hold in the long-term and if the improvements are only a transitory

phenomenon.

The empirical analysis is based on a global panel data set of 69 countries over the

period 1971 to 2014. In addition to the global panel, the countries are clustered according

to their level of economic development into high,- middle- and lower-income groupings.

The empirical results rather support a N-shaped than an inverted U-shaped pattern

for the pollution income relationship with no evidence of an inverted U-shaped pattern

associated with the EKC hypothesis in any panel. The outcome seriously challenges the

implication associated with the EKC hypothesis that the net effect of economic growth

24



helps to stabilize CO2 emissions in the near future. Promoting economic growth is not a

panacea to simply grow out of pollution related problems in the long-term.

1.4.2 Chapter 3: The Impact of Population, Affluence, Technol-

ogy, and Urbanization on CO2 Emissions Across Income

Groups

Chapter 3 uses the Stochastic Impacts by Regression on Population, Affluence and

Technology (STIRPAT) regression framework in the context of the Ecological Modern-

ization Theory (EMT) to analyze the impact of the primary drivers of carbon dioxide

emissions including urbanization on CO2 emissions. Urban areas are responsible for more

than 70% of global CO2 emissions in 2014 (UN-Habitat, 2016), and both urbanization and

population growth are projected to increase the fastest in low- and lower-middle-income

countries (United Nations 2014; United Nations 2017). The transition from rural to urban

areas is likely to intensify since climate change already leads to inhospitable environments

(Stephenson et al., 2010). Understanding the relationship between urbanizaion levels

and CO2 emissions thus is of great practical importance. The empirical literature also

has not reached any consensus how urbanization in particular impacts CO2 emissions

at different stages of economic development. This chapter thus attempts to analyze if

incrases in urbanization are compatible with ecological sustainability and if the growth

in consumption of the goods and services produced greater impacts CO2 emissions than

population growth. The analysis contributes to the existing literature by allwoing for

non-linear forms of urbanity over time, by using dynamic panel estimation techniques

which account for heterogeneity among countries in which both the short- and long-term

impacts are modeled, and by analyzing how the driving forces of CO2 emissions vary

across different stages of economic development.

A panel data set of 76 countries over the period 1971 to 2014 is used for the emprical

analysis. The countries are clustered into three panels based on their level of high-, middle-

and lower-incomes as well a global panel. The empirical results suggest the existence of a
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turning point for the urbanization ratio after which CO2 emissions decline at around 54%

for the lower- and middel-income panel. The results also indicate that GDP per capita

does impact CO2 emissions greater than population which suggests that it is rather the

growth in consumption of the goods and services produced than the number of people

leading CO2 emissions to increase.

1.4.3 Chapter 4: Democratic Quality and Nuclear Power: Re-

viewing the Global Determinants for the Introduction of

Nuclear Energy in 166 Countries

Chapter 4 draws on the literature from the theoretical analysis of socio-technical

transformations (Geels, 2002; Geels, 2011) and on qualitative case studies analyzing

socio-economic factors that encouraged the development of nuclear power (e.g. Sovacool

and Valentine, 2010; Valentine and Sovacool, 2010). Surprisingly, empirical research

emphasizing in particular the political economy dimension of nuclear power trajectories

is almost nonexistent. This chapter hypothesizes that due to the complex, and often

controversial, political decisions required to develop nuclear power, less democratically

governed countries are more likely to introduce nuclear power than countries with higher

levels of democracy. This analysis contributes in particular, as it is the first which

empirically relates the likelihood of a country to introduce nuclear power to its level

of democratic quality. By identifying democratic quality as an important factor to the

nuclear energy choice, the analysis shifts the focus of the discussion about nuclear energy

beyond economic, climate, and environmental issues towards the frequently neglected

political and democratic dimension of nuclear power.

To analyze the hypothesis, an unbalanced panel time series dataset covering 166

countries over the period from 1960 to 2017 is constructed with the country year (dyad)

being the unit of observation. To construct the dependent variable, the analysis evaluates

at each point in time if countries currently use, have used, or start to construct a nuclear

power plant. The period of the construction start of the first nuclear reactor until the
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first grid connection of any nuclear power plant then represents the introduction of

nuclear power. The dependent variable thus takes on three values which distinctively

define a countries’ nuclear energy strategy chosen over time and is explained by the

level of democratic development, national development and both energy transitions and

environmental indicators, and nuclear warhead possession. The empirical results suggest

that democratically not free countries compared to democratically free countries are more

likely to introduce nuclear power: the introduction of nuclear energy tends to be more

likely under conditions where political and public debate are minimized which more easily

enables the implementation of governmental programs which might run contrary to public

interest.

1.4.4 Chapter 5: Nuclear Energy Consumption and Vertical

Proliferation in Nuclear Armed States

Chapter 5 draws on the theoretical literature of nuclear proliferation (e.g. Most and

Starr, 1989; Siverson and Starr, 1990; Ogilvie-White, 1996; Sagan, 1997; Jo and Gartzke,

2007) and on the empirical literature analyzing the factors which determine the spread of

nuclear weapons to new states (e.g. Singh and Way, 2004; Jo and Gartzke, 2007; Tago and

Singer, 2011) for selecting the variables used in the empirical model. Factors which help

explaining why states that do not have, but are acquiring, nuclear weapons or developing

the capability and materials for producing them, are already recognized in the empirical

literature. Understanding the determinants of the accumulation of nuclear weapons,

however, is a neglected research area. Chapter 5 therefore attempts to empirically analyze

the causal relationships between the civilian uses of nuclear energy, military expenditures,

trade openness, and the stockpiling of nuclear warheads arguing that the civilian uses

of nuclear power are causally related to a countries’ stockpile of nuclear warheads. In

this context, data on nuclear energy consumption serves as a useful generic indicator to

tap the broader capabilities of the civil and military nuclear infrastructure including the

wider nuclear skills, education, research, design, engineering, and industrial capabilities

(Kroenig, 2009b; Stirling and Johnstone, 2018). The analysis contributes in particular as
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it provides the first empirical assessment of the mutually beneficial relationship between

a state’s nuclear warhead stockpiles and its civil nuclear capabilities using a time series

causal inference framework. Highlighting this neglected aspect may help to explain the

future use of nuclear power in nuclear armed states and the global security concerns

associated with nuclear energy.

The analysis is conducted for the nuclear armed states China, France, India, Pakistan,

Russia, UK, and USA over country specific periods. The empirical results suggest that the

civilian use of nuclear power for electricity generation is a significant causal factor to the

vertical proliferation dynamics in the nuclear armed states China, India, and Pakistan in

particular. The post cold war nuclear arms race in these countries thus is in part fueled by

their expansion of nuclear power. The civilian and military linkages of nuclear energy can

impede a nuclear phase-out and a nuclear power lock-in, induced by vertical proliferation

aspirations, is plausible in particular in nuclear armed states.

1.5 Concluding Remarks and Outlook

This dissertation empirically analyzes intensifying socio-economic aspects within the

periods of the ”Great Acceleration” in the Anthropocene and their implications for climate

change as well as consequences of the usage of nuclear energy for the energy transformation.

We contribute to a better understanding of the correlational relationships between these

socio-economic aspects and carbon dioxide emissions as well as foster the discussion of

political and security issues relevant for achieving the transformation towards decentralized

energy systems without nuclear power. The contributions of this dissertation are providing

a wide range of suggestions for future research concerning further macro and sector-specific

challanges of the decarbonization and the sustainable energy transformation. The potential

extensions of each chapter and broader future research aspects which also derive from

this disseration are discussed in the following.

Chapter 2 suggests that the pollution income relationship relationship does not follow

the inverted U-shaped pattern associated with the EKC. The definition of a potential
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turnaround point, however, is also based on the idea of environmental awareness. Future

research thus should incorporate social indicators, corruption index, and further governance

indicators which might reduce bias on the estimated income coefficients (Shabaz and

Sinha, 2019). Income and the suggested variables are presumably highly correlated,

but the utilization of panel time series data reduces multicollinearity (Hsiao, 2005). A

disaggregated analysis of the environmental Kuznets curve for sectoral specific CO2

emissions moreover would help to exploit the heterogeneity in the relationship between

income carbon dioxide emissions across economic sectors. Methodologically, and assuming

stationarity or cointegration of the panel data, emplyoing semi-parametric panel fixed

effects regression approaches proposed by Baltagi and Li (2002), where income enters the

regression nonparametrically, may also provide new insights on the functional form of the

pollution income relationship or might help to identify the relevant parametric form.

The results from Chapter 3 indicate a turning point for the urbanization ratio after

which CO2 emissions decline and a greater impact of GDP per capita on CO2 emissions

than population. An envisaged extension of the analysis is to evaluate the impact of the

major drivers of carbon dioxide emissions throughout the distribution of CO2 emissions.

Using a fixed effect panel quantile regression approach proposed by Koenker (2004) for

stationary data allows to see the impact of the major drivers of carbon dioxide emissions

in particular at the tails of the distribution in countries with the highest and lowest CO2

emissions. Using a quantile regression approach thus helps to more accurately describe the

effect of population, affluence, technology, urbanization, and other potential variables on

CO2 emissions by considering the heterogenous effects of influencing factors on different

quantils. Including further variables such as governance indicators emphasizes the political

economy dimension of CO2 emissions which potentially are mediated by the institutional

qualities of different governance regimes.

Chapter 4 relates the likelihood of a country to introduce nuclear power to its level of

democratic quality and we find democratically not free countries more likely to introduce

nuclear power than democratically free countries. This automatically leads to the question

which specific aspect of democratic quality in particular explains the posture towards
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nuclear power such as discontinuing the usage of nuclear power for energy production

or pursuing initial nuclear power capabilities, that is the difference in future nuclear

trajectories among countries. In this regard, analyzing the influence of military trade ties

with major nuclear suppliers on the decision to pursue initial nuclear power capabilities

would address further international relations and security issues in connection with the

diffusion of nuclear energy. The results from Chapter 5 suggest that the civilian use of

nuclear power for electricity generation is a causal factor which helps to significantly

explain vertical proliferation dynamics in the nuclear armed states China, India, and

Pakistan in particular. To further understand these dynamics, we aim to extend the

analysis by employing vector autoregressive models with the variables transformed in their

first differences to describe the evolution of nuclear warheads in reaction to a shock in

one nuclear energy consumption with impulse response functions.

Since this dissertation concerns only parts of the proposed framework by Raworth

(2017a, 2017b) which is closely related to the 2030 Agenda for Sustainable Development

and the 17 Sustainable Development Goals (SDGs) set in 2015 by the United Nations, an

extension to further aspects in connection with SDG indicators is also possible. In this

regard, we suggest an analysis for the whole set of SDGs considering causalities instead of

correlations between indicator pairs for different groups of income or region, with panel

data methods to increase the efficiency of the econometric estimates. The Dumitersuci

and Hurlin (2012) method for testing Granger causality in panel datasets would offer a

first potential methodological approach given a balanced panel data set can be obtained

and sufficient variation in the SDG indicators over time. In using the Dumitersuci and

Hurlin (2012) method for testing Granger causality, one could analyze if a change in

one aggregate indicator for any SDG causes another aggregate indicator for any SDG to

change. In terms of selecting adequate indicators, we suggest to follow the global indicator

framework for Sustainable Development Goals developed by the Inter-Agency and Expert

Group on SDG Indicators (IAEG-SDGs) agreed upon at the 48th session of the United

Nations Statistical Commission held in March 2017 (United Nations, 2020).
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Chapter 2

Beyond the Inverted U-Shape:

Challenging the Long-Term

Relationship of the Environmental

Kuznets Curve Hypothesis

2.1 Introduction

A substantial amount of greenhouse gas emissions results from the increased use of

energy, primarily fossil fuels, as the main driver for production processes and economic

growth. Given the global challenge of climate change, initiatives by individual countries

are not sufficient to fight global warming. According to the Intergovernmental Panel on

Climate Change (2014), continued emissions of carbon dioxide (CO2) will lead to further

surface warming and cause damage to the ecosystem that is likely to be irreversible.

Moreover, the report emphasizes that while climate change affects all continents, the

world’s poorest countries remain the most vulnerable.

Global economic prosperity could provide a solution according to a theoretical concept

This article first appeared in Economics of Energy & Environmental Policy, Vol. 9, No. 2, 2020 -
Reproduced by permission of the International Association for Energy Economics (IAEE).
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formulated in 1991: the Environmental Kuznets Curve (EKC) hypothesis postulates that

after a certain threshold income level is reached, environmental quality improves over

the course of further economic development (Grossman and Krueger, 1991). Although

the EKC literature has grown rapidly over the recent years, there still is no consensus

regarding the existence or shape of an EKC particularly for pollutants having long-term

effects on a global scale with high abatement costs such as CO2 emissions (Dinda, 2004;

Shahbaz and Sinha, 2019). Considering the relationship between CO2 emissions and

income, the EKC hypothesis crucially relies on the assumption that initial increases in

emissions are only temporary, whereas the subsequent decrease in emissions are considered

to be permanent (Dinda, 2004).

Against this background we challenge the long-term relationship of the EKC: our

hypothesis is that the improvement in the relationship between income and CO2 emissions

is - if at all - only a transitory phenomenon which is unlikely to hold in the long-term.

To empirically analyse our hypothesis, we first test whether a long-term relationship

among the variables exist and if so, we secondly estimate the long-term coefficients

using nonstationary panel data methods. As the estimation of an EKC with a quadratic

specification produces highly biased results in favour of an inverted U-shaped pattern

(Lieb, 2003), we use a cubic formulation to allow the relationship between income and

CO2 emissions to follow other forms than the rather optimistic inverted U-shaped pattern.

Recently, Shahbaz and Sinha (2019) emphasize this as a major issue which largely has

been neglected in empirical estimations of an EKC for CO2 emissions. Adopting a cubic

formulation helps to identify other impacts of income on CO2 emissions by extending the

analysis beyond the inverted U. By utilizing the quadratic formulation, recent papers (e.g.

Kasman and Duman, 2015; Al-Mulali and Ozturk, 2016; Bilgili et al., 2016; Dogan and

Seker, 2016; Jebli et al., 2016; Sapkota and Bastola, 2017; Zhang et al., 2017) find an

inverted U-shaped pattern wrongly leading to the impression, that patterns of economic

growth are ecologically sustainable (Shahbaz and Sinha, 2019) thus ignoring what could

happen after the first turning point. We thus contribute to the relatively scarce cubic EKC

literature for CO2 emissions, by analysing whether the Environmental Kuznets Curve
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does hold in the long-term, or if the improvements are only a transitory phenomenon.

Moreover, within a panel time series framework, we utilize an estimation technique which

addresses the issue of slope parameter heterogeneity.

The remainder of this paper is organized as follows. Section 2 outlines the theoretical

underpinnings of the EKC and reviews the relevant literature. Section 3 presents the data

and explains our empirical strategy. Section 4 reports and discusses the empirical results.

Section 5 concludes and offers suggestions for future research.

2.2 Background and Related Literature

This section outlines the theoretical motivation of the EKC, briefly explains the concep-

tual assumption that subsequent improvements in environmental quality are considered

to be permanent by most of the empirical work, and lastly highlights serious econometric

issues to consider. Section 2.2 presents the related literature while critically reflecting

upon the methods applied within the group of identified work.

2.2.1 Background

The EKC hypothesis postulates that pollution or environmental degradation increases

with per capita income at early stages of economic development up to a turning point after

which environmental quality might improve in subsequent years for higher income per

capita (Grossman and Krueger, 1991). Thus, the EKC hypothesis represents a long-term

relationship between environmental impacts and economic growth. In its simplest form

this can be tested in an econometric regression model as quadratic functions of the

levels of income. Theoretically, relevant explanatory factors determine the relationship

between emissions and income within the EKC framework with underlying causes such

as environmental regulation, awareness, and education, only having indirect effects via

the relevant explanatory factors. Considering the theoretical underpinnings of the EKC

as outlined by Dinda (2004) and Stern (2004), scale effects, changes in the economic

structure or product mix, changes in technology, and changes in input mix are likely to
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affect CO2 emissions.

When economic output increases more inputs are required, thus utilizing more resources:

scale effects consequently negatively impact environmental quality. However, as income

rises, technological progress occurs and the structure of the economy changes from a

resource and energy intensive industry to a knowledge based technology intensive economy

with lower emissions per unit output lowering polluting activities over time in the long-term.

When damaging inputs can be substituted by less ecologically damaging inputs, changes

in the input mix also affect the pollution income relationship. Moreover, technological

progress increases total factor productivity and existing inputs are used more efficient.

Both effects tend to lower the emission level throughout an economy. If the positive impacts

on environmental quality - namely the composition and technological effect - outweigh the

ecologically harmful scale effect, the inverted U-shaped linkage associated with the EKC

hypothesis occurs. In addition, openness to trade is one of the most important factors

that can explain an EKC (Arrow et al. 1995; Stern et al. 1996; Cole 2004). Following the

literature on trade theory, developing countries start to specialize in the production of

labor- and resource-intensive goods, as these countries become comparatively well-endowed

in this input, whereas developed and wealthy countries specialize in the production of

capital-intensive goods. Thus, the production structure of developing countries is more

environmentally harmful compared to wealthier countries: lesser-developed countries

are net exporters of pollution-intensive goods and wealthier countries are net importers.

Following the pollution haven hypothesis, this implies that present low-income countries

will be unable to outsource their resource-intensive manufacturing industries to other

countries with lower environmental standards (Copeland and Taylor, 1994). Furthermore,

a higher degree of trade-openness as an essential component for sustained economic

growth increases the size of the economy thus intensifying energy demand which in turn

is associated with more pollution (Dinda, 2004; Stern, 2004; Sadorsky, 2012).

However, the EKC hypothesis conceptually relies on the assumption that initial increases

in CO2 emissions are only temporary, whereas subsequent decreases in CO2 emissions

are considered to be permanent. In this regard, outcomes of quadratic EKC regression
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specifications are too favorable to the EKC hypothesis leading to the conclusion that

economic growth helps to undo the damage done after a certain threshold level of income

is reached. On the contrary, when specified as a cubic regression function, the inverted

U-shaped pattern associated with the EKC hypothesis is only one out of seven possible

outcomes describing the pollution income relationship depending on sign, significance, and

magnitude on the coefficients for per capita income. Using a cubic formulation helps to

identify if the improvement of the relationship between income and CO2 emissions is only

a transitory phenomenon, which is unlikely to hold in the long-term (Ekins, 1997; Lieb,

2003; Dinda, 2004; Shahbaz and Sinha; 2019). Shahbaz and Sinha (2019) emphasize this

as a major issue which largely has been neglected in empirical estimations of an EKC for

CO2 emissions. Moreover, many authors criticize EKC estimations on various econometric

grounds. Problems concerning omitted variables bias, integrated variables which would

lead to spurious estimates in the absence of cointegration, as well as the issue of slope

parameter heterogeneity are considered to be relevant (Lieb, 2003; Stern, 2004; Dijkgraaf

and Vollebergh, 2005; Wagner, 2008).

2.2.2 Related Literature

Since Shafik and Bandyopadhyay (1992) first incorporated CO2 emissions into the EKC

framework, a large body of literature emerged with an EKC estimation of CO2 emissions

over the last two decades (Dinda, 2004; Stern, 2004; Shahbaz and Sinha, 2019). The

empirical results remain controversial due to different time frames of the studies, various

explanatory variables involved, and methods applied (Shahbaz and Sinha, 2019). Our

literature review focuses on papers which have applied parametric estimation approaches

including the cubic term for income while also controlling for international trade. Based

on the most recent EKC survey for CO2 emissions (Shahbaz and Sinha, 2019), we have

identified nine releated studies, which can be separated into single country analyses within

a time series framework (6) or macro panel data studies (3). Only the latter are broadly

comparable to this paper in terms of the econometric and theoretical approaches.

Hill and Magnani (2002) investigate the pollution income relationship for sulfur and
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nitrous oxide as well as for carbon dioxide emissions using a panel of 156 countries which

are clustered into low-, middle- and high-income groups. Instead of using panel time

series data, they employ cross-sectional data covering the periods 1970, 1980 and 1990 for

carbon dioxide to determine stability of the EKC over time using static generalised least

squares (GLS). Their empirical results are based on not more than 156 observations for

the overall panel and only 72 observations for the income grouping analysis whilst not

addressing the issue of slope parameter heterogeneity. An additional estimation addresses

omitted variable bias concerns by including education, inequality, and trade-openness

of economies. Their results indicate the presence of a global N-shaped pattern in all

three periods. Considering the individual income grouping analysis, their empirical results

suggest that per capita CO2 emissions increase with income. Their results are robust to

the inclusion of variables for education, inequality, and trade-openness. The turning point

is close to the upper end of the per capita income range.

Lee et al. (2009) analyse the EKC hypothesis using the generalized method of moments

(GMM) technique for 89 countries over the period 1960 - 2000. They group their panel

according to three levels of economic development (high-, middle-, and low-income

countries) and into four regions (Africa, America, Asia & Oceania, and Europe). Using a

cubic specification, they control for population density, the sum of exports and imports

of goods and services relative to GDP, and energy use. The authors do not test for

stationarity or cointegration among the variables and assume identical regression slope

coefficients, too. They find a N-shaped relationship between CO2 emissions per capita and

income per capita in both static and dynamic panel frameworks. Their results suggest

that in the high-income panel neither an inverted U-shaped nor N-shaped relationships

are statistically significant, the existence of an inverted N-shaped relationship for the

middle-income panel, and a N-shaped EKC for the low-income panel. Their results for

the regional grouping estimates support the EKC for America and Europe only.

Akpan and Abang (2015) test the EKC hypothesis for per capita CO2 emissions using

random-effects and two-stage least squares estimations for a panel of 47 countries over the

period 1970 - 2008. The panel is clustered into high- and low-income groups and a full
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sample. They use fossil fuel energy consumption, the ratio of exports of goods and services

to domestic production as well as the ratio of imports of goods and services to domestic

output, population growth, and energy prices as additional control variables. While they

examine the stationary properties of the variables and check for cointegration based on

the assumption of cross-sectional independence, they do not address the possibility of

slope parameter heterogeneity. Using both quadratic and cubic models for the pollution

income relationship, Akpan and Abang (2015) find mixed evidence depending on the two

functional forms assumed, but their results suggest that the EKC hypothesis collapses

when a cubed income term is included. At best, their results indicate that the relationship

between per capita CO2 emissions and GDP per capita follows a N-shaped curve.

2.3 Data and Methodology

This section presents the data and our methodological approach. Section 3.1 describes

the utilized panel dataset. Section 3.2 outlines the empirical specification of the econo-

metric model associated with an EKC allowing for several forms of the pollution income

relationship. Section 3.3 explains our empirical strategy to analyse if the improvement of

the relationship between economic growth and CO2 emissions might only be a transitory

phenomenon.

2.3.1 Data

We build a panel dataset using annual data from the World Bank Development

Indicators (WDI) for 69 WTO countries from 1971 to 2014, clustering them into three

panels based on their level of high, middle and lower incomes.1 The World Bank clusters

economies into income groups based on Gross National Income (GNI) per capita and

corresponding thresholds established in 1989. These thresholds are updated annually at

the beginning of the World Bank’s fiscal year, with an adjustment for inflation. Thus,

movements of an economy between income groups can result from an increase or decrease of
1Due to the lack of data availability for low-income countries, we include low in the lower-income panel.
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a countries’ GNI per capita or due to the adjustment of the annually updated thresholds.2

With T=44 in each income panel for every given variable, the high-income panel (Nhigh=29)

has 1,276 observations, the middle-income panel (Nmiddle=16) has 704 observations, and

the lower-income panel (Nlow=24) has 1,056 observations. The overall panel (N=69)

covers WTO countries from the seven regions predefined by the World Bank: East Asia

and Pacific (n=10); Europe and Central Asia (n=17); Latin America and Caribbean

(n=18); Middle East and North Africa (n=6); North America (n=2); South Asia (n=4);

and Sub-Saharan Africa (n=12).

Table 2.1: Summary statistics by panel
CO2 GDP E TO

Panel Mean SD Mean SD Mean SD Mean SD
All-income 5.03 5.70 14,496.61 17,708.99 2,149.09 2,424.79 73.53 58.36
High-income 9.77 5.82 30,189.84 17,626.58 4,117.61 2,630.75 91.44 78.24
Middle-income 3.15 2.25 5,990.35 3,244.58 1,169.40 622.91 59.49 39.61
Lower-income 0.65 0.50 1,445.07 800.71 444.48 146.62 60.52 24.98

Notes: Mean is the arithmetic mean; standard deviation is denoted by SD; data obtained from the
World Bank Development Indicators database (last updated 15 September 2017). CO2 emissions
(CO2) are in metric tons per capita, per capita GDP (GDP) is in constant 2010 USD, per capita
energy consumption (E) is in kg of oil equivalent, and trade-openness (TO) is the sum of exports and
imports of goods and services measured as a share of gross domestic product.

According to the World Bank’s definition (2016), CO2 emissions (CO2) are measured

in metric tons per capita, per capita real GDP (GDP) is measured in constant 2010 USD,

per capita energy consumption (E) is measured in kg of oil equivalent, and trade-openness

(TO) is defined as the sum of exports and imports of goods and services measured as

a share of gross domestic product. Table 2.1 shows that the average per capita CO2

emissions between 1971 and 2014 for the high-income panel are more than 300% (1,500%)

higher than the per capita emissions of the middle- (lower-) income panel. Per capita

CO2 emissions for the middle-income panel are almost 500% higher compared to the

lower-income panel. The difference in terms of per capita GDP is also remarkable: the

average economic wealth expressed as per capita GDP for the high-income panel is 500%
2For our panel dataset the following movements occurred over the period from 1987 to 2014: in total, 24
countries moved on average 2.12 times between our three defined income groups over the 27 year period
for which the historical classification by income exist. Within our high-income panel, movements for 8
economies occurred, whereas 15 countries changed the income group in our middle-income panel, and
Tunisia changed its income class from the lower-income panel to the lower middle-income group in 2010.
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and more than 2,000% higher than for the middle- and lower-income panel, respectively.

The middle-income panel is on average 400% wealthier than the lower-income panel. As

for average per capita energy consumption, the high-income panel emits more than 350%

(900%) CO2 emissions than the middle- (lower-) income panel. Per capita emissions of

the middle-income panel are more than twice as high as the lower-income panel. The

ratio of trade to GDP for the high-income panel is only about 1.5 times higher than for

the middle- and lower-income panels; surprisingly, the trade-openness indicator is almost

identical for the latter two panels.

Figure 2.1: Scatter plots of CO2, GDP, energy consumption, and trade-openness by panel
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Figure 2.1 illustrates the relationship between per capita CO2 emissions, per capita

energy consumption, GDP per capita, and trade-openness for each income panel from 1971

to 2014. The left figure shows a positive relationship between GDP per capita and CO2

emissions per capita for the overall panel and within every panel. An inverted U-shaped

relationship postulated by the EKC hypothesis is not clearly visible for any income panel.

The middle figure shows a positive relationship between energy consumption per capita

and CO2 emissions per capita for every income group. However, the slope for the data

points varies substantially between groups: while an increase in energy consumption

is accompanied by a very sharp increase in per capita emissions for the lower income

panel, an increase in per capita energy consumption results in a less pronounced raise

in per capita CO2 emissions for the other panels. The right plot shows the impact of

trade-openness on CO2 emissions per capita without revealing any clear picture.

39



2.3.2 Empirical Specification

We use the following cubic reduced form model to test the various possible relationships

between pollution and income within a panel time series setting:

CO2it = β0i+β1iGDPit+β2iGDP
2
it+β3iGDP

3
it+β4iEit+β5iTOit+ εit, (2.1)

where i = 1, ...,N denotes each country in the panel and subscript t = 1, ...,T refers to the

time period measured in years. CO2 is CO2 emissions per capita, GDP is GDP per capita,

GDP 2 is the square of per capita GDP, GDP 3 is per capita GDP cubed, E is per capita

energy consumption, TO is trade-openness, and εit represents the idiosyncratic error term.

With the variables transformed into their natural logarithms, we interpret the coefficients

as elasticities. Depending on sign and significance on the coefficients for β1, β2, and β3 in

equation (2.1), the following seven functional patterns between CO2 emissions and income

might evolve: i) β1 = β2 = β3 = 0 results in a flat pattern, ii) β1>0 and β2 = β3 = 0 shows a

monotonic increasing or linear relationship, iii) β1<0 and β2 = β3 = 0 reveals a monotonic

decreasing relationship, iv) β1>0, β2<0 and β3 = 0 produces an inverted U-shaped figure,

v) β1<0, β2>0 and β3 = 0 yields an U-shaped form, vi) β1>0, β2<0 and β3>0 produces

a cubic polynomial or a N-shaped curve, and vii) β1<0, β2>0 and β3<0 represents an

inverted N-shaped figure (Dinda, 2004).3 We question, that the EKC does hold in the

long-term thus expecting the sign on income to be positive, negative for income squared,

and positive for the cubed income term in any panel. Since the continuous combustion of

fossil fuels leads to increases in the emission of greenhouse gases such as CO2 emissions,

the corresponding coefficient β4 is expected to be positive in any group. Lastly, we control

for the openness to trade, as one of the most important explanatory factors of the EKC.

Following the pollution haven hypothesis, the sign of β5 is expected to be positive for

both the high- and middle-income panel and negative for the lower-income panel.4

3The turning points for quadratic models are calculated by taking the antilog of − β1
2β2

whereas the peak

and trough points for cubic models are calculated by taking the antilog of −β2±(β2
2−3β1β2)1/2
3β3

.
4The existing literature largely ignores the potential multicollinearity among variables. Including the
squared GDP per capita term is necessary to test the diminishing effect on CO2 according to the EKC
theory. A major advantage of panel time series data over both time series and cross-section data is less
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2.3.3 Empirical Strategy

Before estimateing the hypothesized long-term relationship, we test our data for any

degree of cross-section dependency using the cross-section dependence (CD) test suggested

by Pesaran (2004) which is applicable to stationary and unit root dynamic heterogeneous

panels. We then apply panel unit root and cointegration tests which both account for cross-

section dependence, as the cross-section independency assumption from first generation

methods is considered as a rather restrictive assumption (Banerjee et al., 2004). We

employ the Pesaran (2007) panel unit root test which is based on adjusting the ADF

regressions with the cross-section average of lagged levels and first differences of the

individual series. The homogeneous null hypothesis states that each country in the panel

contains a unit root and is tested against the heterogeneous alternative that allows it

to differ across countries. The presence of a unit root indicates that shocks will have

permanent effects whereas for a stationary process, a shock will result in only a temporary

deviation from the variable’s long-term growth path (Smyth, 2013). Moreover, if all the

variables are found to be I(1), cointegration then is a necessary condition for a regression

of nonstationary variables not to be spurious.

Since the EKC hypothesis is understood as a long-term phenomenon, we use the

four error correction-based panel cointegration tests developed by Westerlund (2007)

to determine if a long-term equilibrium relationship among the potentially integrated

variables exists. The tests are based on structural rather than residual dynamics which

avoids the problem of a common factor restriction. The general idea is to test the null

hypothesis by inferring whether or not the error correction term in a conditional error

correction model is equal to zero. The null hypothesis is the same for each statistic but

the alternative hypothesis differs between the panel and group mean statistics: for the

two panel statistics, the rejection of the null hypothesis indicates cointegration of the

panel as a whole, while the two group mean tests test the alternative if cointegration for

at least one of the cross-sectional members exists. To accommodate for cross-sectional
multicollinearity among the variables due to increasing degrees of freedom from the increased sample
size (Baltagi, 2013).
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dependence, using bootstrapped robust critical values for the four panel cointegration test

statistics prevents statistical misspecification.

The cointegrating parameters are revealed by the Pedroni (2001) dynamic group-mean

panel DOLS estimator applicable to nonstationary cointegrated panels. This technique

adds lags and leads of the differenced explanatory variables into the cointegrating regression

in order to control for endogeneity due to correlation between the regressors and the

disturbances, and to obtain consistent and efficient estimators of the long-term relationship.

By estimating a dynamic ordinary least squares estimation for each panel unit, the dynamic

group-mean panel DOLS estimator allows the slope coefficients to vary across individual

panel members. The individual specific coefficient estimates and the corresponding t-

statistics are then averaged over the entire panel to obtain the DOLS estimates for the

panel as a whole. The information is thus pooled along the cross-section dimension over

the entire panel. An advantage of the dynamic group-mean panel DOLS estimator is that

it allows for more flexibility in the presence of heterogeneity of the cointegrating vectors

(Pedroni, 2001).

2.4 Empirical Results

Before we estimate the long-term relationship, we need to (i) test our data for any

degree of cross-section dependency (CD), (ii) identify the order of integration of the

variables, and (iii) determine if a long-term equilibrium relationship among the integrated

variables exist, as cointegration of integrated variables is a necessary condition for a

regression involving nonstationary variables not to be spurious.5

The results of the Pesaran (2004) CD test indicate that the variables are highly

dependent across countries in every income group and the overall panel. We therefore

continue using panel unit root and a panel cointegration tests, both of which account for
5These steps are technical prerequisites. More detailed and technical information is provided in Sorge
and Neumann (2017), the results for the Pesaran (2004) cross-section dependence test, Pesaran (2007)
panel unit root test, and Westerlund (2007) panel cointegration test are in shown in Tables 2.4 to 2.6 in
the online appendix.
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cross-section dependence. Next, we employ the Pesaran (2007) panel unit root test which

is based on adjusting the ADF regressions with the cross-section average of lagged levels

and first differences of the individual series. The outcome of the Pesaran (2007) panel

unit root tests, which include both an intercept only and an intercept and linear trend,

differs only slightly among the four panels: considering the series in levels, we find overall

evidence of nonstationarity for the variables. The results for the series in first differences

indicate that all variables are integrated of order one within any panel.

Thus, we next apply the Westerlund (2007) panel cointegration tests to test equation

(2.1) for the existence of a long-term equilibrium relationship without an intercept, an

intercept only, and an intercept and trend as deterministic terms included.6 The results

vary depending on the deterministic terms included across panels but provide strong

evidence of cointegration: for the specification without an intercept, we can reject the null

hypothesis of no cointegration for equation (2.1) in 31 out of 32 times (97%). Including a

constant leads to a rejection in 5 out of 32 times (16%), whereas for the specification with

an intercept and linear trend suggests cointegration in only 3 out of 32 times (9%). Thus,

the overall outcome suggests the existence of a long-term equilibrium relationship among

the integrated variables within every income panel.

2.4.1 Long-Term Estimation Results

We now turn to estimating the long-term relationship using the DOLS approach.

Essentially, we investigate if the improvement of the relationship between economic growth

and CO2 emissions is only a transitory phenomenon and does not hold in the long-term.

To account for simple structures of cross-sectional dependency, we remove the time trend in

the form of yt =N−1∑Ni=1yit. Table 2.2 displays the results for the hypothesized pollution

income specification from equation (2.1) within any income group as well as for the overall

panel.
6We use the Akaike information criterion to determine the optimal lag length within the given limits
for each separate time series and use bootstrapped robust critical values to account for the presence of
cross-sectional dependence.
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Table 2.2: Results of Pedroni (2001) DOLS estimation
CO2 is the dependent variable

GDP GDP 2 GDP 3 E TO adj.R2 Turning points

All-income 31.180a -3.463a 0.126a 1.035a -0.004 0.66 2,644.64 & 36,344.60(8.91) (-7.59) (6.23) (45.56) (-0.46)
High-income 19.710a -1.899a 0.062a 0.971a -0.113 0.71 30,381.80(3.92) (3.94) (3.98) (39.37) (-0.19)
Middle-income 0.305a 0.263c -0.020 0.855a 0.015a 0.71 -(2.43) (-1.94) (1.53) (18.39) (2.61)
Lower-income -11.180 2.452 -0.148 0.738a -0.001 0.10 -(0.05) (0.36) (-0.76) (11.33) (1.08)

Notes: t-statistics are in brackets; superscripts a, b, and c represent significance at 1%, 5%, and 10%,
respectively; number of lags and leads included in the DOLS regression is set to one; turning points are
in GDP per capita (constant 2010 USD).

Except for the coefficient on trade-openness all estimated long-term coefficients are

statistically significant at the 1% level within the global panel. As the coefficients β1, β2,

and β3 are statistically significant and β1>0, β2<0 and β3>0, the empirical results for the

global panel rather support a N-shaped than an inverted U-shaped pattern associated

with the EKC hypothesis for the pollution income relationship: the curve for emissions

peaks at an income of 2,645 per capita USD, but ascends again after reaching 36,345 USD

per capita. The estimated turning points are in the range of per capita GDP (between 238

and 111,968 USD per capita for the global panel). The estimated coefficient on per capita

energy consumption is greater than one in magnitude, i.e. the change in CO2 emissions

per capita due to a change in energy consumption per capita is elastic for the global panel.

A higher degree of trade-openness is associated with lower CO2 emissions per capita in

the global panel, but the coefficient is not significant.

For the high-income panel, the estimated coefficients resemble the results from the

global panel: β1, β2, and β3 are statistically significant and β1>0, β2<0 and β3>0, which

again suggests a N-shaped pattern. As the roots of the first derivative within the high-

income panel are in the complex plane, a first turning point or peak income does not exist

for the estimated emission curve: the trough occurs at 30,382 USD per capita which is in

the range of per capita GDP for the high-income panel (from 1,966 to 111,968 USD per

capita). Although the coefficients are statistically significant and show both the signs and
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magnitudes corresponding to a N-shaped EKC, the pollution income relationship rather

is monotonically increasing. Moreover, a 1% increase in per capita energy consumption

is associated with a 0.971% increase in CO2 emissions per capita which is an inelastic

response. A higher degree of trade-openness is associated with lower CO2 emissions per

capita, but the coefficient is not significant in the high-income panel, either.

The results differ for the middle-income panel. The estimated coefficients on GDP

per capita and the quadratic term are statistically significant at the 1% level but both

are positive in magnitude. This neither supports the inverted U-shaped nor inverted

N-shaped curves for the pollution income relationship to hold in the long-term. The

reaction in CO2 emissions per capita due to a change in energy consumption per capita is

significantly inelastic and a higher degree of trade-openness is significantly associated with

higher CO2 emissions per capita. The outcome for trade within the middle-income panel

supports the pollution haven hypothesis. For the lower-income panel, only the coefficient

on energy consumption per capita is statistically significant at the 1% level: a 1% increase

in per capita energy consumption is associated with a 0.738% increase in CO2 emissions

per capita. Overall, the empirical results do not support an inverted U-shaped pattern

associated with the EKC hypothesis in any panel. Our results thus suggests, that the

EKC tends to not to hold in the long-term.7

To analyse if the results are driven by specific countries, we exclude countries such as

Luxembourg, South Africa, and Tunisia which have the highest average value for CO2

emissions per capita over the period 1971 - 2014 (results are reported in Table 2.7 in

the online appendix). For the high-income panel, the coefficients β1, β2, and β3 are still

statistically significant and β1>0, β2<0 and β3>0 which again suggests a N-shaped pattern.

The estimated turning points still fall into the range of per capita GDP for both the

all- and high-income panel. Excluding Luxembourg from the all- and high-income panel

decreases the overall range of per capita GDP substantially. For both the middle- and

lower-income panel, the estimated coefficients on GDP per capita, the quadratic income
7However, for the middle- and lower-income panel, a model without squared and cubed income terms
provides a better fit in terms of the adjusted R-squared compared to the cubic specification.
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term, and the cubic income term are statistically not significant at any conventional

significance level. Thus, the results from the reduced income group estimates still do not

indicate an inverted U-shaped relationship. To further test if our baseline specification

suffers from an omitted variable bias, we follow Stern (2004) and estimate the specification

given in equation (2.1) with fixed and random effects assuming slope homogeneity. The

results (Table 2.10 in the online appendix) do not differ between fixed and random effects

in either sign or magnitude. Only for the lower-income panel the estimated coefficients on

GDP per capita, the quadratic income term, and the cubic income term are statistically

significant at any conventional significance level. The outcome for the lower-income panel

suggests a N-shaped relationship with the roots of the first derivative in the complex

plane indicating the pollution income relationship rather to be monotonically increasing.

The estimated turning points from both the fixed and random effects estimation fall into

the range of per capita GDP. Altogether, the results from the fixed and random effects

estimation again do not provide any evidence for an inverted U-shaped relationship. For

the lower-income panel, however, the Hausman (1987) test shows a significant difference in

the parameter estimates for the random and fixed effects estimation indicating correlation

between the regressors and omitted variables which suggests biased coefficient estimates

(Stern, 2004).

2.4.2 Discussion

We cannot establish an inverted U-shaped relationship but rather find a N-shaped

relationship for the global panel which indicates that patterns of economic growth on

average are ecologically not sustainable. This finding remains robust when we exclude

Luxembourg in order to analyse if the results are driven by specific countries. Our

empirical results thus are mostly comparable with Hill and Magnani (2002), Lee et al.

(2009), and Akpan and Abang (2015) who find that emissions and income follow N-shaped

relationships.8 However, whereas the turning points from Lee et al. (2009) fall into the
8We however fail to establish a global N-shaped relationship between emissions and income when we
control for the structure of the economy using a different data set on only 39 countries for which
indicators for the structure of the economy are available for the same period of time. These results are
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range of their income data, Akpan and Abang (2015) do not calculate peak and trough for

their cubic estimations. Hill and Magnani (2002) observe an inverted U-shaped pattern

over the relevant income range. Interestingly, the results for our income grouped panel

regressions substantially differ from Lee et al. (2009). While Lee et al. (2009) find that in

the high-income panel inverted U-shaped or N-shaped relationships are not statistically

significant, we find for our high-income panel a N-shaped pattern which strongly suggests

that the EKC is not sustainable in the long-term for high-income countries: scale effects

tend to exceed composition and technological effects after the second-turning point is

reached.

Over time, CO2 emissions per capita may decline due to technological and structural

changes. However, technological improvements to increase energy and material efficiency

may reach an upper limit at which without breakthroughs in research and development

further efficiency improvements are exhausted or become economically too expensive

and further income growth then leads CO2 emissions per capita to increase again. As a

result, the growth component again becomes more pronounced and CO2 emissions will

be re-linked as it becomes increasingly difficult to keep up innovation with continuing

growth of production (de Bruyn et al., 1998; de Bruyn and Opschoor, 1997). Moreover,

the calculation of turning points for the middle- and lower-income panel estimates is not

possible due to statistically insignificant income terms, whereas the results from Lee et

al. (2009) suggest the existence of an (inverted) N-shaped EKC. The absence of any

one out the seven possible shapes associated with the EKC for the pollution and income

relationship in our lower- and middle-income panel suggests that these countries are still

likely to be on the upward sloping section of a possible EKC. Economic growth has not

reached income levels high enough at which CO2 emissions per capita decline as economic

growth still tends to outweigh environmental concerns (Dinda, 2004).

Against this background, more stringent application of environmental policy is key

to reduce the carbon content of economic growth to eventually lower CO2 emissions. In

this regard, environmental and energy regulation can also help to support innovation in

in the Online Appendix.
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the field of efficiency enhancement and thus improve competitiveness (Porter and Van

der Linde, 1995). Regulatory pressure can provide incentives for firms to adopt measures

towards resource efficiency. This in turn maintains their competitiveness, which is likely

to be more substantial in the long-term since it takes time for innovation to diffuse

through industries (Popp, 2001). Moreover, the quality of policy measures and institutions

can speed up the process to reduce environmental degradation at higher incomes. Put

differently, more effective environmental regulation can reduce the environmental price of

economic growth (Panayotou, 1997).

2.5 Conclusions

This paper questioned the long-term relationship of the EKC hypothesis for CO2

emissions using nonstationary panel time series data methods applied to a panel of 69

countries from 1971 to 2014, altogether as well as clustered into high-, middle-, and

lower-income groups. The CD test (Pesaran, 2004) was used to detect the presence of

cross-sectional dependence within all four panels. The results of the second-generation

panel unit root test (Pesaran, 2007) accounting for cross-section dependence then suggested

that the series on CO2 emissions, income, energy consumption, and trade-openness were

integrated of order one. As the EKC hypothesis represents a long-term relationship

between environmental impacts and economic growth and to tackle spurious regressions

issues, we tested for cointegration among the variables: the results of the error correction-

based panel cointegration test proposed by Westerlund (2007) supported the existence of

a long-term equilibrium relationship in any panel.

The DOLS technique (Pedroni, 2001) used to estimate the cointegrating relationship

between CO2 emissions, energy consumption, economic growth, and trade-openness

provided empirical evidence that the relationship between emissions and income is rather

N-shaped than inverted U-shaped indicating that the EKC hypothesis is not sustainable

in the long term: economic growth does not help to undo the damage done. Identifying a

N-shaped figure for the global panel seriously challenges the implication associated with
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the EKC hypothesis that the net effect of economic growth helps to stabilize CO2 emissions

in the near future. For high-income economies too, the pollution income relationship tends

to enter a new level at later stages of economic development where emissions begin to

increase again with further income growth. Altogether, we do not find empirical evidence

of an inverted U-shaped pattern in any panel. Our results suggest a N-shaped pattern

particularly in the all-income panel implying that the EKC does not hold in the long-term.

Our main implications are robust to excluding specific countries with high CO2 emissions

per capita or using traditional fixed and random effects estimation techniques. Lastly, we

do not find any evidence that a higher degree of trade openness decreases CO2 emissions

per capita in any panel considering the DOLS estimation results.

The implementation of stronger and international development cooperation could help

to prevent that future economic growth is inevitable accompanied by environmental

degradation in early stages of economic development. Thus, countries need to substitute

fossil fuels by cleaner inputs as an important measure to reduce carbon dioxide emissions

from energy consumption as early as possible. Moreover, as improvements in energy

efficiency are often the most readily available means to reduce emissions, all countries

should implement policies which support improvements in energy efficiency within any

economic sector. In conclusion, our analysis indicates that simply promoting economic

growth is not a panacea to just grow out of pollution related problems in the long-term

as hypothesized by the EKC but rather results in a catastrophic roller coaster ride.

Future research should also emphasize the political economy dimension of the EKC.

This could be done by including relevant political economy related variables such as

corruption, environmental policy stringency, and the level of institutional or democratic

quality. One limitation of our analysis is that it was conducted at an aggregate level

and the empirical results may differ among individual countries. Although using a panel

data time series approach with slope heterogeneity improves the efficiency of econometric

estimates, our results can not be generalised, but finding a N-shaped figure globally

seriously challenges the implication associated with the EKC hypothesis that the net effect

of economic growth helps to stabilize CO2 emissions in the near future.
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2.6 Appendix

To evaluate the robustness of our main empirical results we estimate three further

cubic specifications. We control for the economic structure in order to address omitted

variable bias concerns:

CO2it = β0i+β1iGDPit+β2iGDP
2
it+β3iGDP

3
it+β4iEit+β5iTOit+β6iESit+ εit, (2.2)

where i = 1, ...,N denotes each country in the panel and subscript t = 1, ...,T refers to the

time period measured in years. ESit =Ait,Iit,Sit is our set of control variables containing

value added in the sectors agriculture, industry, and services as % of GDP used in three

separate regression to account for different measures of economic structure. Table 2.3

in the online appendix displays the results for the hypothesized cubic pollution income

specification given in equation (2.2) for the global panel.9

Table 2.3: Results of Pedroni (2001) DOLS estimation for the all-income panel
CO2 is the dependent variable

GDP GDP 2 GDP 3 E TO ES adj.R2 Turning points

ESit =Ait 24.910 -2.386 0.071a 1.079a 0.161a -0.216a 0.70 -(0.909) (0.8991) (-2.704) (36.270) (7.566) (-4.086)
ESit = Iit -15.820 2.376 -0.111a 1.029a 0.072 -0.282a 0.72 -(-0.501) (1.410) (-2.799) (39.460) (-0.161) (1.938)
ESit = Sit -4.514a 0.907a -0.0478 0.962a 0.029a 0.549a 0.71 -(4.084) (-2.300) (0.606) (35.520) (3.805) (1.938)

Notes: t-statistics are in brackets; superscripts a, b, and c represent significance at 1%, 5%, and 10%,
respectively; number of lags and leads included in the DOLS regression is set to one; turning points are
in GDP per capita (constant 2010 USD).

For all three regressions, the estimated coefficients on per capita energy consumption

are statistically significant at the 1% level in our global panel. Compared to our main

results, both the sign and magnitude for the estimated coefficients on per capita energy

consumption do not change substantially. However, a higher degree of trade-openness
9We use a different dataset from the World Bank Development Indicators (WDI) on 37 countries from
1971 to 2014 to have an equal time frame for the robustness check. However, due to the lack of data
availability for our economic structure control variables, we cannot divide the global panel into income
groupings. All variables are again integrated of order one and we find evidence for cointegration for
at least one of the cross-sectional units. The results for the Pesaran (2007) panel unit root test and
Westerlund (2007) panel cointegration test are in shown in Tables 2.5 and 2.6 in the online appendix.
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now tends to significantly increase CO2 emissions per capita globally at least when we

control for either for the value added from the agricultural or the services sector. Contrary

to our main results we do not find any specification where the estimated coefficients

on GDP per capita, the quadratic term, or the cubic term are statistically significant.

However, considering the implications for the EKC hypothesis when we separately control

for three indicators for the structure of the economy, the results neither support the

inverted U-shaped nor inverted N-shaped curves for the pollution income relationship to

hold in the long-term, either. The main implications from our previous empirical results

are thus robust to the inclusion of indicators for the structure of the economy: again, we

do not find empirical evidence for the long-term relationship of the EKC.

Table 2.4: Results of Pesaran (2004) CD tests
Variables in levels

CO2 GDP GDP 2 GDP 3 E TO

A
ll-

in
co

m
e abs (corr) 0.52 0.73 0.74 0.74 0.57 0.50

CD statistic 51.75a 177.75a 178.52a 179.28a 114.35a 121.19a
(0.00) (0.00) (0.00) (0.00) (0.00)) (0.00))

H
ig

h-
in

co
m

e abs (corr) 0.49 0.92 0.92 0.92 0.68 0.65
CD statistic 13.77a 111.15a 111.28a 111.39a 70.23a 72.94a

(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

M
id

dl
e-

in
co

m
e abs (corr) 0.51 0.75 0.76 0.76 0.56 0.53

CD statistic 24.29a 46.68a 47.08a 47.47a 25.84a 20.53a
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

Lo
w

er
-

in
co

m
e abs (corr) 0.55 0.60 0.60 0.60 0.50 0.35

CD statistic 32.70a 34.13 a 34.63a 35.12a 33.25a 29.97a
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

Notes: P-values are in brackets; superscripts a, b, and c represent significance
at 1%, 5%, and 10%, respectively; all variables in natural logarithms.
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Table 2.5: Results of Pesaran (2007) panel unit root tests
All-income High-income Middle-income Lower-income

No Trend Trend No Trend Trend No Trend Trend No Trend Trend

CO2 -1.875 -1.909 -1.855 -2.253 -1.509 -2.281 -1.795 -2.415
GDP -1.559 -2.105 -1.828 -2.084 -1.791 -2.721b -1.672 -2.699b
GDP 2 -1.504 -2.022 -1.824 -2.004 -1.752 -2.661b -1.637 -2.708b
GDP 3 -1.388 -1.919 -1.796 -2.002 -1.708 -2.608c -1.605 -2.714b
E -1.660 -1.548 -2.311a -2.821a -1.725 -2.206 -1.514 -1.963
TO -1.998 -2.475 -2.268a -2.800a -1.907 -2.000 -2.091 -2.296

∆CO2 -5.741a -5.958a -5.810a -6.069a -5.671a -5.755a -5.846a -6.020a
∆GDP -4.426a -4.755a -4.427a -4.713a -4.732a -4.821a -4.770a -5.133a
∆GDP 2 -4.383a -4.709a -4.448a -4.708a -4.686a -4.800a -4.762a -5.107a
∆GDP 3 -4.342a -4.668a -4.465a -4.702a -4.643a -4.787a -4.716a -5.077a
∆E -5.641a -5.905a -5.848a -6.092a -5.602a -5.853a -5.706a -5.956a
∆TO -5.457a -5.570a -5.342a -5.405a -5.215a -5.296a -5.930a -6.108a

Notes: P-values are in brackets; superscripts a, b, and c represent significance at 1%, 5%, and 10%,
respectively; critical values are from Pesaran (2007).

Table 2.6: Results of Westerlund (2007) panel cointegration tests
No deterministic No trend Trend

Z-Value P-Value Z-Value P-Value Z-Value P-Value

All-income
Gτ -7.003a 0.00 -4.246b 0.04 -5.289 0.14
Gα 0.004a 0.00 3.683 0.21 6.666 0.78
Pτ -9.092b 0.02 -6.328a 0.01 -4.973 0.58
Pα -4.574b 0.03 -0.838a 0.19 2.709 0.81

High-income
Gτ -3.391c 0.06 -1.310 0.28 -2.795c 0.09
Gα 0.691c 0.07 2.788 0.43 4.018 0.35
Pτ -5.343a 0.01 -3.167 0.16 -2.213 0.18
Pα -2.158b 0.04 0.001 0.31 2.432 0.58

Middle-income
Gτ -3.355c 0.06 -2.732 0.17 -4.728c 0.09
Gα -1.062a 0.00 0.561c 0.10 1.900 0.20
Pτ -5.243c 0.06 -4.182 0.16 -5.953c 0.08
Pα -3.226c 0.10 -1.454 0.37 -1.457 0.17

Lower-income
Gτ -5.408a 0.00 -3.53c 0.09 -2.036 0.53
Gα 0.115b 0.02 2.723 0.49 5.336 0.98
Pτ -5.261b 0.05 -3.625c 0.09 -2.465 0.56
Pα -2.613 0.13 -0.359 0.33 1.92 0.83

Notes: Superscripts a, b, and c represent significance at 1%, 5%, and 10%, respec-
tively; number of replications to obtain bootstrapped p-values is set to 100; bandwidth
is selected according to the data depending rule 4(T /100)2/9 ≈ 3 recommended by
Newey and West (1994); Barlett is used as the spectral estimation method.
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Table 2.7: Results of Pedroni (2001) DOLS estimation for the reduced samples
CO2 is the dependent variable

GDP GDP 2 GDP 3 E TO adj.R2 Turning points

All-income 29.730a -3.310a 0.120a 1.049a -0.021 0.66 2,476.84 & 38,514.90(8.67) (-7.37) (6.07) (44.21) (-1.15)
High-income 12.300a -1.099a 0.033a 1.003a -0.212a 0.70 67,137.64(4.23) (-4.07) (3.94) (35.78) (-3.11)
Middle-income -4.411 0.869 -0.046 0.789a -0.012a 0.68 -(1.39) (-0.96) (0.63 (15.84) (2.04)
Lower-income -30.030 5.117 -0.273 0.692a -0.007a 0.32 -(-0.84) (1.20) (-1.53) (9.84) ( 1.97)

Notes: t-statistics are in brackets; superscripts a, b, and c represent significance at 1%, 5%, and 10%,
respectively; number of lags and leads included in the DOLS regression is set to one; turning points are
in GDP per capita (constant 2010 USD).

Table 2.8: Results of Pesaran (2007) panel unit root tests for the robustness checks
All-income

No Trend Trend

CO2 -1.962 -2.168
GDP -1.843 -2.475
GDP 2 -1.799 -2.383
GDP 3 -1.711 -2.484
E -1.754b -1.850
TO -2.113b -2.509
ESit =Ait -2.184 -2.907a
ESit = Iit -1.864 -2.515
ESit = Sit -2.231a -2.671b

∆CO2 -5.780a -5.959a
∆GDP -4.630a -4.937a
∆GDP 2 -4.598a -4.911a
∆GDP 3 -4.587a -4.898a
∆E -5.685a -5.946a
∆TO -5.651a -5.770a
∆ESit =∆Ait -5.776a -5.892a
∆ESit =∆Iit -5.837a -6.095a
∆ESit =∆Sit -5.659a -5.733a

Notes: P-values are in brackets; su-
perscripts a, b, and c represent signif-
icance at 1%, 5%, and 10%, respec-
tively; critical values are from Pesaran
(2007).
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Table 2.9: Results of Westerlund (2007) panel cointegration tests for the robustness checks
No deterministic No trend Trend

Z-Value P-Value Z-Value P-Value Z-Value P-Value

ESit =Ait
Gτ -3.312b 0.03 -0.409 0.47 0.205 0.76
Gα 2.032b 0.03 4.190 0.23 7.103 0.81
Pτ -5.298 0.38 -3.091 0.79 1.326 0.91
Pα -1.912 0.32 0.626 0.81 3.639 0.94

ESit = Iit
Gτ -4.894a 0.01 -2.606 0.12 -2.559 0.16
Gα 1.317a 0.00 3.606b 0.04 6.081 0.21
Pτ -7.323 0.42 -5.169 0.68 -4.121 0.94
Pα -2.999 0.37 -0.481 0.71 1.946 0.94

ESit = Sit
Gτ -5.341a 0.01 -3.052c 0.10 -3.836 0.11
Gα 1.658a 0.01 4.009 0.13 6.952 0.68
Pτ -6.754 0.15 -4.531 0.33 -2.841 0.71
Pα -2.551 0.16 0.026 0.59 2.971 0.88

Notes: Superscripts a, b, and c represent significance at 1%, 5%, and 10%, re-
spectively; number of replications to obtain bootstrapped p-values is set to 100;
bandwidth is selected according to the data depending rule 4(T /100)2/9 ≈ 3 rec-
ommended by Newey and West (1994); Barlett is used as the spectral estimation
method.

Table 2.10: Fixed (FE) and Random (RE) effects estimation
CO2 is the dependent variable

GDP GDP 2 GDP 3 E TO Hausmann R2 Turning points

All-income (FE): 1.143b 0.048 -0.007a 0.482a 0.031c

50.59a
0.89 -(2.33) (0.80) (-3.04) (22.16) (1.95)

All-income (RE): 0.985b 0.068 -0.007a 0.495a 0.015 0.89 -(2.02) (1.15) (-3.39) (22.93) (0.96)
High-income (FE): -0.599 0.249 -0.014c 0.415a -0.086a

13.64a
0.61 -(-0.28) (1.11) (-1.87) (18.90) (-3.13)

High-income (RE): -0.408 0.226 -0.014c 0.427a -0.076a 0.62 -(-0.19) (1.00) (-1.75) (19.66) (-2.89)
Middle-income (FE): -2.212 0.279 -0.009 0.544a 0.096a

41.68a
0.66 -(-1.58) (1.51) (-1.16) (15.38) (3.92)

Middle-income (RE): -1.579 0.194 -0.006 0.606a 0.088a 0.69 -(-1.11) (1.03) (-0.71) (17.38) (3.73)
Lower-income (FE): 36.894a -4.934a 0.223a 0.495a 0.076a

4.89
0.62 1,595.90(8.09) (-7.47) (7.05) (9.07) (2.79)

Lower-income (RE): 36.954a -4.939a 0.223a 0.498a 0.071a 0.62 1,607.86(8.13) (-7.50) (7.08) (9.19) (2.66)

Notes: t-statistics are in brackets; superscripts a, b, and c represent significance at 1%, 5%, and 10%,
respectively; a Hausmann (1987) specification test was used to decide between fixed or random effects;
turning points are in GDP per capita (constant 2010 USD).
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Table 2.11: Summary statistics for high-income countries
CO2 GDP E TO

High-income Mean SD Mean SD Mean SD Mean SD

Australia 15.63 1.74 38,526.12 9,276.16 5,080.49 541.77 34.97 5.77
Austria 7.66 0.56 35,390.40 8,757.07 3,363.82 474.03 75.68 16.00
Belgium 11.18 1.52 34,255.42 7,710.98 4,978.36 465.59 122.84 22.32
Canada 16.49 0.83 38,117.94 7,488.68 7,713.85 425.76 58.72 11.59
Chile 3.04 0.96 7,934.48 3,384.52 1,277.44 469.30 55.18 13.24
Denmark 10.31 1.67 47,025.85 9,900.52 3,591.22 253.82 74.92 14.97
Finland 10.59 1.16 33,910.44 9,332.81 5,697.08 894.16 62.31 12.06
France 6.84 1.43 32,966.71 6,606.17 3,759.54 383.64 46.31 7.42
Greece 6.73 1.62 21,223.95 4,091.61 2,028.51 507.97 44.09 10.05
Hong Kong 4.83 1.39 19,521.15 8,918.72 1,546.42 482.45 252.65 85.72
Iceland 7.34 0.73 32,397.16 8,122.09 9,576.67 4,079.41 74.43 11.86
Ireland 8.67 1.33 30,607.87 14,774.26 2,829.79 498.56 128.96 37.66
Israel 7.56 1.63 22,542.23 5,642.53 2,461.35 466.04 82.43 16.25
Italy 7.01 0.73 30,044.69 6,238.52 2,603.33 364.14 43.84 7.08
Japan 8.75 0.82 35,481.35 9,003.31 3,449.93 497.77 23.57 5.59
Korea, Rep. 6.78 3.31 11,184.79 7,280.47 2,727.34 1,642.73 64.74 18.04
Luxembourg 25.42 6.19 71,387.99 26,216.90 8,924.33 1,493.22 224.38 67.32
Malta 4.97 1.55 13,633.76 5,869.93 1,601.23 513.09 200.24 60.35
Netherlands 11.02 0.83 38,306.31 8,968.85 4,582.68 316.46 111.49 18.50
Norway 9.04 1.39 66,196.05 18,864.16 5,124.12 892.22 72.10 4.19
Portugal 4.15 1.41 16,914.21 4,575.99 1,670.32 621.79 59.63 9.83
Saudi Arabia 14.70 2.53 22,907.71 7,415.42 4,123.54 1,681.77 78.11 12.94
Singapore 11.46 2.85 26,247.90 13,581.02 3,838.24 1,636.90 344.87 46.29
Spain 5.92 1.05 23,397.19 5,862.85 2,325.35 588.44 43.40 11.53
Sweden 6.99 1.88 39,379.20 8,818.71 5,336.13 399.53 67.88 14.19
Trinidad and Tobago 19.51 8.63 10,158.08 3,740.44 7,050.93 4,418.36 88.46 15.15
United Kingdom 9.49 1.23 29,825.57 7,573.39 3,566.23 259.26 51.51 5.04
United States 19.47 1.46 37,847.88 8,877.32 7,680.29 372.59 21.19 5.17
Uruguay 1.76 0.38 8,172.11 2,229.13 902.12 191.55 42.78 10.11

Panel 9.77 5.82 30,189.84 17,626.58 4,117.61 2,630.75 91.44 78.23

Notes: CO2 emissions are measured in metric tons per capita; GDP per capita is measured in constant
2010 USD; per capita energy consumption is measured in kg of oil equivalent per capita; trade is the
sum of exports and imports of goods and services measured as a share of gross domestic product; mean
is the arithmetic mean, and SD denotes the standard deviation; data obtained from the World Bank
Development Indicators database (last updated 15 September 2017).
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Table 2.12: Summary statistics for middle-income countries
CO2 GDP E TO

Middle-income Mean SD Mean SD Mean SD Mean SD

Argentina 3.85 0.39 7,998.72 1,255.03 1,577.82 193.88 22.40 10.21
Brazil 1.65 0.35 8,566.96 1,575.97 1,033.79 184.93 20.24 4.50
China 3.04 1.96 1,675.80 1,681.65 986.58 527.11 31.26 17.53
Colombia 1.56 0.14 4,586.27 1,137.71 660.67 44.14 32.84 3.93
Costa Rica 1.26 0.33 5,797.60 1,499.72 674.22 213.72 73.87 11.24
Cuba 2.80 0.43 3,910.97 1,093.49 1,222.36 238.99 54.13 21.22
Dominican Rep. 1.66 0.51 3,387.68 1,212.02 663.59 98.24 63.04 14.76
Ecuador 1.83 0.53 3,888.03 602.62 638.03 122.06 44.75 10.99
Gabon 5.31 2.35 10,952.00 2,163.84 1,854.42 537.02 94.33 13.34
Malaysia 4.33 2.27 5,620.18 2,494.98 1,609.23 796.24 145.99 44.56
Mexico 3.71 0.53 7,694.28 1,149.91 1,382.27 220.38 39.48 16.16
Panama 1.81 0.44 5,329.66 1,747.70 859.45 153.71 129.76 19.15
Peru 1.28 0.29 3,723.35 788.81 551.23 97.96 38.38 9.30
South Africa 8.61 0.88 6,411.46 601.11 2,478.13 254.36 52.14 7.71
Thailand 2.20 1.39 2,905.46 1,487.56 957.86 522.85 84.61 36.45
Turkey 2.80 0.92 7,462.41 2,415.56 1,023.71 297.11 35.01 13.75

Panel 2.98 2.16 5,619.43 2,815.16 1,135.84 616.70 60.14 40.59

Notes: CO2 emissions are measured in metric tons per capita; GDP per capita is measured in
constant 2010 USD; per capita energy consumption is measured in kg of oil equivalent per capita;
trade is the sum of exports and imports of goods and services measured as a share of gross
domestic product; mean is the arithmetic mean, and SD denotes the standard deviation; data
obtained from the World Bank Development Indicators database (last updated 15 September
2017).
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Table 2.13: Summary statistics for lower-income countries
CO2 GDP E TO

Lower-income Mean SD Mean SD Mean SD Mean SD

Benin 0.24 0.17 655.31 77.02 353.84 29.90 53.32 7.98
Bolivia 1.08 0.36 1,630.25 246.39 469.53 142.42 56.24 13.04
Cameroon 0.29 0.16 1,207.63 207.80 402.40 32.74 45.42 8.01
Congo, Dem. Rep. 0.08 0.05 576.46 278.62 322.64 21.18 46.87 20.25
Congo, Rep. 0.47 0.21 2,484.27 388.62 337.35 77.47 114.79 26.08
Cote d’Ivoire 0.49 0.13 1,559.31 360.92 435.12 73.36 75.48 10.65
Egypt 1.55 0.58 1,666.36 562.04 558.94 209.35 52.24 12.40
El Salvador 0.74 0.28 2,818.68 521.94 603.74 91.94 62.02 10.53
Ghana 0.32 0.08 1,004.29 232.18 345.36 38.44 56.35 30.06
Guatemala 0.66 0.19 2,419.27 291.57 550.76 93.92 48.42 12.32
Honduras 0.70 0.23 1,647.09 192.81 511.84 43.91 89.36 27.55
India 0.82 0.38 705.34 369.45 386.12 103.93 25.04 15.15
Indonesia 1.09 0.55 1,940.83 797.46 577.97 201.08 52.07 10.51
Kenya 0.28 0.05 877.61 68.56 452.19 14.28 58.17 6.73
Morocco 1.09 0.39 1,868.27 601.55 353.73 111.94 57.86 12.45
Nepal 0.08 0.06 406.51 116.81 327.18 30.45 38.87 12.89
Nicaragua 0.69 0.13 1,576.57 420.06 510.84 32.50 68.46 21.45
Nigeria 0.65 0.19 1,687.86 410.61 694.50 53.50 48.92 15.71
Pakistan 0.64 0.22 764.20 202.44 405.10 76.90 33.21 3.49
Philippines 0.79 0.12 1,667.71 287.50 455.86 25.27 67.70 21.47
Senegal 0.45 0.08 910.68 65.19 254.37 26.73 66.01 9.57
Sri Lanka 0.41 0.19 1,586.55 786.18 376.06 75.94 67.50 11.66
Togo 0.24 0.08 538.44 58.00 371.41 56.12 91.25 17.25
Tunisia 1.76 0.50 2,650.28 863.63 645.98 189.56 83.63 15.38

Panel 0.65 0.50 1,452.07 800.19 445.95 146.45 60.80 25.15

Notes: CO2 emissions are measured in metric tons per capita; GDP per capita is measured
in constant 2010 USD; per capita energy consumption is measured in kg of oil equivalent
per capita; trade is the sum of exports and imports of goods and services measured as a
share of gross domestic product; mean is the arithmetic mean, and SD denotes the standard
deviation; data obtained from the World Bank Development Indicators database (last updated
15 September 2017).
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Chapter 3

The Impact of Population, Affluence,

Technology, and Urbanization on

CO2 Emissions Across Income

Groups

3.1 Introduction

While there is general consensus that human activities have accelerated global warming,

to what extent demographic dynamics and in particular increasing urbanization levels

impact CO2 emissions still is the subject of a controversial debate. With more than

six billion people living in urban areas and the worlds population projected to increase

to 9.8 billion by 2050, environmental problems connected to urbanization have become

a growing concern over the recent years (United Nations 2014; United Nations 2017).

Urban areas for instance are responsible for more than 70% of global CO2 emissions in

2014 (UN-Habitat, 2016). Moreover, the transition from rural to urban areas is likely to

intensify since climate change already leads to inhospitable environments (Stephenson

This is the original manuscript of an article submitted to Taylor & Francis in Environmental Sociology.
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et al., 2010). Understanding the relationship between demographic factors and CO2

emissions in particular for low- and lower-middle-income countries, where both urbanization

and population growth are projected to increase the fastest, thus is of great practical

importance.

Urbanization does not only imply the demographic transition from rural to urban areas,

but similarly is a process of social transformation from an agriculture-based economy to a

manufacturing and service oriented economy thus serving as an important indicator for

modernization (Sadorsky, 2014). The transition from rural to urban areas intensifies the

demand for urban infrastructure and transportation, and stimulates the concentration

of consumption and production leading to pollutant emissions. Patterns of urbanization

which are linked to and impact structures of modernity however are at least theoretically

compatible with ecological sustainability. Following the Ecological Modernization Theory

(EMT) processes of further modernization help to resolve the environmental issues caused

by modern societies as soon as countries begin to realize the importance of environmental

sustainability to their long-term survival (York et al., 2003b; Poumanyvong and Kaneko,

2010). Empirically, however, the relationship between urbanization and the environment

still is unclear due to a failure to account for urbanization’s varying impact at different

stages of economic development and the implicit assumption of a homogeneous impact of

urbanization for all countries (Poumanyvong and Kaneko, 2010; Liddle, 2013)

In this paper we analyze if the demographic dynamics of modernity such as increasing

urbanization levels or population growth are compatible with ecological sustainability in

the long-term. Within the context of the Environmental Kuznets Curve (EKC) hypothesis

(Grossman and Krueger, 1991) and the Ecological Modernization Theory (EMT) in

particular, this paper utilizes the STIRPAT regression framework to empirically test if

a threshold level for urbanization exists after which CO2 emissions decrease over the

course of further urbanization. This paper contributes to the existing literature on the

relationship between CO2 emissions and urbanization by allwoing for non-linear forms

of urbanity over time. Moreover, splitting the panel along economic development then

helps to identify how the driving forces of CO2 emissions vary across different stages of
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economic development. Lastly, using dynamic panel estimation techniques which account

for the heterogeneity among countries and in which both the short- and long-term impacts

are modeled improves the quality of the results.

The remainder of this paper is organized as follows. Section 2 outlines the theoretical

underpinnings of the two aforementioned theories concerning modernization and ecological

sustainability. Section 3 reviews the literature. Section 4 presents the data and explains

the empirical strategy. Section 5 reports the empirical results and Section 6 concludes.

3.2 Modernization and Ecological Sustainability

The evolution of the environmental impacts of modernity which vary over time can

be summarized in at least two distinct theories, both of which consider continued mod-

ernization necessary to eventually achieve ecological sustainability. First, and following

the EKC hypothesis, early stages of economic development are inevitably accompanied

by environmental degradation, as environmental awareness is relatively low and envi-

ronmental friendly technologies simply not available. Output, income, and employment

are more important to societies than environmental quality and countries are merely

too poor for positive environmental arrangements. As income rises, investments in more

environmental friendly technologies are realized and the structure of production changes.

The transformation towards an information and knowledge based economy together with

technological progress, increasing environmental awareness, and environmental regulations

becoming more efficient eventually reduces the environmental impact of economic growth.

Thus, it is possible to grow out of environmental problems (Dinda, 2004).

Second, and closely related to the EKC hypothesis but originating from the early 1980s,

the EMT emphasizes non-economic factors such as social and institutional transformations

noticing that economies begin with a different set of institutional and infrastructural

patterns with restructuring of institutions that accompanies modernization (Mol and

Spaargaren, 2000; York et al., 2003c). It highlights the importance of reflexivity as a key

feature of late modernity which eventually results in ecological rationality outweighing
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economic rationality depending on the development of societies. Industrialization, techno-

logical development, economic growth, and capitalism are considered as important drives

for environmental reform. Accordingly, environmental problems increase in early stages of

development up to a turning point after which further processes of modernization effec-

tively reduce environmentally related issues. It is important to note, that modernization

does not automatically lead to sustainability. The institutions of late modernity however

do have the potential to ecologically transform production and consumption (York and

Rosa, 2003). The process of social transformation partly driven by social movements, non-

movement NGOs and actors within government, business and the scientific establishment,

increases the capability of critical and rational self-examination. As modernization further

progresses, new forms of rationality evolve and ecological concerns receiving attention

equally to economic ones. This process results in ecological valuation being incorpo-

rated into economic choices and economic valuation simultaneously applied to ecological

thereby incorporating the principles of environmentalism in the design of institutions. The

ecological modernization theory further argues that next to modern institutional forms,

technological innovations and mindsets diffuse from urban areas with technology being

another prime engine of social change. With further modernization, societies can decrease

the environmental impact from economic growth through technological innovation, urban

agglomeration, and realizing the structural change from agriculture-based towards more

knowledge and services oriented economies. Eventually, modern, affluent, mostly capitalist

societies can achieve sustainability (Mol and Spaargaren, 2000; York et al., 2010). Thus,

although the level of economic development is the most important indicator of moderniza-

tion, urbanization similarly is linked to and impacts structures of modernity (Kasarda

and Crenshaw, 1991; Ehrhardt-Martinez, 1998; York et al., 2003c). Thus, following both

the EKC and EMT, processes of modernization are at least theoretically compatible with

ecological sustainability.
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3.3 Literature Review

This section reviews both panel and time series cross-section studies which analyze the

drivers of CO2 emissions using the STIRPAT framework. Liddle and Lung (2010), Liddle

(2014), Liddle (2015), Kais and Sami (2016), and Lin et al. (2017) provide an excellent

overview of the most recent empirical STIRPAT work. About 30 papers using either panel

or time series cross-section analyze the determinants of anthropogenic country-level CO2

emissions. Eight of them are partially comparable since they use similar income groupings.

Although six of them control for urbanization, none allows the urbanization and CO2

emissions relation to be nonlinear. Two time series cross-section data studies utilize a

quadratic relation among urbanization and CO2 emissions. However, both do divide the

panels into different subgroups.

Fan et al. (2006) analyze the impact of population, GDP per capita, energy intensity,

urbanization, and the population aged 15 - 64 on CO2 emissions at different levels of

economic development. Their five panels comprise 59 low-, 54 lower middle-, 40 upper

middle-, 55 high-income economies, a global panel, plus a China only data set over the

period 1975 - 2000. They find that the impact of both population and urbanization on CO2

emissions is the highest (lowest) for upper middle- (lower-) income countries. The ratio

of the population aged 15 - 64 affects high-income countries (global) CO2 emissions the

most (lowest). GDP per capita most strongly increases emissions globally and the lowest

in upper middle-income economies. The CO2 emissions reduction potential resulting

from energy intensity improvements is the greatest in lower middle-income countries but

relatively small for the remaining panels including the China only data set.

Poumanyvong and Kaneko (2010) investigate the effects of urbanization on both energy

use and CO2 emissions. Their sample contains 99 countries from 1975 to 2005 clustered

into all-, high-, middle-, and low-income panels. The model for the estimation of total

energy use includes population, GDP per capita, both the share of industry as well as

services in GDP, and urbanization as explanatory variables. The model for CO2 emissions

additionally contains energy intensity. As Poumanyvong and Kaneko (2010) identify both
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GDP per capita and energy intensity as nonstationary variables, their empirical results are

based on the first-differenced (FD) estimation technique. They find an increasing effect of

urbanization on emissions for all income groups but the effect is greater in middle-income

economies. The impact of population, GDP per capita, and energy intensity on CO2

emissions is the highest (lowest) in low- (high-) income countries.

Using second generation nonstationary panel time series methods, Liddle (2013) analyzes

the impact of urban population and GDP per capita on carbon dioxide emissions from

transport over the period 1971 - 2007 for a panel of 85 countries. He separates the

economies roughly in line with the World Bank’s income level definitions. Liddle (2013)

establishes cointegration thus utilizing the Pedroni (2001) Fully Modified OLS (FMOLS)

estimation technique to obtain the ecological long-term elasticities. The impact of GDP

per capita on carbon dioxide emissions from transport differs only slightly in magnitude

between the different panels. The elasticity of carbon dioxide emissions from transport

with respect to affluence is significantly smaller in richer countries. The impact of urban

population on carbon dioxide emissions from transport is the highest (lowest) in the

all countries- (rich-) panel. Based on the elasticity estimates for urbanization at the

different stages of economic development, Liddle (2013) finds that urban population’s

impact follows a U-shaped relationship. He however did not include a squared term of

urbanization in his regression specification.

Li and Lin (2015) investigate the impacts of urbanization and industrialization on both

CO2 emissions and total energy consumption for a balanced panel of 73 countries over

the period 1971- 2010. The countries are clustered into four groupings according to their

level of income and they control for population, GDP per capita, energy intensity proxied

by energy consumption divided by GDP, industrialization, and urbanization. Their key

empirical results concerning CO2 emissions can be summarized as follows: Population

increases emissions expect for the high-income panel. The estimated coefficients on GDP

per capita are positive in magnitude and the greatest for the middle-/low- and middle-

/high-income group. Except for the middle-/high-income panel industrialization increases

emissions. In the low-, middle-/low-, and high-income panel urbanization increases
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emissions whereas for the middle-/high-income panel it decreases emissions.

Lin et al. (2017) analyze the impact on both CO2 emissions and greenhouse gas

emissions (GHG) over the period 1991 - 2013 for 53 non high-income countries. They use

population, GDP per capita, labor productivity, urbanization level, urban employment

level, industrialization level, the total population divided by industry value added, CO2

emission intensity, and energy intensity as impact factors. As first generation panel unit

root tests confirm stationarity of the variables, they directly estimate the models using

fixed and random effects estimation techniques. Lin et al. (2017) conclude that “[t]he

main driving factors of CO2 emission remain population, affluence, energy intensity and

CO2 emission intensity.”

Recently, Shuai et al. (2017) identify the key impact factors on CO2 emission over

the period 1990 - 2011 from both time-series and panel data for 125 countries which

are clustered into five panels. They use urban population, GDP per capita, and energy

intensity as explanatory factors for emissions. Shuai et al. (2017) test for both panel

unit roots and panel cointegration and use Ordinary Least Squares (OLS) to estimate

the long-term relationship. Their results imply that the impact of urban population on

CO2 emissions is the highest (lowest) for the low-income (upper middle-income) panel.

Increasing GDP per capita is associated with the highest (lowest) increase in CO2 emissions

for the lower middle- (high-) income panel. Energy intensity appears to be a key impact

factor across different stages of economic development except for the low-income panel.

Mart́ınez-Zarzoso and Maruotti (2011) analyze the impact of urbanization on CO2

emission for a panel of 88 developing countries from 1975 - 2003. The countries are clustered

into income groupings and the resulting panels are unbalanced. Mart́ınez-Zarzoso and

Maruotti (2011) use the following variables in different STIRPAT specifications: population,

GDP per capita, energy efficiency, the percentage of total population living in urban

areas, the percentage of population between 15 and 64 years old, the percentage of

population older than 64, and the percentage of the industrial activity with respect to the

total production measured by the GDP. They find an inverted U-shaped pattern for the
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relationship between urbanization and CO2 emissions with an estimated turning point

of 36% for the upper middle-income panel and 41% for the lower middle-income panel.

For the full sample of developing countries, their results indicate an inverted U-shaped

relationship between urbanization and CO2 emissions in accordance with the ecological

modernization theory.

Zhang et al. (2017b) allow for nonlinearities to analyze the impact of population, GDP

per capita, population ages 65 and above, annual real growth rate of GDP, trade openness,

and urbanization on CO2 emission using data on 141 countries over the period 1961 -

2011. They construct a global panel as well as an OECD, Non-OECD, and an Asia only

panel. Their empirical results from a two-way fixed effects model suggest an inverted

U-shaped relationship between urbanization and CO2 emission only in the OECD panel:

accordingly, CO2 emission start to decline after urbanization levels reach 74%. Urban

primacy and the percentage of the population in the largest city in the urban population

have significant impacts on CO2 emissions, too. All studies suffer from econometric and

methodological deficiencies thus leaving room for improvement: First, except for Liddle

(2013) and Li and Lin (2015), none of the above accounts for cross-sectional dependence.

Poumanyvong and Kaneko (2010) find all variables stationary except for GDP per capita

and energy intensity. Since they do not test for cointegration, Poumanyvong and Kaneko

(2010) focus on the empirical results obtained with all variables in their first differences.

Li and Lin (2015) similarly do not test for cointegration but their panel unit root test

results suggest nonstationarity for the series on industrialization and population. Given Li

and Lin (2015) use the first difference of the the variables in one estimation, the ecological

elasticities are only interpretable as short-run as opposed to long-term elasticites. Both,

Mart́ınez-Zarzoso and Maruotti (2011) and Lin et al. (2017) use first generation panel

unit root tests which do not account for cross-section-dependence and find all variables

stationary in levels. Lin et al. (2017) moreover conduct the panel unit root test for the

overall panel only. Similarly, Shuai et al. (2017) find evidence for panel unit roots and

cointegration in every income panel using first generation methods. Liddle (2013) on the

contrary uses both first and second generation panel unit root and cointegration tests.
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Lastly, Zhang et al. (2017b) do not check the stationarity properties of the variables. The

issue of parameter heterogeneity is only addressed by Liddle (2013) using the FMOLS

estimation technique by allowing the slope coefficients to vary across panel members.

To summarize, all studies suffer from either econometric or methodological deficiencies.

From a methodological perspective, Liddle (2013) does not include nonlinear forms of

urbanization into the regression specification. Both studies which allow for nonlinearities

however apply if at all first-generation panel unit root tests but do not address the issue

of parameter heterogeneity. Moreover, none of the studies allows the relationship between

urbanization and CO2 emissions to follow other patterns than U-shaped or inverted

U-shaped.

3.4 Data and Methodology

Section 4.1 presents a descriptive analysis of the utilized panel dataset. Section 4.2

outlines the empirical specification for the cubic STIRPAT model. Section 4.3 presents

the empirical strategy applied to obtain the ecological elasticities and to identify if a

threshold level for urbanization exists after which CO2 emissions decrease over the course

of further urbanization.

3.4.1 Data

The panel dataset contains data from the World Development Indicators (WDI)

from The World Bank for 76 economies covering the period 1971 to 2014 in annual

frequency.1The analysis is conducted at an aggregate level and includes as many countries

as possible clustered into three panels based on their level of high-, middle- and lower-

incomes as well as an all-income panel for the longest period available.2 With T=44

in each income panel for every given variable, the high-income panel (N=31) has 1,364

observations, the middle-income panel (N=20) has 880 observations, and the lower-income
1At the time of writing no more consistent recent data on the energy intensity variable was available.
2The low-income countries are included in the lower-income panel due to the lack of data availability for
these countries. Singapore is excluded from the analysis as the urbanization ratio is at 100% in every
single year over the period 1971 to 2014 and thus contains no variation at all.
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panel (N=25) has 1,110 observations.

Figure 3.1: Regional coverage by income group
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Notes: Own depiction.

The all-income panel (N=76) contains countries from the seven regions as defined by

the World Bank: 20 countries from Latin America and Caribbean (26%), 16 countries

from Europe and Central Asia (21%), 13 countries from Sub-Saharan Africa (17%), 11

countries from East Asia and Pacific (14%), 10 countries from Middle East and North

Africa (13%), four countries from South Asia (5%), and two countries from North America

(3%). Figure 3.1 shows the regional coverage across the strongly balanced income panels.

The dependent variable for environmental impact is CO2 emissions measured in metric

tons, population is total population in midyear estimates, and affluence is per capita real

GDP measured in constant 2010 USD. The impact of technology is approximated using a

measure of energy intensity calculated as total energy use (kg of oil equivalent) divided by

GDP (measured in constant 2010 USD) necessary to support economic activity. Decreasing

energy intensity then reflects a higher degree of overall efficiency of economic activities in

terms of energy consumption which ultimately leads to CO2 emissions reductions (Fan et

al., 2006). Urbanization is measured as the share of the population living in urban areas.3
3According to The World Bank, urban areas are defined by national statistical offices. Thus, countries
may differently classify population as urban or rural. The indicator is calculated using World Bank
population estimates and urban ratios from the United Nations World Urbanization Prospects.
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Table 3.1: Summary statistics by panel (1971 - 2014)
CO2 P GDP EI U

Mean SD Mean SD Mean SD Mean SD Mean SD

Global 227.28 792.56 57.6 171.0 13,239.50 17,008.88 0.27 0.23 58.37 21.71
High-income 324.67 895.35 27.0 50.1 28,179.48 17,960.64 0.15 0.11 76.33 13.09
Middle-income 285.49 1,020.07 88.6 248.0 4,943.71 2,678.49 0.27 0.24 57.10 14.88
Lower-income 59.96 204.35 69.9 185.0 1,350.56 772.01 0.42 0.25 37.12 13.81

Notes: CO2 emissions are in metric kilo tons; Population is in million; GDP per capita is in constant
2010 USD; energy intensity is in kg of oil equivalent energy use per constant 2010 USD; urbanization is
in percent. Mean is the arithmetic mean; standard deviation is denoted by SD; data obtained from the
World Development Indicators (WDI) database from The World Bank (last updated 14 November 2018).

Figure 3.2: Boxplots by panels
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Notes: The red (black) dashed lines indicate the median for each income group (the panel). CO2 emis-
sions are in metric kilo tons; Population is in million; GDP per capita is in constant 2010 USD; energy
intensity is in kg of oil equivalent energy use per constant 2010 USD; urbanization is in percent. Data
obtained from the World Development Indicators (WDI) database from The World Bank (last updated
14 November 2018).

Average CO2 emissions for the high-income panel are 5.41 (1.14) times higher compared

to the lower- (middle-) income panel, whereas average CO2 emissions for the middle-

income panel are 4.76 times higher compared to the lower-income panel. The average

size of the population is the highest for the middle-income panel: it is 3.21 (1.27) times

higher than the average size of the population in the high- (lower-) income panel. In

the lower-income panel, the average size of population is 2.53 times higher than in the

high-income panel. The high-income panel is 20.87 (5.70) times wealthier than the lower-

(middle-) income panel in terms of average GDP per capita, whereas average GDP per
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capita in the middle-income panel is 3.66 times higher compared to the lower-income

panel. The lower-income panel is the least energy efficient indicated by the highest value

for the mean on energy intensity: average energy intensity is 2.71 (1.55) times higher in

the lower-income panel than in the high- (middle-) income panel. In the middle-income

panel, average energy intensity is 1.75 times higher compared to the the high-income

panel. The average ratio of people living in urban areas for the high-income panel is 2.06

(1.34) times higher than the ratio of people living in urban areas for the lower- (middle-)

income panel. The average urbanization ratio in the middle-income panel is 1.54 times

higher than in the lower-income panel.

3.4.2 Empirical Specification

Ehrlich and Holdren (1972) summarized the major driving forces of human activites

(I) on the environment as a product of population (P), affluence (A), and technology (T).

Accordingly, population and income growth as well as technological progress significantly

impact the human-environment relationship simultaneously:

I = PAT. (3.1)

During the 1990s, the IPAT identity was redefined (Kaya, 1990) as an equation that

relates to the driving forces of anthropogenic carbon dioxide emissions. Both concepts

(IPAT and Kaya-identity) are used by the Intergovernmental Panel on Climate Change

(IPCC) as an accounting identity to analyze energy-related carbon dioxide emissions. Dietz

and Rosa (1994) translate the IPAT identity into the Stochastic Impacts by Regression

on Population, Affluence and Technology (STIRPAT) model represented by:

I = aP bAcT d e. (3.2)
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Taking the logarithm results in an additive linear regression model that is no longer an

accounting identity anymore, which facilitates hypothesis testing:

(lnI) = a+b(lnP )+c(lnA)+d(lnt)+e, (3.3)

where e is an error term and the estimated coefficients then represent the ecological

elasticity of each impact factor (York et al., 2003a).

Drawing on the ecological modernization theory and using the STIRPAT regression

framework, we specify the following model to identify if a threshold level for urbanization

exists after which CO2 emissions decrease over the course of further urbanization:

CO2it = β0i+β1iPit+β2iGDPit+β3iEIit+β4iUit+β5iU
2
it+β6iU

3
it+ εit, (3.4)

where i = 1, ...,N and t = 1, ...,T refer to country and time indexes, respectively. The

parameter β0i are country-specific intercepts, CO2 is carbon dioxide emissions, P is

population GDP is GDP per capita, EI is energy intensity, and εit represents the

idiosyncratic error term. All variables are converted into natural logarithms. The sign of

the coefficient on both β1 and β2 is expected to be positive for all panels as increasing

population as well as GDP per capita yields an increase in CO2 emissions. Since energy

intensity reflects trends in overall energy use relative to economic output, the estimated

coefficient is a proxy for efficiency improvements. Thus, the effect of energy intensity on

CO2 emissions (β3) is expected to be most substantial for the high-income panel and

the lowest lower-income panel. Moreover, following both EKC and EMT, higher stages

of modernity are associated with a lower environmental impact of economic growth.4

Depending on the signs and significance of the coefficients for β4, β5, and β6 seven

functional patterns between CO2 emissions and urbanization can emerge.5

4Different technology parameters such as CO2 emissions per unit of output (CO2/GDP) or CO2 emissions
per unit of total energy use (CO2/E) cannot be included in the model as both technology proxies contain
parts of the dependent variable (Poumanyvong and Kaneko (2010).

5i) β4 = β5 = β6 = 0 results in a flat pattern, ii) β4>0 and β5 = β6 = 0 shows a monotonic increasing or linear
relationship, iii) β4<0 and β5 = β6 = 0 reveals a monotonic decreasing relationship, iv) β4>0, β5<0 and
β6 = 0 produces an inverted U-shaped figure, v) β4<0, β5>0 and β6 = 0 yields and U-shaped form, vi)
β4>0, β5<0 and β6>0 produces a cubic polynomial or a N-shaped curve, and lastly vii) β4<0, β5>0 and
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3.4.3 Empirical Strategy

Before estimating the ecological elasticities and potentially identifying if a threshold

level for urbanization exists after which CO2 emissions decrease over the course of further

urbanization, all variables are tested for any degree of cross-section dependency using the

cross-section dependence (CD) test suggested by Pesaran (2004) which is applicable to

stationary and unit root dynamic heterogeneous panels. The cross-section independency

assumption from first generation panel unit root tests is considered to be too restrictive

(Banerjee et al., 2004) and we thus employ the Pesaran (2007) panel unit root test. It

based on adjusting the ADF regressions with the cross-section average of lagged levels

and first differences of the individual series. The homogeneous null hypothesis is that

each country in the panel contains a unit root and is tested against the heterogeneous

alternative that allows to differ across countries. The presence of a unit root indicates

that shocks will have permanent effects whereas for a stationary process, a shock will

result in only a temporary deviation from the variable’s long-term growth path (Smyth,

2013).

We use the dynamic heterogeneous panel autoregressive distributed-lag (ARDL) ap-

proach to obtain the ecological elasticities and to determine if a threshold level for

urbanization exists (Pesaran and Smith, 1995, Pesaran 1997, and Pesaran et al. 2001).

The ARDL (p,q) model, with p the lag lengths of the dependent variable and q the lag

lengths of the explanatory variables, is categorized as an error correction model. Using the

ARDL (p,q) approach allows to identify both short- and long-term dynamics of various

impact factors for anthropogenic CO2 emissions.

Due to its high degree of flexibility, the ARDL (p,q) approach is very appealing:

variables which have a different order of integration can be used irrespective of whether

the variables of interest are I(0) or I(1). Moreover, the inclusion of lags of both the

dependent and independent variables eliminates problems resulting from endogeneity.

β6<0 represents an inverted N-shaped figure (Dinda, 2004). The peak and trough points for the cubic
models are calculated by taking the antilog of −β5±(β2

5−3β4β5)1/2
3β6

.

71



The extended dynamic heterogeneous ARDL (p, q1,...,q6) specification of the hy-

pothesized pollution environment relationship given in (3.5) then takes the following

form:

CO2it = β0i+
p

∑
j=1
λijCO2i,t−j +

q1

∑
j=0
δ1ijPi,t−j +

q2

∑
j=0
δ2ijGDPi,t−j +

q3

∑
j=0
δ3ijEIi,t−j+

q4

∑
j=0
δ4ijUi,t−j +

q5

∑
j=0
δ5ijU

2
i,t−j +

q6

∑
j=0
δ6ijU

3
i,t−j + εit.

(3.5)

Assuming the variables of interest are I(1) and cointegrated, the error term εit then

becomes a stationary I(0) process for all i and equation (3.5) can be rewritten as an error-

correction model. An underlying feature of cointegrated variables in an error-correction

model is their responsiveness to any long-term changes: when unexpected shocks occur,

the system converges back to the long-term cointegrating relationship while allowing for

short-run adjustment dynamics. Thus, reparameterization of (3.5) yields the following

error-correction model:

∆CO2it = β0i+φi(CO2i,t−1−θiXit)+
p−1
∑
j=1

λ∗ij∆CO2i,t−j +
q−1
∑
j=0

δ∗ij∆Xi,t−j + εit, (3.6)

where Xit =Pit,GDPit,EIit,Uit,U2
it,U

3
it is the vector of explanatory variables containing

information on regressors which vary across countries and time periods. The expression

∆ denotes the first difference operator and the number of lags j is determined by using

standard model selection criteria. The term in brackets contains the long-term relationship

between the explanatory variables. The parameter φi is the error correction or speed of

adjustment term and determines the time it takes for the system to converge back to

the long-term equilibrium. A negative coefficient on the error-correction term provides

evidence for a long-term relationship. Stability of the model requires the error-correction

term to be not lower than -2 which is within the unit circle (Loayza and Rancière, 2006).

We use two alternative commonly used techniques proposed by Pesaran and Smith

(1995) and Pesaran et al. (1999) to estimate the short- and long-term dynamics. The

Mean Group (MG) estimation technique allows all coefficients to be heterogeneous: the
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country specific intercepts, and both the short- and long-term dynamics as well as the

error variances are permitted to differ across countries. Thus, the MG estimator does not

impose any homogeneity restrictions on the parameters for the cross-section members.

For each cross-sectional member, separate regressions are estimated and the coefficients

are calculated as unweighted averages of the estimated coefficients (Pesaran and Smith,

1995). Traditional pooled methods, such as the fixed and random effects estimators, only

allow for individual specific intercepts. All other coefficients including the error variances

are restricted to be the same across countries.

Using the Pooled Mean Group (PMG) estimator offers an intermediate estimation

technique involving both pooling and averaging: The PMG estimator allows both the

individual specific intercepts and short-run dynamics as well as the error variances to differ

across countries. The long-term parameters however are constrained to be homogeneous,

that is constant across the groups. Compared to fixed and random effects estimation

procedures, both the MG and PMG estimator have the advantage that the dynamic

specifications are allowed to vary across panel members. Both estimators require the

relative size of the time as well as country dimension to be sufficiently large. The MG

estimator always provides consistent estimations of the long-term parameters, but produces

inefficient estimates compared to the PMG estimation technique if the long-term slope

homogeneity assumption is true. A Hausman (1987) specification test identifies whether

the difference between the two estimators is significant in order to choose the appropriate

estimation technique in terms of efficiency and consistency. If the null hypothesis of the

Hausman test (the difference in the coefficients is not systematic, that is the estimator

is indeed an efficient and consistent estimator) is not rejected, the PMG method is the

estimation technique to be chosen as it then is more efficient (Pesaran et al., 1999).

3.5 Empirical Results

First, we identify the degree of multicollinearity among the variables included. While

time-series studies are plagued with multicollinearity, panel time series data offers a big
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advantage: due to an increased sample size the increasing degrees of freedom drastically

reduce the problem of multicollinearity (Hsiao, 2014). The result of the multicollinearity

test (Table 3.2 in the appendix) indicates, that values of the variance inflation factor (VIF)

for the explanatory variables are all below 10 in any income group, which is a commonly

used rule of thumb (Montgomery et al., 2001). Thus, the panel based regression results

will not be affected by multicollinearity. The results of the Pesaran (2004) CD (Table 3.3

in the appendix) indicate that except for the energy intensity indicator in the middle-

income panel, all variables are highly dependent across countries in any panel. Given

this cross-sectional dependence we use a second-generation panel unit root test which

accounts for cross-section dependence. The outcome of Pesaran (2007) panel unit root

tests, which include both an intercept only and an intercept and linear trend specification,

does not vary greatly between income groups. The results (Table 3.4 in the appendix)

support evidence of a unit root for the series on CO2 emissions, population, GDP per

capita, and energy intensity particularly in both the all- and high-income panel. The

series on urbanization tends to be stationary in levels across all panels. The results for

the series in first differences indicate that CO2 emissions, population, GDP per capita,

and energy intensity are significantly integrated of order one within any panel.

3.5.1 Pooled Mean Group Estimation Results

We now turn to the discussion of the MG and PMG estimates to obtain the ecological

elasticity of each impact factor and to test the validity of the ecological modernization

hypothesis. The lag length of the independent variables is set to one and a common

lag structure in every panel to make short-run parameters of the resulting first-order

autoregressive distributed-lag model comparable across panels is imposed (Loayza and

Rancière, 2006). Figure 3.3 shows the ecological elasticites for each impact factor by

income group. A Hausman (1987) specification test identifies which estimator satisfies the

long-term homogeneity assumptions of the respective estimation technique.6

6The Hausman (1987) test results as well as both the detailed MG and PMG estimation outcomes are in
Table 3.6 in the appendix.
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The null hypothesis of the Hausman (1987) test is not rejected for any panel and

therefore we choose the PMG estimator. The long-term parameters are constrained to

be homogeneous; that is constant across groups. Although all panels differ greatly in

terms of CO2 emissions, population, GDP per capita, energy intensity, and urbanization,

the long-term relationship for CO2 emissions and its relevant demographic and economic

factors tends to be similar across all groups. The coefficients on the error-correction

term are highly statistically significant at the 1% level and have a negative sign thus

strongly suggesting evidence for cointegration in any panel. The long-term coefficients on

population, GDP per capita, and energy intensity are significant at the 1% significance

level whereas the significance for the coefficients on urbanization in particular varies across

the level of economic development. The short-run coefficients on both GDP per capita and

energy intenstiy are statistically significant at any conventional significance level whereas

the short-run coefficients on both population and urbanization are insignificant in any

panel.

Figure 3.3: Estimated long-term coefficients by panel
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Notes: P is population, GDP is GDP per capita, and EI is energy intensity.
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On a global scale, a 1% increase in population is associated with an increase in CO2

by 0.855%. The long-term results show that the impact of population on CO2 emissions

tends to be the highest (lowest) for the middle- (high-) income panel. The reaction in

CO2 emissions due to a change in population is inelastic in any panel except for the

middle-income panel. The insignificant short-run impact of population in any panel

indicates that population effects manifest in the long-term only. Carbon dioxide emissions

with respect to GDP per capita are elastic in any panel in the long-term. Moreover, GDP

per capita does impact CO2 emissions higher than does population in any group. The

long-term results show that the influence of GDP per capita on CO2 emissions is the

highest (lowest) for the lower- (high-) income panel: a 1% increase in GDP per capita

is associated with an increase in CO2 emissions by 1.272 % (1.026 %). Output growth

significantly increases CO2 emissions the most in the lower-income panel in the short-run,

too.

The long-term impact of energy intensity on CO2 emissions is inelastic in any panel

except for the high-income panel and thus the highest (lowest) for high- (lower-) income

panel. Globally, a 1% increase in energy intensity (which indicates energy efficiency losses)

is associated with an increase in CO2 emissions by 0.972%. The short-run impacts of

energy intensity on CO2 emissions are the highest (lowest) in the high- (middle-) income

panel. Overall, the results indicate, that energy efficiency reductions on average most

harmfully effect countries within the high-income panel in both the long- and short-run.

All three coefficients on urbanization are statistically significant on every conventional

significance level except for the high-income panel. The long-term coefficients on β4, β5,

and β6 are statistically significant and β4<0, β5>0 and β6<0, which suggests an inverted

N-shaped relationship between CO2 emissions and urbanization with the troughs to occur

before the peaks. For the global panel, the curve for CO2 emissions reaches the trough

at an urbanization level of 13%, then increases up to the peak at 65% urbanization, and

declines again afterwards. For the middle- (lower-) income panel, the curve for CO2

emissions reaches the trough at an urbanization level of 39% (8%), then increases up to

the peak at 54.2% (53.9%) urbanization, and declines afterwards again. This suggest, that
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once urbanization reaches a certain threshold, the effect of urbanization on CO2 emissions

appears to be negative and thus eventually decrease CO2 emissions in the long-term.

3.5.2 Robustness

Following the logic of the EKC hypothesis, the assumption of a linear relationship

between affluence and CO2 emissions might be misleading. Therefore, we additionally

incorporate quadratic and cubic terms for affluence to consider both EKC and EMT

within the STIRPAT regression framework in order to check the robustness of the results.

Essentially we test if a threshold level for GDP per capita as well as urbanization exists

after which CO2 emissions decrease over the course of economic development using the

following model:

CO2it = ψ0i+ψ1iPit+ψ2iGDPit+ψ3iGDP
2
it+ψ4iGDP

3
it+

ψ5iEIit+ψ6iUit+ψ7iU
2
it+ψ8iU

3
it+ εit.

(3.7)

Detailled results for the MG and PMG estimations and the Hausman (1987) test are

shown in Table 3.7 in the appendix. The PMG estimator again is more efficient than the

MG estimator in any panel. The long-term parameters are constrained to be homogeneous;

that is constant across groups which again indicates that the long-term impact of the

relevant demographic and economic factors for CO2 emissions tends to be similar across

all groups. The coefficients on the error-correction term are highly statistically significant

at the 1% level and have a negative sign thus signaling cointegration in any panel. The

long-term coefficients on population, energy intensity, and all three urbanization terms are

statistically significant at any conventional significance, whereas the significance for the

coefficients on GDP per capita varies across panels. Now, only the short-run coefficients

on energy intensity are statistically significant at any conventional significance level in

any panel.

The reaction in CO2 emissions due to a change in population is still inelastic in any

panel except for the middle-income panel. The long-term results show that the impact of
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population on CO2 emissions again tends to be highest in the middle-income panel but

now the lowest for the lower-income group. A 1% increase in population is associated with

an increase in CO2 by 0.664% on a global scale. The short-run coefficients on population

remain insignificant in any panel.

The three coefficients on GDP per capita are statistically significant on every conven-

tional significance level only for the high- and middle income group. For the high-income

panel, the long-term coefficients suggest an inverted N-shaped relationship between CO2

emissions and GDP per capita with the trough to occur before the peaks. The curve

for CO2 emissions reaches the trough at 291.809 USD per capita GDP then increases

up to the peak at 97,275 USD per capita GDP, and declines afterwards again. Both

turning points fall into the range of per capita GDP for the high-income panel. For

the middle-income panel, the long-term coefficients now suggest a N-shaped relationship

between CO2 emissions and GDP per capita with the peak to occur before the trough.

Thus, CO2 emissions increase with GDP per capita up to a turning point and then

decrease with higher per capita income but eventually increase again after the through

is reached. The roots of the first derivative within the middle-income panel however

are in the complex plane. A first turning point or peak income does not exist for the

estimated emission curve: the trough occurs at 7,428 USD per capita which is in the range

of per capita GDP for the middle-income panel. Although the coefficients are statistically

significant and show both the signs and magnitudes corresponding to a N-shaped EKC,

the relationship between CO2 emissions and income is rather monotonically increasing for

the middle-income panel.

The coefficients on energy intensity do not change substantially. The long-term impact

on CO2 emissions is now inelastic in any panel, the highest for the high-income panel and

the lowest for the middle-income panel. Again, the short-run impacts of energy intensity

on CO2 emissions are the highest (lowest) in the high- (middle-) income panel. The results

still indicate that energy efficiency reductions on average most harmfully effect countries

within the high-income panel in both the long- and short-run.
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All three coefficients on urbanization are statistically significant on every conventional

significance level now in any panel. For the all-income panel, the estimated long-term

coefficients now suggest a N-shaped relationship instead of an inverted N-shaped figure

between CO2 emissions and urbanization. The peak thus now occurs before the trough. As

the roots of the first derivative within the all-income panel are in the complex plane, a first

turning point or peak urbanization ratio level does not exist for the estimated emission

curve: the trough occurs at an urbanization level of 45%. Thus, the relationship between

CO2 emissions and urbanization changed and now is rather monotonically increasing for

the all-income panel. For the high-income panel, the outcome also changes when affluence

in squared and cubic terms is additionally included. The estimated long-term coefficients

now suggests an inverted N-shaped instead of a N-shaped relationship between CO2

emissions and urbanization. The trough now occurs before the peak for the high-income

group. For both the middle- and lower-income panel, the results remain stable and do not

substantially change compared to the specification without quadratic and cubic terms

for affluence and thus appear to be very robust. Overall, for the high- (middle-) [lower-]

income panel, the curve for CO2 emissions reaches the trough at an urbanization level of

60% (39%) [8%], then increases up to the peak at 124% (55%) [56%] urbanization, and

declines afterwards again. However, for the higher-income panel, the turning point for

urbanization after which CO2 emissions decline again does not fall into the range of the

urbanization ratio.

3.5.3 Discussion and Policy Implications

Consistent across any income panel, the empirical analysis shows that the impact

of population is a key determinant of CO2 emissions. However, GDP per capita does

impact CO2 emissions greater in magnitude than population in any panel. The reaction

in CO2 emissions due to a change in population is elastic for the middle-income panel

only. This outcome does not change at all, when GDP per capita in quadratic and cubic

terms is included. The results thus suggest, that it is rather growth in consumption

than in people which causes CO2 emissions to increase. This paper thus contrasts the
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results from Fan et al. (2006), Poumanyvong and Kaneko (2010), Liddle (2013), Li

and Lin (2015), Lin et al. (2017), Shuai et al. (2017), Mart́ınez-Zarzoso and Maruotti

(2011), Zhang et al. (2017b) who all find the impact of population not always to be

smaller than the impact of GDP. Against the background that the poorest half of the

global population is responsible for only around 10% of total emissions from consumption

(Hardoon et al., 2016), reducing the contribution of wealthier groups in particular should

be given priority to reduce CO2 emissions globally. Nevertheless, policy measures to

combat climate change need to include population policies particularly as population

growth is connected to CO2 emissions in at least two directions: it accelerates global

warming via an increased number of consumers but rapidly growing population increases

the number of people vulnerable to climate change, too. In this regard, policies supporting

family planning programs and education on reproductive and sexual health, implementing

the legal right to abortion, increasing the age of legal marriage, or further economic and

social development reduces adolescent fertility or unintended pregnancies thus effectively

increasing female empowerment. Slowing population growth in addition tends to enhance

economic development and eventually reduces the number of people living in extreme

poverty (Demeny, 1975; Pritchett, 1994; Casterline and Sinding, 2000; Stephenson et

al., 2010). However, according to Pritchett (1994), it is unclear to what extent cultural

and social norms determine fertility desires and Ehrlich and Holdren (1970) note that

population policy measures clearly will be the slowest to have an effect.

The finding of an inverted N-shaped figure for the relationship between urbanization

and CO2 emissions in any panel except of the high-income group shows that increasing

urbanization levels tend to be beneficial to reducing emissions in the long-term perspective.

The inverted N-shape figure turns into a N-shape figure for the all-income panel when

GDP per capita in quadratic and cubic terms are included additionally, whereas we find

an inverted N-shaped figure for the relationship between urbanization and CO2 emissions

in the high-income panel in the extended specification. Thus, the results suggest that

in particular for middle- and lower-income countries where both urbanization levels is

projected to increase the fastest, urbanization tends to offer the potential to reduce
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emissions in the long-term.

An inverted U-shaped pattern between urbanization and CO2 emissions is supported by

Mart́ınez-Zarzoso and Maruotti (2011) for upper-middle-income as well as lower-middle-

income panels and recently by Zhang et al. (2017b) for a panel of OECD countries. Both

however, do not include a cubic term for urbanization which rules out the possibility

of any other relation between urbanization and CO2 emissions than U- or inverted U-

shaped. Cities, although responsible for more than 70% of global CO2 emissions in

2014 (UN-Habitat, 2016), generally seem to better provide conditions to solve social

and environmental problems than rural areas. Following the compact city theory, urban

agglomeration facilitates exploitation of economies of scale for public infrastructure such

as sustainable public transportation modes, water supply, electricity production, schools,

hospitals, and reduces car dependency, travel distance, the transmission and distribution

losses of electricity at the same time. As a result, less energy is needed which eventually

lowers CO2 emissions (Poumanyvong and Kaneko, 2010; Sadorsky, 2014). Summarizing

available evidence for a sample of large cities in Asia, Europe, North America and Latin

America, Dodman (2009) shows that per capita emissions from cities tend to be smaller

compared to the average for the countries in which those cities are located.

3.6 Conclusions

Using the STIRPAT regression framework in the context of the ecological modernization

theory and understanding urbanization as an indicator of modernization, this paper

analyzed if a threshold level for urbanization exists after which CO2 emissions decrease

with further levels of urbanization. The relationship between affluence and CO2 emissions

was analyzed in the context of the EKC hypothesis in addition, to check the robustness

of the results. The balanced panel dataset of 76 countries over the period 1971 to 2014

was clustered into high-, middle-, and lower-income groups while also looking at the

full sample. All groups were analyzed separately using nonstationary panel time series

data methods. The results of the CD test (Pesaran, 2004) indicated the presence of
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cross-sectional dependence in the variables within all four panels except for the energy

intensity indicator in the middle-income panel. The results of the second-generation panel

unit root test (Pesaran, 2007) accounting for this cross-section dependence suggested

that the series on CO2 emissions, population, GDP per capita, and energy intensity were

integrated of order one in most panels. Thus, the presence of a unit root in the respective

series the indicates that shocks will have permanent effects. A shock in the series on

urbanization however, tends to result in only a temporary deviation from the variable’s

long-term growth path.

Unlike previous studies, this paper utilized dynamic panel estimation techniques which

account for heterogeneity among countries and in which both the short- and long-term

impacts are modeled. The outcome of the Hausman (1987) specification test suggested

that the long-term relationship for CO2 emissions and its relevant demographic and

economic factors tends to be similar across all groups. The magnitude of the effects

however varies across the different income groups. The long-term estimation results

from the PMG estimation provide evidence for cointegration and stability of the model:

all error correction terms are highly statistically significant and negative in magnitude

and not lower than -2. The empirical results indicate that population is a significant

impact factor within any panel only in the long-term. The insignificant short-run impact

of population on CO2 emissions underlines that population effects only manifest over

a very long period of time. In contrast to the literature, the long-term results show

that GDP per capita greater impacts CO2 emissions than population consistently across

panels. Moreover, output growth increases CO2 emissions the most in the lower-income

panel in both the short- and the long-term. These results indicate, that energy efficiency

reductions most harmfully effect CO2 emissions within the high-income panel in both

the long- and short-run. The results for population and energy intensity do not change

substantially, when analyzed in the context of the EKC hypothesis. We find the most

robust evidence of an inverted N-shaped relationship between urbanization and CO2

emissions associated with the ecological modernization theory in particular for the lower-

and middle-income panel. Thus, increasing levels of urbanization tend to reduce CO2
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emissions in the long-term. The estimated turning point for the urbanization ratio after

which CO2 emissions decline is almost identical for the lower- (53.90%) and middle-income

panel (54.20%). The turning points remain statistically significant in a specification within

an EKC regression framework and do not change substantially in magnitude.

Urbanization is key for a structural transformation for economies to modernize which

facilitates economies of scale in infrastructure, capital and labour, as well as spill-over effects

to eventually foster economic development. Similarly, economic development encourages

rural to urban migration (Liddle and Messins, 2015). The existence of an inverted N-shaped

relationship between urbanization and CO2 emissions however does not guarantee that

accelerating urbanization automatically decreases emissions. Managing the transition from

rural to urban centers remains a challenge to avoid negative aspects of urbanization such

as traffic congestion, overcrowding, and air pollution, which would effectively outweigh

the advantages of urbanization’s potential to reduce CO2 emissions. The implementation

of the infrastructure to encourage the development of urban centers to exploit economies

of scale is important since it offers the potential to reduce CO2 emissions particularly in

the lower- and middle-income countries. In addition, the demographic transition from

rural to urban areas is accompanied by changes in terms of both economic and social

structures such as the development of manufacturing and service oriented economies or

environmental movements which may influence environmental policy decisions. As urban

areas are considered to be highly vulnerable to anomalous climate events, sea-level rise,

an increase in the frequency of heat waves, storms and floods, it is equally important to

implement adaption strategies to increase cities resilience to climate change (Dodman,

2009).
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3.7 Appendix

Table 3.2: Multicollinearity test
All-income High-income Middle-income Lower-income

Explanatory variables VIF Mean VIF VIF Mean VIF VIF Mean VIF VIF Mean VIF

P 1.09

2.59

1.03

1.15

1.13

1.89

1.15

3.08GDP 3.86 1.30 2.58 4.89
EI 2.70 1.18 1.81 4.63
U 2.73 1.09 2.03 1.65

Notes: All variables in natural logarithms.

Table 3.3: Results of Pesaran (2004) CD tests
Variables in levels

CO2 P GDP EI U U2 U3

A
ll-

in
co

m
e abs (corr) 0.73 0.97 0.71 0.54 0.88 0.88 0.88

CD statistic 184.33a 344.23a 190.37 a 44.76a 289.26a 288.82a 288.29a
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

H
ig

h-
in

co
m

e abs (corr) 0.68 0.95 0.89 0.68 0.85 0.85 0.85
CD statistic 47.36a 135.38a 115.86a 43.47a 104.84a 104.85a 104.84a

(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

M
id

dl
e-

in
co

m
e abs (corr) 0.74 0.99 0.66 0.42 0.95 0.95 0.95

CD statistic 64.77a 90.81a 49.13a -0.79 87.00a 86.84a 86.65a
(0.00) (0.00) (0.00) (0.43) (0.00) (0.00) (0.00)

Lo
w

er
-

in
co

m
e abs (corr) 0.78 0.99 0.60 0.49 0.85 0.85 0.85

CD statistic 80.75a 114.18a 37.97a 7.54a 93.26a 92.85a 92.42a
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

Notes: P-values are in parentheses; superscripts a, b, and c represent significance at 1%,
5%, and 10%, respectively; all variables in natural logarithms.
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Table 3.4: Results of Pesaran (2007) panel unit root tests
All-income High-income Middle-income Lower-income

No Trend Trend No Trend Trend No Trend Trend No Trend Trend

CO2 -2.030 -2.016 -1.924 -2.168 -1.963 -2.122 -2.119b -2.503
P -1.994 -3.094a -1.888 -1.931 -2.328a -3.913a -2.259a -3.852a
GDP -1.593 -2.303 -1.750 -1.756 -1.795 -2.457 -1.642 -2.688b
EI -1.883 -2.600c -1.914 -2.553c -2.018 -2.470 -1.625 -2.570c
U -2.713a -3.016a -2.442a -2.802a -2.384a -2.236 -2.885a -3.077a
U2 -2.657a -3.006a -2.420a -2.778a -2.351a -2.323 -2.837a -2.824a
U3 -2.532a -2.951a -2.390a -2.775a -2.352a -2.209 -2.790a -2.698b

∆CO2 -5.649a -6.015a -5.738a -5.970a -5.746a -5.890a -5.816a -6.033a
∆P -2.437a -2.755a -2.198b -2.884a -2.572a -2.921a -2.712a -3.414a
∆GDP -4.504a -4.816a -4.366a -4.673a -4.729a -4.884a -4.843a -5.218a
∆EI -5.791a -5.986a -5.887a -6.213a -5.701a -5.973a -5.777a -5.971a
∆U -1.989 -2.451 -1.644 -2.150 -1.780 -2.256 -1.996 -2.036
∆U2 -1.937 -2.337 -1.638 -2.124 -1.673 -2.277 -2.001 -1.920
∆U3 -1.928 -2.291 -1.632 -2.113 -1.593 -2.312 -1.948 -1.870

Notes: Superscripts a, b, and c represent significance at 1%, 5%, and 10%, respectively; critical
values are from Pesaran (2007).

Table 3.5: List of 76 countries
High-income panel (31):
Argentina, Australia, Austria, Belgium, Canada, Chile, Denmark, Finland, France, Greece,
Ireland, Israel, Italy, Hong Kong, Japan, Korea, Rep., Luxembourg, Malta, Netherlands,
New Zealand, Norway, Oman, Panama, Portugal, Saudi Arabia, Spain, Sweden,
Trinidad and Tobago, United Kingdom, United States, Uruguay
Middle-income (20):
Algeria, Brazil, China, Colombia, Costa Rica, Cuba, Dominican Republic, Ecuador, Gabon,
Guatemala, Iran, Islamic Rep., Iraq, Jamaica, Malaysia, Mexico, Paraguay, Peru, South Africa,
Thailand, Turkey
Lower-income (25):
Benin, Bolivia, Cameroon, Congo, Dem. Rep., Congo, Rep., Cote d’Ivoire, Egypt, Arab Rep.,
El Salvador, Ghana, Honduras, India, Indonesia, Kenya, Morocco, Myanmar, Nepal, Nicaragua,
Nigeria, Pakistan, Philippines, Senegal, Sri Lanka, Sudan, Togo, Tunisia

Notes: Originally, the World Bank clusters economies into low, lower-middle, upper-middle, and
high-income groups.

85



Table 3.6: ARDL(1,1,1,1,1,1,1) estimation and Hausman (1987) test results
All-income High-income Middle-income Lower-income

MG PMG MG PMG MG PMG MG PMG

long-term coefficients

P 2.168b 0.855a -0.535 0.411a 1.204 1.160a 6.292b 0.594a
(2.09) (18.37) (-0.70) (5.13) (1.38) (13.35) (2.27) (5.77)

GDP 1.559a 1.031a 1.157a 1.026a 1.208a 1.174a 2.337a 1.272a
(8.87) (56.35) (10.90) (38.38) (7.48) (27.60) (4.97) (20.98)

EI 1.120a 0.972a 1.204a 1.065a 0.518a 0.838a 1.498a 0.833a
(7.70) (44.32) (10.86) (29.97) (3.38) (17.85) (3.88) (14.15)

U 108.5 -13.30b 309.7 90.34 230.1 -143.0a -238.4 -25.71a
(0.31) (-2.28) (1.17) (1.19) (0.31) (-3.81) (-0.28) (-2.84)

U2 -50.67 4.212a -91.44 -25.72 -77.06 37.38a 21.01 9.394a
(-0.55) (2.72) (-1.37) (-1.43) (-0.40) (4.01) (0.09) (3.37)

U3 6.358 -0.418a 8.508 2.357c 7.655 -3.252a 2.653 -1.032a
(0.77) (-3.05) (1.31) (1.66) (0.48) (-4.21) (0.13) (-3.71)

ECM equation

ec -0.768a -0.417a -0.645a -0.294a -0.830a -0.533a -0.869a -0.523a
(-24.00) (-11.98) (-13.12) (-7.11) (-14.21) (-8.50) (-17.49) (-9.48)

∆P 4.627 1.425 2.602 -1.967 0.588 -4.467 10.37 9.285c
(1.00) (0.68) (1.42) (-0.87) (0.10) (-1.38) (0.78) (1.74)

∆GDP 0.166 0.843a 0.348a 0.811a 0.114 0.466a -0.0171 1.015a
(1.52) (7.80) (3.82) (10.26) (0.73) (2.87) (-0.06) (3.52)

∆EI 0.139 0.525a 0.326a 0.720a 0.123 0.233b -0.0820 0.524b
(1.55) (6.07) (4.38) (9.17) (1.25) (2.04) (-0.34) (2.36)

∆U -5480.9 -710.3 69.76 -6.664 -771.4 -2635.2 -16131.4b -2709.4
(-1.11) (-0.54) (0.02) (-0.00) (-0.05) (-1.20) (-1.96) (-1.26)

∆U2 1458.4 253.6 -121.3 26.16 -256.7 672.3 4789.3b 872.3
(1.11) (0.72) (-0.17) (0.05) (-0.07) (1.22) (2.01) (1.27)

∆U3 -135.9 -29.12 16.58 -3.572 59.86 -57.04 -481.6b -95.10
(-1.14) (-0.85) (0.30) (-0.08) (0.18) (-1.24) (-2.05) (-1.27)

cons -162.8 0.642a -280.8 -30.65a -292.4 87.94a 87.30 5.178a
(-0.35) (6.88) (-0.86) (-7.07) (-0.25) (8.48) (0.09) (8.97)

Hausman test

chi2(6) prob chi2 chi2(6) prob chi2 chi2(6) prob chi2 chi2(6) prob chi2
6.82 0.3379 5.02 0.5415 8.53 0.2016 6.15 0.4065

Notes: t-statistics in parentheses; superscripts a, b, and c represent significance at 1%, 5%, and
10%, respectively; all variables in natural logarithms.
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Table 3.7: ARDL(1,1,1,1,1,1,1,1,1) estimation and Hausman (1987) test results
All-income High-income Middle-income Lower-income

MG PMG MG PMG MG PMG MG PMG

long-term coefficients

P 0.922 0.664a -0.0756 0.718a 0.996 1.150a 2.101 0.585a
(1.01) (12.82) (-0.12) (6.20) (1.03) (12.93) (0.81) (5.74)

GDP -208.4 1.510c -49.76 -8.080c -57.43 36.04a -525.9 3.035
(-0.66) (1.77) (-0.30) (-1.82) (-0.43) (4.34) (-0.55) (0.89)

GDP 2 29.75 0.0371 4.097 1.063b 6.146 -3.983a 80.45 -0.125
(0.69) (0.38) (0.26) (2.30) (0.39) (-4.07) (0.62) (-0.26)

GDP 3 -1.422 -0.00480 -0.105 -0.0413a -0.208 0.151a -4.028 0.000725
(-0.71) (-1.30) (-0.20) (-2.58) (-0.34) (3.95) (-0.67) (0.03)

EI 1.086a 0.943a 1.111a 0.968a 0.564a 0.872a 1.472a 0.901a
(8.21) (39.49) (11.59) (31.69) (3.76) (18.69) (4.21) (13.99)

U 18.76 13.88b 228.4 -181.7c -545.6c -117.6a 210.3 -15.73c
(0.05) (2.45) (0.87) (-1.96) (-1.75) (-6.43) (0.21) (-1.72)

U2 -6.809 -3.573b -13.51 41.07c 120.6 30.78a -100.4 5.719b
(-0.07) (-2.52) (-0.17) (1.88) (1.47) (6.44) (-0.38) (2.03)

U3 1.338 0.318a -1.694 -3.073c -9.038 -2.679a 13.40 -0.624b
(0.15) (2.69) (-0.19) (-1.80) (-1.22) (-6.44) (0.57) (-2.19)

ECM equation

ec -0.878a -0.434a -0.748a -0.326a -0.973a -0.570a -0.963a -0.543a
(-27.73) (-12.15) (-16.25) (-6.29) (-16.91) (-8.18) (-18.68) (-9.45)

∆P -3.349 2.595 3.513 -0.672 -4.177 -3.300 -11.20 11.58
(-0.57) (1.01) (1.52) (-0.40) (-0.42) (-0.74) (-0.71) (1.60)

∆GDP -76.47 -302.9 -200.4 -9.286 -122.6 -89.17 114.1 -770.0
(-0.25) (-1.48) (-1.59) (-0.09) (-0.43) (-0.60) (0.13) (-1.27)

∆GDP 2 9.779 45.04 19.96 2.001 16.71 12.35 -8.389 116.9
(0.22) (1.54) (1.64) (0.19) (0.48) (0.69) (-0.06) (1.33)

∆GDP 3 -0.469 -2.228 -0.664c -0.102 -0.751 -0.557 -0.00270 -5.901
(-0.22) (-1.57) (-1.70) (-0.30) (-0.53) (-0.76) (-0.00) (-1.37)

∆EI 0.0762 0.541a 0.221a 0.709a 0.000446 0.201c -0.0426 0.561b
(0.84) (6.03) (3.34) (8.62) (0.01) (1.73) (-0.17) (2.42)

∆U -4283.0 -1816.4 666.8 -270.1 -5264.7 -2780.9 -9635.3 -3165.0
(-0.86) (-1.39) (0.19) (-0.11) (-0.38) (-1.31) (-1.02) (-1.47)

∆U2 1055.7 521.5 -228.5 84.00 845.4 711.8 2816.2 978.7
(0.82) (1.55) (-0.28) (0.15) (0.24) (1.33) (1.09) (1.46)

∆U3 -91.36 -50.53 22.45 -8.079 -30.17 -60.56 -281.4 -102.8
(-0.80) (-1.63) (0.36) (-0.19) (-0.10) (-1.33) (-1.17) (-1.43)

cons 450.4 -13.22a -496.4 92.43a 934.4 17.77a 1237.4 -1.998a
(0.55) (-12.18) (-0.83) (6.30) (1.65) (8.09) (0.52) (-7.26)

Hausman test

chi2(7) prob chi2 chi2(7) prob chi2 chi2(7) prob chi2 chi2(7) prob chi2
1.21 0.9906 4.53 0.7168 5.76 0.5681 3.69 0.8147

Notes: t-statistics in parentheses; superscripts a, b, and c represent significance at 1%, 5%, and
10%, respectively; all variables in natural logarithms.
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Chapter 4

Democratic Quality and Nuclear

Power: Reviewing the Global

Determinants for the Introduction of

Nuclear Energy in 166 Countries

4.1 Introduction

Nuclear power was one of the most important developments of the 20th century, and

it continues to affect discussions about energy security, climate change, and geopolitics

well into the 21st century. Nuclear power emerged from the combination of “basic science

and warfare” (Lévêque, 2014) in the 1940s. Decisions in this sector have always been

based on political bargaining and state financing, rather than on pure economic rationality

(Hirschhausen 2017; Stirling and Johnstone 2018; Wealer et al. 2018). Understanding the

drivers of national decisions to “go nuclear”, i.e. to bring nuclear power plants online in

a country, is therefore crucial not only for interpreting the history, but also the future

perspectives of nuclear technology: At the time of this paper, 31 countries depend on

Chapter 4 is published in Energy Research & Social Science, Volume 63, 101389. https://doi.org/10.
1016/j.erss.2019.101389
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nuclear power to produce electricity, and approximately thirty more are debating, planning,

or building nuclear power generation (World Nuclear Association, 2019). The International

Atomic Energy Agency (IAEA) still considers a high global potential for nuclear power

up to the year 2050 (International Atomic Energy Agency, 2018).

The political nature of decisions on nuclear power raise interesting questions, in

particular with respect to the drivers of these decisions, the criteria for going nuclear, (or

not going nuclear), and the decision-making and implementation process. The institutional

and political framework of the participating actors moreover plays an important role in

particular against the background of higher overnight costs of nuclear power compared

to coal and natural gas (Deutch et al., 2009; Davis, 2012). The technical complexity of

nuclear power and the need for strong vertical and horizontal coordination within the

sector suggests centralized decision-making, in addition to political, cultural, and social

characteristics of a country that influence nuclear trajectories (Gralla et al. 2017). In that

context, the nature of the political system, e.g. the degree of democratic and competitive

decision-making, can be expected to be an important variable. Socio-cultural, political

and economic conditions which encourage the deployment of nuclear power, have already

been acknowledged in qualitative multi-country case studies (e.g. Sovacool and Valentine,

2010; Valentine and Sovacool, 2010), yet empirical research emphasizing in particular the

political economy dimension of nuclear power is surprisingly scarce.

To fill this research gap, this paper empirically analyzes the relationship between

between a country’s decision to introduce nuclear power - defined as connecting the

first nuclear power plant to the grid - and the level of democratic development. We use

observable characteristics from the Power Reactor Information System (PRIS) database

(PRIS, 2019) to specify three categories which distinctively define a countries’ nuclear

energy strategy chosen over time. At each point in time we evaluate if countries currently

use, have used at any point in time, or start to construct a nuclear power plant. Any

given country which has no nuclear power plant under construction or operational at

time t is categorized as “non-nuclear”. We define the period of the construction start of

the first nuclear reactor until the first grid connection of any nuclear power plant as the
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observable outcome to “go nuclear”, which then represents the introduction of nuclear

power. At any point in time countries are categorized as “nuclear” if they have at least

one nuclear power reactor fully operationally at time t. The three distinct observable

outcomes for a countries’ nuclear energy strategy are operationalized as our dependent

variable which is categorical and of unordered nature. We use our main predictor, the

level of democratic development in both continuous and categorical modes, to measure

the degree of institutionalized democracy and autocracy, respectively. We include national

development, energy transitions, and environmental indicators as identified in the published

literature as the explanatory variables and also to control for nuclear warhead possession.

Our initial hypothesis, based on the existing literature and the qualitative case studies

from Sovacool and Valentine (2010) and Valentine and Sovacool (2010), is that due

to the complex, and often controversial, political decisions required to develop nuclear

power, less democratically governed countries are more likely to enter the sector and

introduce nuclear power than countries with higher levels of democracy. We analyze the

impacts of democratic development on the introduction of nuclear power from 1960 to

2017 for an unbalanced panel of 166 countries. Different from the previous literature (e.g.

Fuhrmann, 2012), we focus on the motives affecting the initial introduction of nuclear

power emphasizing the level of democratic development as a key determinant for the

nuclear energy choice while covering a broader time frame than previously examined.

Our model is based on a multinomial logistic regression approach that relates the

likelihood of a country to introduce nuclear power to its level of democratic development.

The model results robustly suggest that countries with lower levels of democratic develop-

ment are more likely to introduce nuclear power. Our empirical analysis thus provides

a robust statistical assessment of the democracy and nuclear power nexus and identifies

the variable democratic quality as an important factor to the nuclear energy choice. We

contribute to the ongoing discussion about nuclear energy by shifting the focus beyond

economic, climate, and environmental issues towards the frequently neglected political

and democratic dimension of nuclear power. According to Gralla et al. (2017), focusing

on the political dimension of nuclear power is highly relevant in order to complement the

90



global view on nuclear energy.

The remainder of this paper is organized as follows. Section 2 provides the background

and reviews the empirical literature in connection with nuclear power and democracy.

Section 3 presents the data and explains our empirical approach. Section 4 reports the

empirical results. Section 5 presents the checks for robustness. Section 6 concludes with a

discussion and offers suggestions for future research.

4.2 Background and Related Literature

This section draws on both theoretical and empirical literature to present an overview

of which factors out of the political realm in particular are considered to be relevant

for nuclear power development. Section 2.1 presents the theoretical underpinnings of

our empirical analysis and Section 2.2 reviews related empirical applications. In general,

the early literature on nuclear power uses detailed case studies to analyze how nuclear

power developed in different political contexts. A more empirically orientated strand

analyzes aggregate indicators which might facilitate the development of nuclear power

development within a cross-country set up (Jewell and Ates, 2015). However, both,

empirical analyses investigating the relationship between nuclear power deployment and

democracy in particular, and contributions concerning more generally socioeconomic

factors of nuclear power deployment are surprisingly scarce.

4.2.1 Theoretical Underpinnings

The multi-level perspective (MLP) is a useful analytical tool to determine how a

country’s level of democratic development may affect the introduction of nuclear power.

The MLP understands transitions as outcomes of alignment between developments at

multiple levels. It consists of the three analytical levels niche-innovations, sociotechnical

regimes, and sociotechnical landscapes which help explain transitions based on interactions

between processes at these three levels (Geels and Schot, 2007). The sociotechnical

landscapes at the top level is an exogenous environment beyond the direct influence of
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actors within sociotechnical regimes and niche-innovations (Geels and Schot, 2007).

The sociotechnical regime layer contains multiple dimensions such as policy, technology,

user practices, science, cultural meaning, infrastructure and industry (Geels, 2002). The

energy supply sector is embedded in the sociotechnical regime layer of this multi-level

environment and can be conceptualized as a sociotechnical system which similarly consists

of actors, institutions, as well as material artifacts and knowledge. The diverse components

of the system interact, are interrelated and dependent on each other (Markard et al.,

2012). Nuclear power thus is situated in a social and political environment that influences

its evolution and interacts with different socio-economic institutional settings and various

stakeholders during development, construction, and operation. In this regard, large

scale energy technologies are considered not as a determinant of political regimes but

rather as co-evolving with a country’s socio-economic institutions, actors, and social

norms over the operational lifetime which usually spans over decades.1 Conventional

nuclear power plants - unlike distributed renewable energy infrastructures such as wind

and solar - generate electricity on a massive scale in a centralized location. Nuclear

energy consequently has found its particular niche in providing baseload electricity in

the energy system (Hultman, 2011; Goldthau, 2014). The introduction of nuclear energy

thus depends on the relationships between the three layers and the involvement of a

variety of factors including policy, technology, user practices, science, cultural meaning,

infrastructure, and industry. The dynamics of sociotechnical systems associated with

nuclear power are related to the general political culture, elite policy discourse, patterns

of public opinion and wider attributes of democratic governance which represent general

qualities of democracy (Johnstone and Stirling, 2015).

Democratic quality is multidimensional in nature with different aspects of democratic

quality overlapping. Diamond and Morlino (2004) identify eight dimensions: the rule of

law; participation; competition; vertical accountability; horizontal accountability; respect

for civil and political freedoms; progressive implementation of greater political (and
1In the United States, some aging reactors have received lifetime extensions to 80 years. If decommissioning
and long-term storage of radioactive waste management also is considered, a plant’s lifetime extends to
a million years.
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underlying it, social and economic) equality; and responsiveness on which democracies

diverge in terms of quality. The linkages among the different aspects of democracy “[...]

interact and reinforce one another, ultimately converging into a system”. Diamond and

Morlino (2004) moreover define minimum standards for democracy: universal, adult

suffrage; recurring, free, competitive, and fair elections; more than one serious political

party; and alternative sources of information.

There are no universal definitions, however, of democracy and democratic quality.

Zakaria (1997) defines a liberal democracy as a political system characterized by free and

fair elections, the rule of law, separation of powers, and the protection of basic liberties of

speech, assembly, religion, and property. The author notes that few countries characterized

as falling between democratic and nondemocratic matured into liberal democracies during

the 1990s. Zakaria (1997) coined the term “illiberal democracy” to describe countries that

have free and fair elections but “are routinely ignoring constitutional limits on their power

and depriving their citizens of basic rights and freedoms”. In such countries, “[a] weak

rule of law will likely mean that participation by the poor and marginalized is suppressed,

individual freedoms are insecure, many civic groups are unable to organize and advocate,

the resourceful and well-connected are unduly favored, corruption and abuse of power run

rampant, political competition is unfair, voters have a hard time holding rulers to account,

and overall democratic responsiveness is gravely enfeebled” (Diamond and Morlino, 2004).

Another analytical concept related to our analysis is the framework of concentrated

energy-politics vs. distributed energy-politics: the spatial distribution of energy infras-

tructures influences democratic development and the degree of democratic development

influences the spatial distribution of energy infrastructures. According to Burke and

Stephens (2018), due to their inherent flexibility decentralized energy technologies are

considered to more readily organize and enable distributed political and economic power,

and vice versa. This relationship is characterized as strongly democratic and described as

distributed energy-politics. On the contrary, energy systems based on concentrated energy

sources are considered to organize and enable more concentrated forms of power and

centralized or authoritarian political relationships, and vice versa. This relationship thus
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is characterized as weakly democratic and refers to concentrated energy-politics. To what

extent political power is concentrated and democracy is developed may impact the deploy-

ment of certain energy infrastructures, but the developed energy system similarly may

influence the level of democratic development. With respect to nuclear power, Bookchin

(1996) argues that the enhancement of democracy by decentralizing power is prevented

by the continuation of nuclear energy. Lovins (1979) similarly questions the democratic

extension capabilities of nuclear energy as it is a “hard” centralized energy path which in

part due to its inherent nuclear weapon proliferation potential affects society in terms of

authoritarian forms of governance (Johnstone and Stirling, 2015).

Historically, certain environments and conditions have encouraged the development of

nuclear power. Sovacool and Valentine (2010) and Valentine and Sovacool (2010) develop

a theoretical framework consisting of six influential factors: strong state involvement in

guiding economic development; centralization of national energy planning; campaigns

linking technological progress to national revitalization; influence of technocratic ideology

on policy decisions; subordination of challenges to political authority; and low levels of

civic activism.2

Strong centrally led economic planning and state involvement either directly through

government action or indirectly through state-owned utilities is considered necessary due

to the inflexibility and complexity of nuclear power and a high degree of supply chain

coordination to realize such energy mega-projects. Similarly, centralization of energy

planning facilitates the necessary control and enables to overcome disagreements internally

which lowers transaction costs during resolution processes encouraging the expansion of

nuclear power. Since nuclear power historically is associated with technological progress

and modernity, governmental strategies committed to link technological developments

to a national renaissance encourages a national culture which is more likely to tolerate

the risks associated with nuclear power. When technocratic ideology strongly influences

public policy, the necessary ideological support for nuclear power development is provided.
2Sovacool and Valentine (2010) moreover identified the abatement of greenhouse gas emissions as a
potential seventh factor emerging in the environmental policy realm.
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Conditions under which political and public debate are minimized more easily enable the

implementation of governmental programs which run contrary to public interest. Lastly,

environments which eliminate civic activism detrimentally impact public opposition which

could oppose the development of nuclear power programmes. According to Sovacool and

Valentine (2010) and Valentine and Sovacool (2010) these six catalysts are simultaneously

political, social, and economic. However, only the political environment can influence

and overpower both the social and economic dimension at least in authoritarian regimes

more easily. Influential factors such as strong state involvement in economic development,

centralization of national energy planning, subordination of challenges to political authority,

and low levels of civic activism concern the realms of democracy are in connection with

rather authoritarian than democratic regime characteristics.3

Kitschelt (1986), who compares anti-nuclear protest movements in France, Sweden,

the United States, and West Germany, argues that a country’s political and institutional

dimensions in which social movements operate shape the level and pattern the protests.

Mobilization strategies and impacts of social movements can be explained partly by the

general characteristics of political opportunity structures. In other words, the chances of

broad mobilization increase when anti-nuclear movements can easily collect and disseminate

information which in turn can influence policies concerning nuclear power development

and expansion. Already Weinberg (1976) recognizes the importance of public perception

towards nuclear power: “The public perception and acceptance of nuclear energy [...] has

emerged as the most critical question concerning the future of nuclear energy”. O’neil

(1999), who analyzes the development of nuclear energy in transformation states, argues

that citizens’ willingness to protest may be influenced by the country’s level of nuclear

energy dependence, i.e., anti-nuclear movements are less likely to occur in countries

with a relatively large dependence on nuclear energy due to the public’s fear of higher

electricity bills or fear of negative growth effects. O’neil (1999) also concludes that support
3Military rule in South Korea for instance allowed the government to control the policy agenda and strong
autocratic control over the economy and society until the late 1980s. In Japan, government control over
the media in the 1960s and 1970s diluted political and popular opposition to nuclear power development
and the dangers. In China, although environmental activists collected about one million signatures
against the Daya Bay nuclear power plant, the government detained and arrested protesters (Sovacool
and Valentine, 2010; Valentine and Sovacool, 2010).
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or opposition to nuclear power is “not a function of democracy but rather of complex

relationships between state, society, and the institutions they create”.

Jewell and Ates (2015) emphasize the importance of political stability for both internal

(program constancy and reliability) and external (investor confidence) support of nuclear

power development. Jewell (2011) also observes that in politically unstable countries, the

introduction of nuclear power for civil purposes in conjunction with developing nuclear

weapons is only possible by mobilizing extraordinary political will and resources. This logic

in particular applies to countries such as India and Pakistan which both are characterized

by low levels of the World Bank Political Stability Index (PSI). Both countries have

experienced political instability in the years preceding or following construction of their

first nuclear power plants according to the Political Instability Task Force (PITF), which

records events in connection with the occurrence of “partial or total state failure”.

Following World War II, nuclear power first emerges as the “child of science and warfare”

(Lévêque, 2014) in the victorious countries of the USA, the USSR, the UK, and France,

and later in China. Today, nuclear power sits at the intersection of military use and

electricity generation. Over time, the development of atomic energy for civil purposes

and for military use has become interchangeable and interdependent (Acheson-Lilienthal

Report 1946).

In fact, Hirschhausen (2017) argues that nuclear power has to be analyzed under

the topic of joint production (so called “economies of scope”) as nuclear co-production

includes military goods (e.g. plutonium, tritium) as well as civilian goods and services (e.g.

electricity, medical services). Related to this, Stirling and Johnstone (2018) emphasize

the importance of industrial supply chains involving the wider nuclear skills, education,

research, design, engineering, and industrial capabilities necessary to sustain or introduce

nuclear weapon programmes as well as for nuclear powered submarines capabilities.
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4.2.2 Related Empirical Work

Fuhrmann (2012) uses a probit model to empirically identify factors which encourage

129 countries to build nuclear power plants from 1965 to 2000. Based on information from

the International Atomic Energy Agency’s Power Reactor Information System (PRIS)

database, the dependent variable is dichotomous and coded as 1 if a country begins

building a reactor in year t+1, and 0 otherwise. As predictor variables, Fuhrmann

(2012) includes GDP as a proxy for economic capacity, energy dependence, an indicator

for nuclear weapons exploration, a dummy variable which indicates if a state shares a

defense pact with a major supplier of nuclear power plants, Nuclear Non-Proliferation

Treaty (NPT) membership dummies, and nuclear accidents dummies which interact

with the composite indicator from the Polity IV Project measuring a country’s regime

type. The empirical results indicate that higher levels of economic development are

associated with a higher probability for construction and that countries which become

less dependent on energy imports are less likely to build nuclear reactors. The indicator

for nuclear weapons exploration, the supplier alliance dummy, and the NPT indicator

are statistically insignificant. Fuhrmann (2012) also shows that the impacts of nuclear

accidents on construction depend on regime type, i.e., highly authoritarian states tended

to be less affected by the Chernobyl disaster than countries with high levels of democratic

development.

Yamamura (2012), who empirically analyzes the effect of free media on the Japanese

public’s view of nuclear energy after the 2011 Fukushima Daiichi nuclear disaster, uses

cross-sectional panel data of 37 countries collected approximately two weeks after the

disaster. From the survey the author obtains the rate of agreement that nuclear power

plants are properly secured against accidents and uses it as the dependent variable,

controlling for the presence of nuclear power plants, freedom of expression and media,

total number of natural disasters since 1970, GDP per capita, government expenditures,

and including dummies for East Asian countries. The results show that freedom of

expression and media significantly influences views on the security of nuclear power plants.

Citizens tend to disagree that nuclear power plants are properly secured against accidents
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when the political setting assures both freedom of expression and media to a greater

extent. The results moreover show that freedom of media leads citizens to support the

presence of nuclear energy. The latter result seems to contradict our reasoning above. It

however rather highlights the importance of freedom of media to be guaranteed. Only

when freedom of media is guaranteed, citizens are able to evaluate costs and benefits

associated with the presence of nuclear energy to then decide informed about nuclear

policy (Yamamura, 2012).

Gralla et al. (2017) group countries according to the nuclear energy strategies (no

nuclear production, phase-out, planning to produce, produce nuclear energy) of the

World Nuclear Association. Based on the statistical mean for the respective group on 20

indicators from 1960 to 2013, nuclear countries have higher per capita energy use, carbon

dioxide emissions, and household final consumption expenditures compared to countries

planning to use nuclear energy and countries without nuclear energy use. Gralla et al.

(2017) use a generalized linear mixed model (GLMM) and the nuclear energy status of all

countries between 1960 and 2013 as the dependent variable to identify the socioeconomic,

technological, and environmental indicators correlating with the starting year of each

country’s nuclear energy production. They find that 28 out of the 96 world development

indicators significantly correlate with the start of nuclear energy production. Gralla et al.

(2017), however, do not control for the level of democratic or institutional development.

4.3 Data and Methodology

Section 3.1 describes the three categories which define a country’s nuclear energy

strategy chosen over time and presents a descriptive analysis of the utilized panel dataset.

Section 3.2 discusses the methodology for predicting the probability of category membership

in order to analyze if democracies tend not to start constructing nuclear power plants

compared to democratically less developed countries.
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4.3.1 Data

Our analysis covers the period from 1960 to 2017 and we construct an unbalanced

panel time series dataset covering 166 countries.4 We empirically analyze how the level of

democratic development impacts a countries’ choice to introduce nuclear power, controlling

for nuclear warhead ownership, national development, and both energy transitions as well

as environmental indicators.

Our polytomous dependent variable is based on information from the Power Reactor

Information System (PRIS) database (PRIS, 2019) and contains the three categories

“non-nuclear”, to “go nuclear”, and “nuclear” which represent the current nuclear energy

statuses of a given country in a given year to establish a countries’ nuclear energy strategy

chosen over time. The unit of analysis thus is the country-year. The country-years take

on the value zero if the respective country has no nuclear power plant under construction

or operational in any given year. The period of the construction start of the first nuclear

reactor until the first grid connection of any nuclear power plant is coded as one for

each country-year which represents the introduction of nuclear power. Accordingly, this

indicates the period of the completion of the first nuclear reactor project. Nuclear

country-years are coded as two if at least one nuclear power reactor is fully operationally.5

4The World Development Indicators (WDI) database from The World Bank originally includes 217
countries. The Polity IV Project data set includes only 167 countries. Therefore, we exclude the 50
countries not included in the Polity IV Project data set and also Taiwan, which is not covered in the
WDI database, to obtain 166 countries. We exclude: American Samoa, Andorra, Antigua and Barbuda,
Aruba, Bahamas The, Barbados, Belize, Bermuda, British Virgin Islands, Brunei Darussalam, Cayman
Islands, Channel Islands, Curacao, Dominica, Faroe Islands, French Polynesia, Gibraltar, Greenland,
Grenada, Guam, Hong Kong SAR China, Iceland, Isle of Man, Kiribati, Liechtenstein, Macao SAR
China, Maldives, Malta, Marshall Islands, Micronesia Fed. Sts., Monaco, Nauru, New Caledonia,
Northern Mariana Islands, Palau, Puerto Rico, Samoa, San Marino, Sao Tome and Principe, Seychelles,
St. Maarten (Dutch part), St. Kitts and Nevis, St. Lucia, St. Martin (French part), St. Vincent and
the Grenadines, Tonga, Turks and Caicos Islands, Tuvalu, Vanuatu, US Virgin Islands, and West Bank
and Gaza.

5To define a country’s nuclear energy status, we follow the literature, e.g. Jewell and Ates (2015); the
International Atomic Energy Agency (IAEA) (2013) uses the period after the grid connection date of a
nuclear reactor as the definition. We also code the introduction of nuclear power for either the period of
the construction start until the respective reactor reaches first criticality as well as until the commercial
operation date. Our results, however, do not change for choosing the period until first criticality as well
as until the commercial operation date (we thank an anonymous referee for raising this important issue).
We moreover note that Italy started with the construction of the first nuclear reactor on 01 November
1958 which was connected to the grid on 12 May 1963. The last reactor in Italy was shut down on 01
July 1990. Kazakhstan started the construction of the first nuclear reactor on 01 October 1964 which
was connected to the grid on 16 July 1973. The reactor was shut down on 22 April 1999. Lithuania
started with the construction of the first nuclear reactor on 01 May 1977 which was connected to the
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Our key predictor of interest, the level of democratic development, comes from the

Polity IV Project from the Center for Systemic Peace. The index from the Polity IV

Project is a combination of the institutionalized democracy and autocracy indicator.

The Polity score is computed by subtracting the autocracy from the democracy score

which results in an unified polity scale ranging from +10 (strongly democratic) to -10

(strongly autocratic). We use the Polity2 score which is a modified version of the Polity

index to facilitate the use in time-series analyses (Marshall et al., 2017). Following

Haber and Menaldo (2011) we first normalize the Polity2 index to run from 0 to 100

to obtain a continuous democracy variable D1. To obtain a categorical measure for the

democracy levels, we classify countries with a score of D1 > 66 as democratically free

F , 33 <D1 < 66 as democratically partly free PF , and D1 < 33 as democratically not

free NF to operationalize fully liberal democratic characteristics, illiberal democratic

characteristics, and non-democratic regime characteristics, respectively.6

The decision of a country to introduce nuclear power might partly be driven by the

aim to develop nuclear weapon programmes. Nuclear reactors fueled by uranium used

for generating civilian electric power accumulate plutonium. Nuclear power producing

countries over time acquire enough quantities of plutonium usable for nuclear weapons

(Deutch, 1992). It is therefore only a question of political will and willingness to develop

nuclear weapons or not for nuclear power producing countries (Mez, 2012). We construct

an indicator W which takes on the value one if a country possesses at least one nuclear

warhead in a given year and zero otherwise.7 Moreover, we control for national development

grid on 31 December 1983. The last reactor in Lithuania however was shut down on 31 December 2009.
6We use the democracy indicator from the Polity IV Project instead of using data from Freedom House,
another commonly used indicator for democratic quality, because the indicator from Freedom House is
available only from 1972 on; 1989 data are missing; and Argentina, Armenia, Belgium, Brazil, Bulgaria,
Canada, Finland, Germany, India, Italy, Japan, Kazakhstan, Korea, Rep., Netherlands, Pakistan, Slovak
Republic, Spain, Sweden, Switzerland, and Ukraine all started constructing their first reactors before
1972. Put differently, if we use the indicator Freedom House, we effectively loose information on 20
out of 38 (53%) countries which ever have build a nuclear power plant. A detailed description of the
underlying methodology from the Polity IV Project is available at https://www.systemicpeace.org/.
We moreover note that the various indicators for democracy such as the Freedom in the World rating
from Freedom House, the Democracy Ranking by the Democracy Ranking Association, the Economist
Intelligence Unit’s Democracy Index, or the Democracy Barometer for instance vary in terms of their
methodology and how democratic quality in particular is ranked and assessed. Democracy thus is a
highly contested concept and measured in various ways as pointed out by two anonymous referees.

7The dates for nuclear warhead possession are based on Kristensen and Norris (2013). South Africa
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(GDP per capita, urbanization) and both energy transitions and environmental indicators

(electric power consumption, fossil fuel rents, energy imports, CO2 emissions per capita)

from the World Development Indicators (WDI) database from The World Bank which all

significantly correlate with nuclear energy production (Gralla et al., 2017).

GDP per capita GDP is measured in constant 2010 USD and our main indicator for

a countries’ financial capacity. A high degree of national financial capacity for nuclear

power development is necessary to allocate initial investments for creating the regulatory,

legislative and basic physical infrastructure before construction, but similarly required to

finance actual construction of the first nuclear power plant (Jewell, 2011). Urbanization U

is measured as the share of the population living in urban areas and reflects the transition

from rural to urban areas. Urbanization intensifies the demand for urban infrastructure

and transportation, and stimulates the concentration of consumption and production

which is associated with increasing energy demand (Sadorsky, 2014). To control for a

countries’ electricity demand, we use electric power consumption E measured in kWh per

capita as an additional predictor variable. Energy security considerations can translate

into motivations for pursuing nuclear energy in order to increase energy independence.

In countries such as Japan, UK, France, and Finland, independence of energy imports

are main arguments for supporting nuclear power (Jewell, 2011; Gralla et al., 2017).

We use energy imports EI (% of primary energy use) to measure energy security and

independence. In countries which are richly endowed with fossil fuels, the presence of

cheap and abundant domestic fuels is expected to similarly affect a countries’ energy mix

and thus the likelihood for nuclear power deployment. We thus construct an indicator for

fossil fuel rents FFR which are the sum of oil rents, natural gas rents, coal rents measured

in percentage of GDP. CO2 emissions per capita CO2 are measured in metric tons per

capita and included since nuclear power is considered by some as a low carbon generation

initially is not coded as a nuclear weapons states due to the lack of comparable information to Kristensen
and Norris (2013). According to Jo and Garzke (2007), the entire period of proliferation in South Africa
dates from 1979 to 1991. Thus, we would have had to compare the period of a nuclear weapons program
with the actual possession of at least one nuclear warhead. Our results, however, do not change if we
code South Africa as a nuclear weapons state over the respective period. We thank an anonymous
referee for raising this important issue.
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source although characterized by high lifecycle emissions (Sovacool, 2008).8

After explaining the construction of our polytomous dependent variable and describing

our utilized categorical measure for the level of democratic development, Table 1 shows

how the three different nuclear energy statuses descriptively relate to the three previously

defined levels of democratic quality. Our analysis covers 166 countries and 58 years which

Table 4.1: Frequency table for the nuclear energy statuses at each level of democratic
quality

Polity IV Project

F PF NF Total

Non-nuclear 2,833 1,047 2,966 6,846
(41.38) (15.29) (43.32) (100)

Construction 50 28 96 174
(28.74) (16.09) (55.17) (100)

Nuclear 1,111 26 109 1,246
(89.17) (2.09) (8.75) (100)

Total 3,994 1,101 3,171 8,266
(48.32) (13.32) (38.36) (100)

Notes: F , PF , and NF correspond to democrati-
cally free, partly free, and not free for the measure
of democratic quality D1 from Polity IV Project, re-
spectively. Row percentages are in parentheses.

results in 9,628 country-years. However, due to the unbalanced nature of our panel time

series data set, a total number of 8,266 observations is available for the combination of

the level of democratic development and the nuclear energy status. The row frequencies

thus represent how many observations for the respective level of democratic development

fall into the respective category of nuclear energy status. Non-nuclear statuses dominate

the sample. Within the given period, the majority of the total observations in our sample

has been evaluated as democratically free. Within the non-nuclear group, more than 40%

of the observations are either democratically free or not free. Democratically less free

countries however clearly dominate the construction periods whereas “nuclear” statuses are
8Evaluating 103 lifecycle studies of greenhouse gas-equivalent emissions for nuclear power plants, Sovacool
(2008) identifies the range of emissions for nuclear energy over the lifetime of a plant from 1.4 kg
CO2-eq/MWh to 288 kg CO2-eq/MWh, with an average estimate of 66 kg CO2-eq/MWh. Lenzen
(2008) identifies the greenhouse gas intensities for light and heavy water reactors from 10 and 130 kg
CO2-eq/MWh, with an average of 65 kg CO2-eq/MWh. The variability is due to different technologies
and methodological differences between process chain analysis (PCA) and input-output analysis (IOA),
the two main approaches used to assess emissions in a lifecycle analysis (Turconi et al., 2013). For an
assessment of nuclear power regarding various sustainability development criteria, see Verbruggen et al.
(2014).
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characterized by higher percentages of democratically free countries. The nuclear statuses

which follow the initial introduction of nuclear power not only occur more frequent in

our sample but also correspond chronologically to the subsequent periods. It is thus not

surprising that nuclear statuses are characterized by higher percentages of democratically

free countries against the background of the tendency of overall increasing democracy

levels of societies in the last several years and the transition to democracy of countries

during the period 1985 and 1995 (Ingelhart and Welzel, 2009; Torfason and Ingram, 2010).

Table 4.2 reports the mean values and standard deviations for the explanatory variables

in their respective nuclear status. The continuous democracy variable D1 is the normal-

Table 4.2: Arithmetic means and standard deviations of the seven explanatory variables
for the three nuclear energy statuses

D1 GDP U E EI FFR CO2

Non-nuclear 49.76 8,670.07 45.35 2,330.84 -106.16 3.67 3.75
(36.04) (17,834.67) (24.51) (3,731.93) (642.98) (10.33) (7.96)

Construction 42.24 8,329.60 54.62 2,372.46 -29.06 4.86 5.48
(34.71) (8,670.71) (16.63) (2,003.72) (166.84) (9.12) (3.90)

Nuclear 87.19 20,902.98 67.61 5,451.87 37.52 1.15 7.84
(24.02) (16,974.32) (16.91) (4,056.77) (37.68) (2.66) (4.76)

Notes: Arithmetic mean is shown and the standard deviation is in parentheses. Data on
D1 are taken from the Polity IV Project. Data on GDP , U , E, EI, FFR, and CO2 are
taken from the World Development Indicators (WDI) database from The World Bank
(last updated 24 April 2019).

ized democracy measure from Polity2 index running from 0 to 100 with greater values

representing higher levels of democratic development (Haber and Menaldo, 2011). GDP

is GDP per capita and measured in constant 2010 USD. Urbanization U is measured

as the share of the population living in urban areas. Electric power consumption E is

measured in kWh per capita. Energy imports EI is measured in % of primary energy use.

Fossil fuel rents FFR are the sum of oil rents, natural gas rents, coal rents and measured

in percentage of GDP. CO2 emissions per capita CO2 are measured in metric tons per

capita.

Figures 4.1 to 4.4 show the boxplots for all variables in three nuclear energy statuses.

The normalized democracy measure from the Polity2 index D1 is on average twice as

high for the nuclear statuses compared to the construction statuses. D1 is 1.75 times
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Figure 4.1: Boxplots for D1 and GDP for the three nuclear energy statuses
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higher for the nuclear statuses compared to the non-nuclear statuses. D1 is 1.18 times

higher for the non-nuclear statuses compared to the construction statuses. Average GDP

per capita is the largest for the nuclear statuses and the smallest for the construction

statuses. Similarly, the range of GDP per capita is the largest for the nuclear statuses.

Urbanization levels are highest for the nuclear and construction statuses compared to

Figure 4.2: Boxplots for U and E for the three nuclear energy statuses
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the non-nuclear statuses. Urbanization levels vary the most for the non-nuclear statuses

compared to the nuclear and construction statuses. Average electric power consumption

per capita is the highest for the nuclear statuses; they also show the most variability for

electric power consumption. For the non-nuclear statuses, electric power consumption

per capita is on average almost identical compared to the construction statuses. Nuclear

statuses are characterized by positive values for the net energy imports indicator, whereas

both non-nuclear and construction statuses are associated with negative values. Nuclear

104



Figure 4.3: Boxplots for EI and FFR for the three different nuclear energy statuses
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statuses on average tend to import energy, whereas non-nuclear and construction statuses

are characterized by net energy exports. Construction statuses are characterized by the

highest value for fossil fuel rents and also show the greatest variability for fossil fuel rents.

Non-nuclear statuses have higher fossil fuel rents on average compared to nuclear statuses.

Average CO2 emissions per capita for the nuclear statuses are 1.43 (2.09) times higher

Figure 4.4: Boxplots for CO2 for the three nuclear energy statuses

0 5 10 15 20
CO2 emissions (metric tons per capita)

Nuclear
(n=1,393)

Construction
(n=222)

Non-nuclear
(n=8,013)

compared to the construction (non-nuclear) statuses, whereas the average CO2 emissions

per capita for the construction statuses are 1.46 times higher compared to the non-nuclear

statuses.

4.3.2 Methodological Approach

Our categorical response variable contains more than two outcomes. The multinomial

logistic regression approach thus is used to model relationships between a polytomous
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outcome variable and a set of predictor variables. The multinomial logit model builds

on the binary logit model, but the factors which affect the outcomes are determined

simultaneously which increases the efficiency of the estimates. The multinomial logistic

regression approach uses the maximum likelihood estimation technique to establish the

probability of group membership. The categories of the outcome variable are restricted to

be unordered and based on the assumption of the independence of irrelevant alternatives

(IIA) stating that the inclusion or exclusion of categories does not affect the relative

risks associated with the remaining categories (Hausman and McFadden, 1984). Hence,

we utilize a multinomial logistic regression approach to analyze if a countries’ choice to

“go nuclear” is significantly influenced by the level of democratic development. In the

multinomial logit model, the log-odds ratio that country i will fall in response category j

relative to the reference category J is assumed to follow a linear model:

ηij = log(
π

(j)
i

π
(J)
i

) = α(j)+β(j)1 X1i+ ...+β(j)k Xki, (4.1)

where πi is the probability for outcome j in the i = 1, ...,n countries, α(j) is a constant,

β
(j)
1 , ...,β

(j)
k are the k regression coefficients, for the j = 1, ...,J −1 outcomes, and X1i, ...,Xki

are the k explanatory variables.

We model a countries’ nuclear energy strategy in which economies face the following j

choices in the defined categorical dependent variable N : not using nuclear (j = 0, “non-

nuclear”), constructing a nuclear power plant (j = 1, “construction”), and having at least

one nuclear power plant fully operational (j = 2, “nuclear”). Since we specify “non-nuclear”

as our reference category, we obtain a model for the log-odds of choosing “construction”

over “non-nuclear”:

ηi1 = log(
π

(1)
i

π
(0)
i

) = α(1)+β(1)1 Fi+β(1)2 PFi+β(1)3 NFi+β(1)4 Wi+β(1)5 GDPi

+β(1)6 Ui+β(1)7 Ei+β(1)8 EIi+β(1)9 FFRi+β(1)10 CO2i,

(4.2)
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and a second model for the log-odds of choosing “nuclear” over “non-nuclear”:

ηi2 = log(
π

(2)
i

π
(0)
i

) = α(2)+β(2)1 Fi+β(2)2 PFi+β(2)3 NFi+β(2)4 Wi+β(2)5 GDPi

+β(2)6 Ui+β(2)7 Ei+β(2)8 EIi+β(2)9 FFRi+β(2)10 CO2i,

(4.3)

where the factor variables Fi, PFi, and NFi correspond to the transformed normalized

Polity2 index D1. We include a dummy variable indicator for nuclear warheads W , GDP

per capita GDP , the share of urban population U , electric power consumption (kWh per

capita) E, net energy imports (% of energy use) EI, fossil fuel rents (% of GDP) FFR,

and CO2 emissions (metric tons per capita) CO2.

Table 4.3: Nomenclature
List of used acronyms

IIA Independence of Irrelevant Alternatives PRIS Power Reactor Information System
GLMM Generalized Linear Mixed Model PSI Political Stability Index
IAEA International Atomic Energy Agency PITF Political Instability Task Force
LR Likelihood Ratio RRR Relative Risk Ratio
MLP Multi-Level Perspective WNA World Nuclear Association
NPT Nuclear Non-Proliferation Treaty WDI World Development Indicators

List of used variables

D1 Continuous democracy indicator U Urbanization,
F Democratically free E Electric power consumption per capita
PF Democratically partly free EI Energy imports
NF Democratically not free FFR Fossil fuel rents
W Nuclear warhead possession CO2 CO2 emissions per capita
GDP GDP per capita

4.4 Empirical Results

We start conducting model specification tests and test for the assumption of indepen-

dence of irrelevant alternatives (IIA) of the multinomial logit model (Long and Freese,

2006).9 We first test if combining our dependent categories would increase the efficiency

of our estimates. We thus test if a pair of outcomes is indistinguishable using both a
9The results of all tests are available upon request. We inspect the correlations among variables to
evaluate if multicollinearity affects our analyses. The results are in Table 4.1 in the appendix and
indicate overall relatively low correlation among the variables. However, the correlation between GDP
and U , GDP and E, GDP and CO2, U and E, U and CO2, and E and CO2 exceeds 0.5.
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Likelihood Ratio (LR) and Wald test. For both the LR and Wald test and for every pair

of outcomes we can reject the null hypothesis that alternatives can be collapsed. This

indicates that our models are efficiently defined in terms of the dependent categories. To

assess if the effect of an independent variable equals zero across all equations we use both

a LR and Wald test, to test the null hypothesis that all of the coefficients associated with

an independent variable are simultaneously equal to zero across all equations. Again, for

both the LR and Wald test, we can reject the null hypothesis that all coefficients for each

regressor are equal to zero. Third, we test if the inclusion or exclusion of categories does

not affect the relative risks associated with the remaining categories to evaluate if the

outcome categories for the model have the property of IIA with the Hausman test of IIA

(Hausman and McFadden, 1984). The test statistics for all three categories are negative

which suggests that the IIA has not been violated.10

We interpret the estimated parameters in Table 4.4 from the multinomial logistic

regression approach relative to the reference group “non-nuclear”. The results show the

exponentiated estimates for the log-odds ratios associated with equations (4.2) and (4.3),

respectively, which are interpreted in terms of the relative risk ratios (RRR). The RRR

indicate how the probability of choosing alternative j relative to the reference group

changes if the corresponding variable increases by one unit, ceteris paribus. We thus

interpret the respective category of interest (partly free or not free) relative to the base

category (free). In addition to our baseline estimations, we test if the results are driven

by countries such as the United States or Russia which have nuclear weapons and nuclear

power prior to the start of our study period.

All estimated parameters are statistically significant at least at the 10% level, except

for the parameters on PF , GDP , and CO2 in estimation (1), (2), and (3) for j = 1.
10The Hausman test of IIA in general unfortunately provides rather inconsistent results thus providing

little guidance whether the IIA assumption is violated or not. Based on simulations, Cheng and Long
(2007) show that the size properties of commonly used IIA tests depend on the data structure for
the predictor variables. As a results, it is not uncommon that IIA tests often reject the assumption
when the alternatives seem distinct and often fail to reject IIA when the alternatives can reasonably
be viewed as close substitutes even in well-specified models (Cheng and Long, 2007). They conclude
that “[...] tests of the IIA assumption that are based on the estimation of a restricted choice set are
unsatisfactory for applied work.”
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Table 4.4: Estimations (1) to (3) with categorized democratic quality from Polity IV
Project

(1) Baseline (2) Baseline no USA (3) Baseline no Russia

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

PF 0.842 0.117a 0.841 0.118a 0.865 0.0859a
NF 2.526a 0.275a 2.523a 0.280a 2.521a 0.291a
W 4.424a 20.56a 4.333a 18.22a 4.452a 16.68a

GDP 1.000 1.000a 1.000 1.000a 1.000 1.000a
U 1.028a 1.023a 1.028a 1.023a 1.029a 1.022a
E 1.000b 1.000a 1.000b 1.000a 1.000c 1.000a
EI 1.002a 1.008a 1.002a 1.008a 1.002a 1.008a
FFR 1.029a 0.983 1.029a 0.985 1.029a 0.974
CO2 1.045 0.963a 1.045 0.959a 1.045 0.962a
cons 0.00450a 0.0544a 0.00451a 0.0547a 0.00445a 0.0571a

N 4844 4789 4821
Pseudo R2 0.279 0.259 0.274

Notes: RRR is shown. Superscripts a, b, and c represent significance at 1%, 5%, and
10%, respectively. Democratically free F is the base category. The reference group is
non-nuclear (j = 0).

The parameters on FFR are only statistically significant for j = 1 in estimation (1), (2),

and (3). We begin interpreting the baseline estimation and the RRR for j = 1. The

RRR for NF is above unity. Thus, for democratically not free countries compared to

democratically free countries the relative risk of being in the construction group relative

to the non-nuclear group would be expected to increase, ceteris paribus. Given all other

variables held constant and compared to democratically free countries, the probability

that democratically not free countries being in the construction group instead of in the

non-nuclear group increases by 153% ((2.526−1)×100). On the contrary, the RRR for

the statistically not significant parameter on PF is below unity which indicates that

for democratically partly free countries compared to democratically free countries the

relative risk of being in the construction group relative to the non-nuclear group would

be expected to decrease, ceteris paribus. On the contrary, the RRR for j = 2 for both

PF and NF are below unity. Thus, for both democratically partly free and not free

countries compared to democratically free countries the relative risk of being in the nuclear

group relative to the non-nuclear group would be expected to decrease, ceteris paribus.

Given all other variables held constant and compared to democratically free countries,
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the probability that democratically partly free countries are in the nuclear group instead

of in the non-nuclear group decreases by 88% ((1−0.117)×100). Similarly, given all other

variables held constant and compared to democratically free countries, the probability of

democratically not free countries being in the nuclear group instead of in the non-nuclear

group decreases by 73% ((1−0.275)×100).

The RRR for W are above unity in both j = 1 and j = 2 yet differing substantially in

magnitude. Thus for countries which possess at least one nuclear warhead compared to

countries without a nuclear warhead, the relative risk of being in the construction group

and nuclear group, respectively, relative to the non-nuclear group would be expected

to increase, ceteris paribus. Given all other variables held constant and compared to

countries without a nuclear warhead, the probability that countries which possess at

least one nuclear warhead are in the construction group instead of in the non-nuclear

increases by 342% ((4.424−1)×100). Similarly, given all other variables held constant and

compared to countries without a nuclear warhead, the probability that countries which

possess at least one nuclear warhead are in the nuclear group instead of in the non-nuclear

increases by 1956% ((20.56−1)×100).

The RRR for U and EI are above unity for j = 1 as well as for j = 2. Thus, a one unit

increase in U or EI increases the probability that to “go nuclear” (to be nuclear) is chosen

instead of non-nuclear (non-nuclear). Countries which become rather energy importers are

more likely to both construct and continue to use nuclear power. The RRR for FFR is

above unity for j = 1. Thus, a one unit increase in FFR increases the probability that to

“go nuclear” is chosen instead of non-nuclear. Increases in fossil fuel rents, which effectively

function as an asset like any other stock of capital, increase the probability of entering

construction. The RRR for CO2 is below unity for j = 2. Thus, a one unit increase in

CO2 decreases the probability that to be nuclear is chosen instead of non-nuclear. The

result indicates that choosing to continue using nuclear power historically is not mainly

motivated by CO2 emission reduction efforts to tackle climate change. The abatement of

greenhouse gas emissions moreover has been identified only recently as a potential factor

emerging in the environmental policy realm (Sovacool and Valentine, 2010). Considering
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the national development and both energy transitions and environmental indicators only,

the impact of a one unit increase on the probability that to “go nuclear” and to be nuclear

is chosen instead of non-nuclear is the greatest in magnitude for U . If two countries

are identical except for their urbanization levels, the country with higher urbanization

is more likely to choose to “go nuclear” and to be nuclear than the country with lower

urbanization. The RRR for both GDP and E are equal to one for j = 1 as well as for j = 2

which indicates a rather unsubstantial effect of both variables for defining the nuclear

energy strategy chosen over time. Considering the magnitude of all of the estimated

parameters, both democracy and possession of a nuclear warhead tend to have the largest

impact on the nuclear energy strategy chosen over time. Overall, the results do not vary

substantially when we exclude the United States or Russia.

Figure 4.5 shows the predicted probabilities from our baseline estimation for democratic

quality while holding all other variables at their means. The left plot illustrates the

predicted probabilities for the introduction of nuclear power at each level of democratic

freedom - free F , partly free PF , not free NF - while holding all other variables at their

means.

Figure 4.5: Adjusted predictions with 95% confidence interval for group membership of
introduction of nuclear power by level of democratic quality
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Notes: Left plot indicates categorized levels and right plot indicates continuous levels based on the
Polity IV Project democracy measure. F , PF , and NF are democratically free, partly free, and not free,
respectively. Continuous levels of democratic quality on the horizontal axis in the right plot correspond
to D1. Higher values represent higher levels of democratic development (Haber and Menaldo, 2011).

The predicted probability for introducing nuclear power increases with decreasing levels
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of democratic freedom. While the predicted probability for the introduction of nuclear

power is slightly higher for democratically free countries than for democratically partly

free countries considering the point estimates, the upper bound of the confidence interval

for democratically partly free countries is considerably greater in magnitude compared

to democratically free countries. The right plot indicates the predicted probabilities

for continuous levels of democratic quality while holding all other variables at their

means. Greater values represent higher levels of democratic development. The predicted

probability for introducing nuclear power increases with decreasing levels of democratic

freedom. Generally, democracy effects and the possession of a nuclear warhead tend

to dominate a countries’ nuclear energy strategy chosen over time instead of national

development and both energy transitions and environmental indicators with the exception

of urbanization levels.

4.5 Robustness

We conduct several robustness checks. First, we create a dummy for the transitional

years covering the period 1989 to 1992 to capture year effects which affect all countries

between the fall of the Berlin Wall and the collapse of the Soviet Union. We also

use a specification with year effects to capture the influence of aggregate time-series

trends. Second, we gradually increase a parsimonious specification which only includes

the democracy control factor variable with the other relevant predictors until we arrive at

the baseline specification given in equations (4.2) and (4.3), respectively. Third, we redo

the entire analysis but use the democracy measure from the normalized Polity2 index in

continuous modes. Table 4.5 presents the results with an additional dummy covering the

period 1989 to 1992 as well as with year effects included.

The results are identical to our baseline estimation in significance and magnitude for

all of the estimated parameters in both j = 1 and j = 2. The time dummy for 1989 to 1992

is statistically not significant for either j = 1 or j = 2, which indicates that the effects of

the transitional period into the post-cold war era do not significantly impact the nuclear
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Table 4.5: Estimations (4) and (5) with categorized democratic quality from Polity IV
Project with transitional period dummy and year effects

(4) Dummy (5) Year Effects

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

PF 0.843 0.117a 1.076 0.113a
NF 2.526a 0.275a 1.979b 0.253a
W 4.438a 20.59a 4.299a 21.59a

GDP 1.000 1.000a 1.000b 1.000a
U 1.029a 1.023a 1.031a 1.024a
E 1.000b 1.000a 1.000 1.000a
EI 1.002a 1.008a 1.003a 1.008a
FFR 1.030a 0.983 1.073a 0.995
CO2 1.045 0.963a 0.979 0.952a

Dummy 1989 - 1992 1.148 1.051 - -
Year Effects no no yes yes

cons 0.00443a 0.0541a 0.0950a 0.0318a

N 4844 4844
Pseudo R2 0.279 0.302

Notes: RRR is shown. Superscripts a, b, and c represent significance
at 1%, 5%, and 10%, respectively. Democratically free F is the base
category. The reference group is non-nuclear (j = 0).

energy strategy chosen over time. If we capture the influence of aggregate time-series

trends with year effects, significance and magnitude do not change. We can reject the

null hypothesis that the coefficients for all years are jointly equal to zero at the 10%

level significance level. The main implications remain the same. For democratically not

free countries compared to democratically free countries the relative risk of being in the

construction group relative to the non-nuclear group would be expected to increase, ceteris

paribus. Similarly, countries which possess at least one nuclear warhead compared to

countries without a nuclear warhead, are more likely to be in the construction group and

nuclear group, respectively, relative to the non-nuclear group.

Table 4.6 shows the results of our second robustness check which do not alter the

main implications. When we gradually increase a parsimonious specification which only

includes the democracy control factor variable with the other relevant predictors, the

results still suggest that i) in particular for democratically not free countries compared to

democratically free countries the relative risk of being in the construction group relative to

the non-nuclear group would be expected to increase and ii) that for both democratically
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Table 4.6: Estimations (6) to (12) with categorized democratic quality from Polity IV
Project

(6) (7) (8) (9)

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

PF 1.515c 0.0633a 1.539c 0.0719a 1.359 0.101a 1.502 0.113a
NF 1.834a 0.0937a 1.833a 0.0933a 2.102a 0.126a 2.557a 0.172a
W 3.372a 23.42a 3.660a 21.80a 4.187a 22.48a

GDP 1.000 1.000a 1.000a 1.000
U 1.031a 1.033a
cons 0.0176a 0.392a 0.0172a 0.312a 0.0142a 0.228a 0.00340a 0.0400a

N 8266 8266 7055 7045
Pseudo R2 0.128 0.192 0.203 0.238

(10) (11) (12) (1)

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

PF 0.942 0.110a 0.994 0.120a 0.874 0.122a 0.842 0.117a
NF 2.603a 0.154a 3.008a 0.258a 2.615a 0.269a 2.526a 0.275a
W 4.583a 20.80a 4.370a 19.01a 4.512a 19.44a 4.424a 20.56a

GDP 1.000 1.000a 1.000 1.000a 1.000 1.000a 1.000 1.000a
U 1.030a 1.025a 1.030a 1.021a 1.029a 1.021a 1.028a 1.023a
E 1.000 1.000a 1.000 1.000a 1.000 1.000a 1.000b 1.000a
EI 1.001 1.008a 1.002a 1.007a 1.002a 1.008a
FFR 1.032a 0.973c 1.029a 0.983
CO2 1.045 0.963a
cons 0.00431a 0.0663a 0.00410a 0.0565a 0.00430a 0.0587a 0.00450a 0.0544a

N 4866 4860 4860 4821
Pseudo R2 0.234 0.274 0.276 0.274

Notes: RRR is shown. Superscripts a, b, and c represent significance at 1%, 5%, and 10%, respec-
tively. Democratically free F is the base category. The reference group is non-nuclear (j = 0).

partly free and not free countries compared to democratically free countries the relative

risk of being in the nuclear group relative to the non-nuclear group would be expected

to decrease. Moreover, similar to our baseline estimation, the RRR for W for both j = 1

and j = 2 is always above unity which indicates that countries which possess at least

one nuclear warhead compared to countries without, the relative risk of being in the

construction and nuclear group, respectively, relative to the non-nuclear group would be

expected to increase.

The results for our last robustness check in which we redo the entire analysis utilizing

democratic quality in continuous modes, are presented in Tables 4.7 to 4.9. If we redo the

entire analysis but use the democracy measures from the Polity IV Project in continuous
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modes, the results indicate that if a country increases its democracy level, we would expect

this country to be more likely to choose non-nuclear over going nuclear which supports

our main findings.

Table 4.7: Estimations (13) to (15) with continuous democratic quality from Polity IV
Project

(13) Baseline (14) Baseline no USA (15) Baseline no Russia

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

D1 0.991a 1.024a 0.991a 1.023a 0.991a 1.023a
W 4.614a 21.89a 4.525a 19.57a 4.756a 19.07a

GDP 1.000 1.000a 1.000 1.000a 1.000 1.000a
U 1.027a 1.021a 1.027a 1.021a 1.027a 1.021a
E 1.000c 1.000a 1.000c 1.000a 1.000c 1.000a
EI 1.002a 1.007a 1.002a 1.008a 1.002a 1.007a
FFR 1.030a 0.995 1.030a 0.997 1.030a 0.987
CO2 1.044 0.962a 1.045 0.959a 1.044 0.962a
cons 0.0118a 0.00727a 0.0118a 0.00748a 0.0116a 0.00780a

N 4844 4789 4821
Pseudo R2 0.279 0.259 0.273

Notes: RRR is shown. Superscripts a, b, and c represent significance at 1%, 5%, and 10%,
respectively. D1 is the continuous democracy measure. The reference group is non-nuclear
(j = 0).

Table 4.8: Estimations (16) and (17) with continuous democratic quality from Polity IV
Project with transitional period dummy and year effects

(16) Dummy (17) Year Effects

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

D1 0.991a 1.024a 0.995c 1.024a
W 4.627a 21.92a 4.490a 22.99a

GDP 1.000 1.000a 1.000b 1.000a
U 1.027a 1.021a 1.030a 1.022a
E 1.000c 1.000a 1.000 1.000a
EI 1.002a 1.008a 1.003a 1.008a
FFR 1.030a 0.995 1.076a 1.006
CO2 1.044 0.962a 0.977 0.952a

Dummy 1989 - 1992 1.160 1.060 - -
Year Effects no no yes yes

cons 0.0116a 0.00722a 0.179a 0.00375a

N 4844 4844
Pseudo R2 0.280 0.304

Notes: RRR is shown. Superscripts a, b, and c represent significance at
1%, 5%, and 10%, respectively. D1 is the continuous democracy measure.
The reference group is non-nuclear (j = 0).

Based on our empirical analysis, the overall results indicate the following: We robustly
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Table 4.9: Estimations (18) to (24) with continuous democratic quality from Polity IV
Project

(18) (19) (20) (21)

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

D1 0.994a 1.041a 0.994a 1.041a 0.993a 1.036a 0.990a 1.030a
W 3.281a 27.35a 3.688a 25.44a 4.334a 24.68a

GDP 1.000 1.000a 1.000a 1.000
U 1.030a 1.031a
cons 0.0332a 0.0103a 0.0323a 0.00811a 0.0301a 0.0101a 0.00935a 0.00317a

N 8266 8266 7055 7045
Pseudo R2 0.151 0.216 0.218 0.247

(22) (23) (24) (13)

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

Construction
(j = 1)

Nuclear
(j = 2)

D1 0.990a 1.029a 0.988a 1.024a 0.990a 1.024a 0.991a 1.024a
W 4.835a 22.30a 4.601a 20.50a 4.702a 20.78a 4.614a 21.89a

GDP 1.000 1.000a 1.000 1.000a 1.000 1.000a 1.000 1.000a
U 1.029a 1.024a 1.029a 1.019a 1.027a 1.019a 1.027a 1.021a
E 1.000 1.000a 1.000 1.000a 1.000 1.000a 1.000c 1.000a
EI 1.001 1.007a 1.002a 1.007a 1.002a 1.007a
FFR 1.032a 0.984 1.030a 0.995
CO2 1.044 0.962a
cons 0.0118a 0.00506a 0.0132a 0.00737a 0.0117a 0.00777a 0.0118a 0.00727a

N 4866 4860 4860 4844
Pseudo R2 0.241 0.275 0.277 0.279

Notes: RRR is shown. Superscripts a, b, and c represent significance at 1%, 5%, and 10%, respectively.
D1 is the continuous democracy measure. The reference group is non-nuclear (j = 0).

find i) that in particular for democratically not free countries compared to democratically

free countries the probability of being in the construction group relative to the non-nuclear

group would be expected to increase whereas this probability decreases for the nuclear

group and robustly for all estimations ii) that countries which possess at least one nuclear

warhead compared to countries without are more likely to choose to construct a nuclear

power plant and to use nuclear power, respectively, instead of not using nuclear power at

all. Overall, the estimated probability for being a democratically not free country in the

construction group instead of in the non-nuclear group ranges from 83% to 200%. The

estimated probabilities for construction and the continued use of nuclear for countries

possessing at least one nuclear warhead compared to countries that do not have a nuclear

warhead ranges from 228% to 384% in the case of construction and from 1568% to 2635%
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in the case of the continued use of nuclear. Again, possession of a nuclear warhead tends

to encourage the continued use of nuclear energy.

Our results regarding the democratic realm are broadly supported by Yamamura

(2012) for freedom of expression and free media which significantly influences views on

the security of nuclear power plants: Citizens tend to disagree that nuclear power plants

are properly secured against accidents when the political setting assures both freedom

of expression and media to a greater extent. In terms of nuclear weapons, our results

contrast Fuhrmann (2012) who finds the impact of nuclear weapons exploration on the

likelihood for construction to be statistically not significant.

4.6 Conclusion

This paper analyzes how a countries’ choice to introduce nuclear power is influenced by

the level of democratic development. Our empirical analysis is based on a panel time series

data set with 166 countries covering the period 1960 to 2017. We utilize a multinomial

logistic regression approach to evaluate how different stages of a countries’ nuclear energy

strategy - not using nuclear power at all, construction, and continued use of nuclear power

- relates to different levels of democratic development. Our empirical results robustly

show that historically, democratically not free countries compared to democratically free

countries are more likely to introduce nuclear power instead of not using nuclear power at

all. Moreover, countries possessing at least one nuclear warhead compared to countries

without a nuclear warhead are more likely to decide to use nuclear power. Democracy

effects and possession of a nuclear warhead have a significant effect on the nuclear energy

strategy chosen over time.

The introduction of nuclear energy thus tends to be more likely under conditions where

political and public debate are minimized which more easily enables the implementation of

governmental programs which might run contrary to public interest. Decisions regarding

nuclear power are moreover influenced by private and/or governmental technocracy which

can overpower democratic steering and control processes detrimentally. When technocracy
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can influence its regulators, it can also impact deliberative forums and public engagement to

foster incumbent nuclear policy which is in contrast to the encouragement of sustainable

development policy. Government policy however can address these issues by a more

pronounced public involvement in decisions regarding nuclear power and by increasing

stakeholder involvement at all aspects of the nuclear fuel cycle including uranium mining,

radioactive waste management, location of new nuclear power plants, emergency situations

and rehabilitation of contaminated territories (Verbruggen et al., 2014).

The political setting moreover tends to dominate and overpower both the social and

economic dimension at least in less democratic environments when it comes to nuclear

energy deployment. Certainly, nuclear power requires a specific type of governance due

to the very specific safety requirements of nuclear power plants and their impact on

society. The very specific conditions in large-scale energy infrastructure projects such as

institutional exceptions then tend to have an impact on the practices and institutions

which define the governance of a project (Hellström et al., 2013). We thus provide

empirical evidence on how certain political environments favor the implementation of

large-scale energy infrastructures with lifespans over decades. It becomes more difficult for

countries to move towards decentralized energy technologies that are considered to more

readily organize and enable distributed political and economic power which effectively

can create a technological lock-in, if the nuclear electricity industry moreover is both

highly concentrated and connected with related policy decisions (Fouquet, 2016). How to

overcome a potential nuclear lock-in partly induced due to certain political environments

is a conversely related question which also derives from our empirical analysis. Aspects of

democratic quality similarly impact the nuclear energy strategy for either continuity or

disruption of nuclear power. In particular against the background of the democratic deficits

associated with nuclear power, qualities of democracy appear to be an inconspicuous yet

highly relevant factor connected also to nuclear discontinuity. Finland can be seen as

an exception as nuclear new builds are planned in this country (Johnstone and Stirling,

2015).

Due to the dual-use dilemma nuclear energy faces, our analyses moreover have im-
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plications beyond energy and environmental policy addressing international relations,

conflict, and security issues. Nuclear weapon aspirations or possession thereof might be

accompanied by the pursuit of nuclear power, and vice versa. The ownership of nuclear

weapons then can eventually impede a nuclear phase out globally. But similarly, the

desire for nuclear warheads can motivate countries to construct nuclear power plants.

In countries such as China, India, and Pakistan, the introduction of nuclear power for

civil purposes was only possible in conjunction with developing nuclear weapons through

mobilizing extraordinary political will and resources (Jewell, 2011). The synergies between

military use of nuclear power and electricity generation in countries such as Iran could

result in a multi-nuclear Middle East with both Saudi Arabia and Egypt most likely being

candidates choosing to “go nuclear” very soon in a response to a potential Iranian warhead

(Dassa Kaye and Wehrey, 2007).

We suggest that future research should emphasize additional geopolitical and military

aspects of nuclear power deployment. Specific aspects of qualities of democracy and

their impacts on different nuclear trajectories also need to be analyzed. For example,

are countries within proximity of hostile countries with nuclear intercontinental ballistic

missiles more likely to construct nuclear power plants? Does country membership in a

defense alliance affect its nuclear power deployment? Connecting the different dimensions

of democratic quality with the utilization of nuclear energy is expected to provide further

insights into the current and future development of nuclear power. Building upon the

work from Johnstone and Stirling (2015), it would be of particular interest to investigate

how different aspects of democratic quality impact the decision to phase out nuclear

power. In this regard, we suggest considering the potential effects of specific democratic

elements such as the rule of law, participation, competition, both vertical and horizontal

accountability, respect for civil and political freedoms, progressive implementation of

greater political equality, and responsiveness on which democracies diverge in terms of

quality to evaluate which democratic characteristics are the most important to explain

the difference in nuclear energy trajectories among countries.
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4.7 Appendix

Table 4.10: Correlation matrix
Variables N D1 W GDP U E EI FFR CO2

N 1.000
D1 0.351a 1.000
W 0.364a 0.124a 1.000
GDP 0.243a 0.314a 0.116a 1.000
U 0.320a 0.352a 0.139a 0.596a 1.000
E 0.313a 0.280a 0.122a 0.812a 0.583a 1.000
EI 0.104a 0.213a 0.042a -0.055a -0.024c 0.011 1.000
FFR -0.087a -0.246a -0.027a 0.060a 0.187a 0.068a -0.441a 1.000
CO2 0.188a 0.094a 0.114a 0.722a 0.546a 0.629a -0.196a 0.312a 1.000

Notes: Superscripts a, b, and c represent significance at 1%, 5%, and 10%, respectively.
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Chapter 5

Nuclear Energy Consumption and

Vertical Proliferation in Nuclear

Armed States

5.1 Introduction

Recent data from the Stockholm International Peace Research Institute (SIPRI) show

that global military expenditures in real terms rose for the second consecutive year to

1,822 billion USD in 2018. This year-on-year increase of 2.6 percent confirms that global

defense spending has reached the highest level since the data became publicly available

across all countries in 1988 (SIPRI, 2019a). Six out of the ten states with the highest

military expenditures in 2018 possess nuclear weapons and nine use nuclear power. Initial

nuclear development in the United States, Great Britain, France, and the former Soviet

Union was influenced by the technological and nuclear expertise gained from strategic

and military activities. In part, the global civilian nuclear industry was established to

legitimatize the development of nuclear weapons (von Hirschhausen, 2018; Di Nucci, 2019).

Modern supply chains involving nuclear skills, education, research, design, and engineering

helped to introduce or sustain military capabilities (Stirling and Johnstone, 2018). Of the

This is the original manuscript of an article submitted to SAGE in Journal of Conflict Resolution.
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seven states studied in this paper, China, Russia, India, the UK, and the US have the

largest nuclear reactor new-build programs (Stirling and Johnstone, 2018). Both Russia

and the US are upgrading their nuclear arsenals, China, India, and Pakistan, are expected

to gradually increase the size of their arsenals in the next decade (SIPRI, 2019b), and

thirty states are considering, planning, or building civilian nuclear power facilities (World

Nuclear Association, 2019).

Using data on nuclear energy consumption as an indicator of a country’s nuclear

capability and its nuclear power industry, this paper analyzes the causal impacts of

the civilian uses of nuclear energy, military expenditures, and trade openness on the

stockpiles of nuclear warheads. While previous studies have attempted to understand

why states acquire nuclear weapons (e.g., Singh and Way, 2004; Jo and Gartzke, 2007;

Tago and Singer, 2011), to our knowledge we are the first to empirically emphasize the

mutually beneficial relationships between a state’s nuclear weapons and its civilian nuclear

capabilities in a causality analysis. Highlighting this neglected aspect may help to explain

the future use of nuclear power within the context of the global security concerns about

nuclear energy. We use the actual quantity of stockpiled nuclear warheads as the dependent

variable, following Montgomery and Sagan (2009), who argued that the most important

questions in nuclear proliferation studies are related to quantity.

Different from previous research in this field, we investigate heterogeneity among the

seven states and whether nuclear energy consumption could predict changes in nuclear

warhead stockpiling by applying the Toda and Yamamoto (1995) version of the Granger

non-causality test within a country time-series data framework. This approach can be

applied to variables involved in the system that may be integrated or cointegrated of an

arbitrary order, to reduce the risk of identifying the order of integration of the time series

incorrectly (Mavrotas and Kelly, 2001) and to minimize pre-test biases (Soytas and Sari,

2006).

The remainder of this paper is organized as follows. Section 2 outlines the theoretical

aspects of nuclear proliferation. Section 3 reviews the related empirical literature. Section
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4 presents the data and explains the empirical strategy. Section 5 discusses the empirical

results. Section 6 concludes and offers suggestions for future research.

5.2 Theoretical Aspects of Proliferation

In this paper we differentiate between vertical and horizontal proliferation. The former

“[...] refers to nation-states or nonstate entities that do not have, but are acquiring, nuclear

weapons or developing the capability and materials for producing them” while the latter

“[...] refers to nation-states that do possess nuclear weapons and are increasing their

stockpiles of these weapons, improving the technical sophistication or reliability of their

weapons, or developing new weapons” (Sidel and Levy, 2007).1 Most studies of nuclear

proliferation concern the possible theoretical determinants of horizontal proliferation,

and thus conceptually establish why and how states build or acquire nuclear weapons

capabilities. Jo and Gartzke (2007) summarize determinants of (horizontal) nuclear

proliferation in a conceptual framework based on the ordering concepts of opportunity and

willingness developed within the general setting by Most and Starr (1989). Opportunity

refers to the environmental constraints and the structural possibilities for manufacturing

nuclear weapons (the macro-level factors), while willingness refers to the domestic and

geopolitical conditions for deciding to develop them (the micro-level factors) (Siverson

and Starr, 1990; Jo and Gartzke, 2007).

Jo and Gartzke (2007) establish three categories of opportunity: i) the set of tech-

nologies (knowledge) needed to manufacture the weapons, ii) the nuclear fissile materials

(e.g., acquisition, uranium enrichment, etc.) required, and iii) the country’s economic

capacity. The first category is related to technological constraints. The development of

nuclear weapons requires nuclear technologies such as uranium enrichment and plutonium

reprocessing capabilities. Developing and being in control of these key nuclear technolo-

gies is challenging for less developed states. According to Ogilvie-White (1996), once

the production of nuclear weapons becomes technologically feasible, either “[s]tates may
1We note, that there is no universally accepted definition and proliferation can conceptualized in a number
of ways. For a discussion about this issue see Robinson (2015).
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achieve the capability to assemble nuclear weapons by an explicit intentional effort or as

an implicit by-product of economic and industrial development” (Singh and Way, 2004).

The second category is related to nuclear fissile materials. Significant quantities of fissile

materials are needed for nuclear weapons. Highly enriched uranium (HEU) and plutonium

are the most common fissile materials used in nuclear weapons.2 The acquisition of actual

nuclear fissile materials thus requires key nuclear technologies such as a nuclear reactor,

uranium enrichment, and plutonium reprocessing facilities. States with a civil nuclear

industry (i.e., the key technologies and expertise) have at least some ability to produce

fissile materials for nuclear weapons. The third category of opportunity concerns the

economic capacity of a country. Procuring the raw materials and technologies, developing

an advanced industrial and nuclear infrastructure, training of specialized personell, and

providing finances to continue to develop and support the program throughout its lifetime

is a costly undertaking (Kroenig, 2009b). The cost of nuclear weapons proliferation

moreover has increased due to the need for larger, more sophisticated nuclear arsenals

and more complex control and delivery systems (Jo and Gartzke, 2007).

Sagan (1997) establishes three categories of willingness: i) a security model, ii) a

domestic politics model, and iii) a norms model, to capture the motivational factors in

proliferation decisions (Jo and Gartzke, 2007). The first category is the security factors in

a state’s international security decisions, such as deterring external aggression, changing

the status quo, or countervailing the asymmetry of conventional weaponry. States that

are politically or geographically isolated may consider acquiring nuclear weapons as a

way to demonstrate political strength to the neighboring states and the international
2Natural uranium found in the earth contains only about 0.7% of uranium-235 (U-235). Increasing the
concentration of U-235 to less than 20% through enrichment than yields low-enriched uranium (LEU).
Nuclear reactors usually are fueled with LEU which has a concentration of U-235 between 3% to 5%
and cannot be used in nuclear weapons. Enriched uranium with a concentration of U-235 above 20% is
termed highly enriched uranium (HEU). Nuclear weapons however require an uranium enrichment of at
least 90% which then is termed as weapons-grade uranium. However, nuclear weapons based on uranium
can be made over a wide range of enrichments, but the lower the enrichment, the greater the mass of
uranium required. Plutonium is not found in nature. To obtain plutonium usable for nuclear weapons,
both a nuclear reactor and a plutonium reprocessing plant are needed. Any nuclear reactor powered
by uranium produces plutonium: the nuclear reactions generate plutonium when uranium-238 (U-238)
is exposed to neutrons. The plutonium in the spent fuel however is not usable for nuclear weapons.
A plutonium reprocessing plant is necessary, to chemically separate out the plutonium from the other
fission products in the spent fuel (Bodansky, 2007).
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community. According to Sagan’s (1997) security model, “every time one state develops

nuclear weapons to balance against its main rival, it also creates nuclear threat to another

state in the region”. The transition from a nuclear bipolar to a nuclear multipolar world

thus ultimately causes the proliferation process to speed up due to the increased insecurity

resulting from the change of polarity (Sagan and Waltz, 1995).

The second category of willingness focuses on the domestic actors who encourage or

discourage governments to acquire or forgo nuclear weapons. A state’s decisions about

proliferation usually involve three kinds of actors: i) the civilian nuclear industry, ii)

the military, and iii) politicians. When coalitions among these actors become strong

enough to affect governmental decision making, nuclear weapons programs are likely to

flourish (Sagan, 1997). Domestic-level theories of nuclear weapons proliferation, however,

do not completely explain the formation and strength of such coalitions.3 Sagan (2011)

hypothesizes that when a nuclear power program is in place, a state’s ”nonproliferation

behavior may be strongly influenced by the degree to which its civilian nuclear industry

is a successful contributor to national energy production. The leaders and bureaucratic

organizations that run successful nuclear power enterprises may have increased incentives

to maintain strong ties to the global nuclear power industry, to international capital and

technology markets, and to global regulatory agencies - and hence may be more likely to

cooperate with the nuclear nonproliferation regime” (Sagan, 2011). Jo and Gartzke (2007)

identify several domestic factors which complement Sagan’s (1997) domestic politics model.

For example, nuclear weapons ambitions may divert public attention from unfavorable
3This approach to proliferation is influenced by the literature on bureaucratic politics and the social
construction of technology. The literature on bureaucratic politics argues that bargaining among different
governmental actors shapes the policy outcomes (Allison, 1969). Bureaucratic actors then “[...] create
the conditions that favor weapons acquisition by encouraging extreme perceptions of foreign threats,
promoting supportive politicians, and actively lobbying for increased defense spending. This bottom-up
view focuses on the formation of domestic coalitions within the scientific-military-industrial complex.
The initial ideas for individual weapons innovations are often developed inside state laboratories, where
scientists favor military innovation simply because it is technically exciting and keeps money and prestige
flowing to their laboratories. Such scientists are then able to find, or even create, sponsors in the
professional military whose bureaucratic interests and specific military responsibilities lead them also to
favor the particular weapons system. Finally, such a coalition builds broader political support within the
executive or legislative branches by shaping perceptions about the costs and benefits of weapons programs”
(Sagan, 1997). Drawing on the concpectual framework of social construction of technology, Flank (1993)
emphasizes the importance of the alliances formed among individual actors such as industrial leaders,
technicians, scientists, and politicians which unite to support the process of nuclear proliferation.
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national political circumstances or domestic turmoil. A state’s regime type is likely to

affect proliferation decision making (e.g., dictatorships are more likely to seek nuclear

weapons capabilities than other regime types (Way and Weeks, 2013)).

The third category of willingness is centered around the perspective that nuclear

(weapon) decisions serve as an important symbol for modernity. Political leaders may

adjust their behavior regarding proliferation to meet international expectations. States

may acquire a nuclear arsenal because ”they are part of what modern states believe

they have to possess to be legitimate, modern states” (Sagan, 1997). On the other

hand, the Treaty on the Non-Proliferation of Nuclear Weapons (NPT) is an example

of an international agreement which may be used in nonproliferation decision making.

Politicians who oppose nuclear weapons proliferation may reduce domestic support by

citing international norms (Jo and Gartzke, 2007).

Kroenig (2009b) associates a state’s opportunity to acquire nuclear weapons with the

supply-side and a state’s willingness with the demand-side of proliferation. The author

argues that the state’s willingness only partially explains nuclear proliferation. States may

have chosen to develop nuclear weapons but do not succeed when lacking the technology,

resources, and expertise required to build nuclear weapons. Thus, states with advanced

industrial capacities are expected to more easily develop and maintain successful weapons

programs than states that lack the technology and expertise and the economic capacity.

5.3 Empirical Evidence of Proliferation

Much of the empirical literature on nuclear proliferation in this field of research utilizes

nuclear weapons possession as the presence or absence of at least one nuclear weapon.

Possession is used in dichotomous modes to analyze the effects of or the correlates of

nuclear proliferation (Gartzke and Kroenig, 2016). In this paper, we identify ten empirical

analyses of nuclear proliferation. Most empirical studies consider on the opportunity-

and willingness-related factors which lead states to develop or acquire initial nuclear

capabilities emphasizing relevant aspects of horizontal proliferation. We categorize the
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studies thematically as described below.

The first category analyzes the factors which drive the decisions to pursue nuclear

weapons production programs and to develop actual nuclear weapons capabilities. Singh

and Way (2004) use event history models and multinomial logistic regressions to analyze

the correlates of nuclear weapons proliferation for a panel of 154 states from 1945 to

2000. The authors construct three models with three different dependent variables, first

explosion/assembly of weapons, pursuit of weapons, and exploration of weapons, each of

which indicates the degree of successful proliferation. They suggest that the important

determinants are a state’s level of development, external threat environment, lack of

great-power security guarantees, and level of integration in the global economy.

Jo and Gartzke (2007) use cross-sectional time-series data for 192 states from 1939 to

1992 to predict the presence of nuclear weapons production programs and possession. One

dependent variable indicates whether a state possesses nuclear weapons in a given year,

provided that the state has an active nuclear weapons program, and another dependent

variable takes the value of 1 if a state has an active nuclear weapons development

program in a given year. The results of probit regressions show that the important

determinants for the presence of a nuclear weapons program are a state’s security concerns

and technological capabilities, and the determinants for possession are security concerns,

economic capabilities, and domestic politics. Using a different dataset and coding rules,

Tago and Singer (2011), who conduct a robustness check of Singh and Way (2004) and

Jo and Gartzke (2007), confirm that the external threat environment helps to explain

variations in nuclear proliferation.

The second category analyzes the effects of nuclear assistance for weapons purposes,

sensitive nuclear transfers, peaceful nuclear cooperation, and institutional technical coop-

eration on horizontal proliferation. Kroenig (2009a), who uses annual data for capable

nuclear suppliers and potential nuclear buyers from 1951 to 2000, codes the dependent

variable to measure whether a capable supplier state provides nuclear assistance to a

potential nuclear recipient in a given year. The results of rare events logistic regression
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analysis suggest that the important determinants are the strategic characteristics of the

nuclear suppliers. Kroenig (2009b) also uses data for 157 states from 1945 to 2000 and

codes the dependent variable to measure whether a state acquires nuclear weapons in a

given year. The results of hazard models suggest that sensitive nuclear assistance positively

and statistically significantly affects the acquisition of nuclear weapons. Fuhrmann (2009)

uses a time-series cross-sectional data set for 154 countries from 1945 to 2000 to assess

if transfers of nuclear technology, materials, or knowledge from one state to another for

peaceful purposes increase the likelihood of horizontal nuclear proliferation. One dependent

variable indicates the initiation of a nuclear weapons program and another indicates the

acquisition of nuclear weapons in a given year. The results of probit regression suggest that

civilian nuclear cooperation increases the likelihood that states initiate weapons programs

and build nuclear bombs. Brown and Kaplow (2014) use data for IAEA-administered

national Technical Cooperation (TC) projects in 197 states from 1972 to 2010. Following

Jo and Gartzke (2007), the authors use a dependent variable which takes the value of 1

a state has an active nuclear weapons program in a given year, and 0 otherwise. The

results of logit models show that receiving TC related to the nuclear fuel cycle increases

the likelihood of seeking nuclear weapons.

The third category analyzes different aspects of proliferation. Fuhrmann and Sechser

(2014) use a data set consisting of all known cases between 1945 and 2000 in which a

state intentionally stationed nuclear forces on the sovereign territory of another country

to analyze why nuclear weapons states deploy nuclear warheads abroad. The authors

use a dichotomous dependent variable which takes on the value of 1 if a nuclear state

stationed nuclear weapons on the territory of the host state in a given year, and zero 0

otherwise. Fuhrmann and Sechser (2014) estimate logit models and control for various

factors that could influence foreign nuclear deployments. Their results indicate that

important determinants of foreign nuclear deployments are the protection of allies and the

projection of military power. Bleek and Lorber (2014) use a data set for 192 countries from

1939 to 1992 compiled by Jo and Gartzke (2007) to analyze if nuclear security guarantees

- that is being under an “nuclear umbrella” - impact the likelihood of proliferation in
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states which have not yet launched their own nuclear weapons programs. They code the

dependent variable into four categories (no discernable nuclear proliferation behavior,

exploring weapons options, launching programs to pursue weapons, and acquiring at least

rudimentary deliverable weapons) and include explanatory factors which are theoretically

linked to proliferation. Their results from hazard models suggest that security guarantees

can reduce the risk of nuclear proliferation. Kroenig (2016) uses cross-sectional time-series

data for 187 states from 1945 to 2000 to evaluate if there is a link between the US nuclear

arsenal and the spread of nuclear weapons to other countries. The author codes three

different dependent variables to assess a variety of nuclear nonproliferation outcomes which

might be influenced by US nuclear arsenal size. The first dependent variable indicates if

countries explore, pursue, or acquire nuclear weapons, respectively. Kroenig (2016) does

not find evidence of a significant impact of the size of the US arsenal on exploration,

pursuit, or acquisition of nuclear weapons by other states, sensitive nuclear assistance to

non-nuclear weapon states, and voting on non-proliferation issues.

The fourth category contains the paper from Gartzke et al., (2014) which is different

from the previues studies. They focus on a specific aspect of vertical proliferation and

analyze what influences the nuclear force structure within nuclear weapon states. Using a

data set of nuclear weapon platforms for United States, Russia, United Kingdom, France,

China, Israel, South Africa, India, and Pakistan over different time periods. Gartzke et

al., (2014) use the number of unique nuclear platforms deployed by a state in a given year

as the dependent variable. Their findings imply that resource constraints and the need to

defend against conventional threats limit the diversification of nuclear forces, but that

nuclear experience and the nuclear capabilities of rivals and allies enhance diversification.

5.4 Data and Methodology

Section 4.1. outlines the data. Section 4.2. describes the theoretical underpinnings for

the explanatory variables involved. Section 4.3. then presents a descriptive analysis of the

utilized multi-country time series data set. Section 4.4 explains the empirical strategy
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used to infer the causal relations among nuclear warheads, nuclear energy consumption,

militarization, and trade openness separately for each nuclear armed state.

5.4.1 Data

The data for this analysis comes from different sources covering the nuclear armed

states China, France, India, Pakistan, Russia, UK, and USA in annual frequency. The

quantities of stockpiled nuclear warheads by country covering the period 1945 to 2013 is

from Kristensen and Norris (2013). It is extended to the year 2018 according to country

specific publications on nuclear arsenals given in the Nuclear Notebook.4 Nuclear warhead

stockpiles is the dependent variable. The BP Statistical Review of World Energy is used

for data on nuclear energy consumption. Military expenditure comes from the Stockholm

International Peace Research Institute (SIPRI). Data on trade openness are obtained

from The World Development Indicators (WDI) from The World Bank. We hypothesize

that nuclear energy consumption, military expenditures, and trade openness will be the

significant causal supply side related factors which help to explain the dynamics of nuclear

warheads over time. Nuclear energy consumption and military expenditure capture a

state’s underlying nuclear and military capacity. Trade openness serves as a proxy for

economic openness and captures the degree of connection to the international community

through trade ties (Brown and Kaplow, 2014).

5.4.2 Explanatory Variables

As countries with a civil nuclear industry have at least some capabilities to produce

fissile materials usable for nuclear weapons, we use data on nuclear energy consumption

as the aggregate indicator for the nuclear industrial capabilities required to maintain a

nuclear weapons arsenal. Nuclear energy consumption is also a useful generic supply side

indicator of the civil and military nuclear infrastructure which also includes physicists,

mathematicians, engineers, and metallurgists Kroenig (2009b). Some of the arguments
4For more information about the Federation of American Scientists (FAS) and the Bulletin of the
Atomic Scientists which publishes the Nuclear Notebook, visit https://www.fas.org/ and https:
//www.thebulletin.org/nuclear-risk/nuclear-weapons/nuclear-notebook/, respectively.
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in Fuhrmann (2009) are relevant, even in the absence of transfers of nuclear technology,

materials, or knowledge from one state to another for peaceful purposes, for establishing

the connection between a state’s nuclear warheads and its civilian nuclear infrastructure.

Drawing on the theory of technological momentum (Hughes, 1969), Fuhrmann (2009)

hypothesizes that “[...] the accumulation of nuclear technology and knowledge leads to

incremental advances in the field of nuclear engineering that ultimately makes progress

toward developing a nuclear weapons capability before a formal decision to build the

bomb is made.”

Technologies, infrastructures, and materials in connection with a nuclear weapons

program likewise have legitimate civilian applications: uranium enrichment and plutonium

reprocessing facilities are dual-use technologies since they can produce fuel for power

reactors or fissile material for nuclear weapons. While a civilian nuclear infrastructure

increases nuclear knowledge and expertise, the author asserts that it is also relevant for

maintaining a nuclear weapons arsenal: “Civilian nuclear programs necessitate familiarity

with the handling of radioactive materials, processes for fuel fabrication and materials

having chemical or nuclear properties, and the operation and function of reactors and

electronic control systems. They also provide experience in other crucial fields, such

as metallurgy and neutronics. These experiences offer “a technology base upon which

a nuclear weapon program could draw”” (Fuhrmann, 2009; quoted in U.S. Congress,

United States Office of Technology Assessment, 1993). These bidirectional causal linkages

imply that the availability of a nuclear technology base, which is necessary for both,

the development of nuclear warheads and nuclear energy, reduces the costs for nuclear

technologies associated for peaceful purposes as well as reduces the costs for nuclear

warheads (Fuhrmann, 2009).

Military expenditure as a share of GDP is the second domestic supply side (opportunity)

factor related to proliferation capturing the aggregate overall military capabilities of a

state. Nuclear warheads are intended for use in military situations and represent the most

destructive weaponry of military technology which are primarily designed to deter potential

aggressors. A states’ military apparatus however must also be strong enough in order to
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maintain and to make that threat credible. States without sufficient military capabilities

and military technological advancement face additional challenges in developing and

maintaining nuclear-armed ballistic missiles, for instance. Nuclear warheads thus require

specific military infrastructure ranging from advanced command and control mechanisms

to a trained officer corps (Gartzke et al., 2014).

Substantial financial resources, devoted for military purposes, are thus necessary to

maintain a military apparatus capable of a ready to use nuclear military infrastructure at

all times. The cost of nuclear weapons proliferation has increased over time. A sufficiently

high enough military budget is thus needed to acquire the complex control and delivery

systems as well as to maintain a nuclear arsenal (Jo and Gartzke, 2007). As nuclear

warheads crucially rely on conventional military capabilities such as aircraft, submarines,

and missile technology, it is likely that conventional military force modernization strongly

overlaps with nuclear warhead modernization (Gartzke et al., 2014).

Another supply side-related factor is trade openness, defined as the sum of exports

and imports of goods and services measured as a share of GDP. A higher degree of

trade openness as an essential component for sustained economic growth increases the

demand for a state’s economic output which in turn increases real output. Outward

orientation facilitates the accessibility of advanced technologies, learning by doing gains,

and better management practices resulting in efficiency gains (Hart, 1983; Ben-David

and Loewy, 1998). Technology transfers, scale economies, and comparative advantages

promote economic development (Yanikkaya, 2003). A higher degree of openness may also

promote growth by attracting external capital and investing it in development (Giles

and Williams, 2000). Similarly, trade functions as a demand side factor capturing the

extent of a state’s integration into the international community, thus indicating the

government’s outward (global) orientation, which is relevant for nuclear proliferation.

Solingen (1994, 1998, 2007) and Paul (2000) argue that states which closely integrate into

the international community, or follow a strategy of economic liberalization, are more

likely to value international trade and investment relationships over stockpiling nuclear

arsenals. States which choose more autarkic paths to economic development, however,
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are more likely to pursue nuclear weapons since they do not face losing economic and

trade relationships due to their inward-looking economic development strategies (Kroenig,

2009a; 2009b).

5.4.3 Descriptive Statistics

Except for Russia, the respective country specific periods correspond to the year in

which a state possesses at least one nuclear warhead, based on Kristensen and Norris

(2013) and on nuclear energy consumption data availability beginning 1965.5 Nuclear

warheads W which are measured by the quantities of stockpiled warheads possessed in a

given year are the continuous dependent variable. Nuclear energy consumption NE is

measured in million tonnes of oil equivalent (mtoe), military expenditure M is measured

as a share of GDP, and trade openness T is the sum of exports and imports of goods

and services measured as a share of GDP. Table 5.1 shows the mean value and standard

deviation for all variables by state. Figure 5.1 shows the number of nuclear warheads and

nuclear energy consumption in country-specific graphs over the respective period used for

empirical analysis. See Figure 5.3 in the Appendix for the relationship between nuclear

warheads and military expenditure and trade openness.

Both the US and Russia clearly dominate global nuclear weapons inventories in terms

of stockpiled nuclear warheads. The average number of nuclear warheads is the lowest

for both India and Pakistan over the country-specific periods. France, Russia, and the

US on average consume the most nuclear energy of the seven states. Pakistan has the
5China has possessed nuclear warheads since 1964 and generated nuclear power since 1993, so it is
analyzed from 1993 to 2018 which corresponds to 26 years. France tested its first nuclear warhead in
1960 and has generated nuclear power since 1964. Since the data on nuclear energy consumption begins
in 1965, it is analyzed from 1965 to 2018 which corresponds to 54 years. India successfully tested a
nuclear explosive device in 1974 and has generated one nuclear power plant since 1969 (Bodansky, 2007).
Data on the number of nuclear warheads according to Kristensen and Norris (2013) are available since
1998. It is analyzed from 1998 to 2018 which corresponds to 21 years. Data on the quantities of Pakistan
nuclear warheads according to Kristensen and Norris (2013) are available since 1998. It is analyzed from
1998 to 2018 which corresponds to 21 years. Although the USSR has possessed nuclear warheads since
1949 and generated nuclear power since 1958, consistent time-series data on Russia are only available
following the collapse of the Soviet Union. It is analyzed from 1992 to 2018 which corresponds to 27
years. The United Kingdom and the United States have possessed nuclear weapons since 1952 and 1957
and generated nuclear power since 1956 and 1957, respectively (Bodansky, 2007). Since the data on
nuclear energy consumption begin in 1965, both are analyzed from 1965 to 2018 which corresponds to
54 years.
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Table 5.1: Summary statistics by nuclear weapon states
W NE M T

Mean SD Mean SD Mean SD Mean SD

China (1993 - 2018) 241.31 12.74 17.21 17.59 1.90 0.13 44.48 10.01
France (1965 - 2018) 298.85 144.60 58.48 40.48 3.24 0.84 45.79 10.31
India (1998 - 2018) 65.10 43.52 5.47 2.20 2.65 0.19 41.02 10.48
Pakistan (1998 - 2018) 72.81 47.67 0.78 0.56 3.84 0.56 31.41 3.02
Russia (1992 - 2018) 10,105.22 6,570.69 33.94 7.40 3.78 0.59 55.87 12.94
UK (1965 - 2018) 319.17 100.21 13.53 5.36 3.44 1.26 50.68 6.25
USA (1965 - 2018) 16,652.41 9,358.41 117.68 70.35 4.93 1.59 20.25 6.14

Notes: Mean is the arithmetic mean and SD is the standard deviation. W is nuclear warhead
stockpiles, NE is nuclear energy consumption measured in million tonnes of oil equivalent,
M is military expenditure measured as a share of GDP, and T is trade openness defined as
the sum of exports and imports of goods and services as a share of GDP.

Figure 5.1: Time series plots
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lowest average nuclear energy consumption levels. The US has the largest average military

expenditures and Russia has the highest trade openness.
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5.4.4 Empirical Strategy

To identify the causal relationships between nuclear warheads, nuclear energy consump-

tion, military expenditure, and trade openness on the country level, we use the Toda and

Yamamoto (1995) version of the Granger non-causality test. This approach can be applied

to variables that may be integrated or cointegrated of an arbitrary order to reduce the

risk of incorrectly identifying the order of integration of the time series (Mavrotas and

Kelly, 2001) and minimizing pre-test biases (Soytas and Sari, 2006). To identify causal

relationships, the Toda and Yamamoto (1995) methodology uses a modified Wald test

to test the significance of the parameters in a vector autoregression (VAR) model. The

basic idea is to artificially augment the optimum lag length k by the maximal order of

integration dmax of the variables to include additional lags. Doing so ensures that the

usual test statistic for Granger causality tests has the standard asymptotic distribution

(Wolde-Rufael, 2004). In the estimated (k+dmax)th-order VAR the coefficients of the

last lagged dmax vectors are ignored when inferring the causality with the modified Wald

test. This paper uses the empirical framework consisting of nuclear warheads, nuclear

energy consumption, military expenditure, and trade openness given in the following VAR

system:
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,

where W is nuclear warheads, NE is nuclear energy consumption, M is militarization,

T is trade openness, and εt is the idiosyncratic error term of the respective equation.

In the nuclear warheads equation Wt, the null hypothesis of non-causality from nuclear

energy consumption (military expenditures) [trade openness] to nuclear warheads can
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be expressed as H0 ∶ β12j = 0,∀j = 1, ...,k (H0 ∶ β13j = 0,∀j = 1, ...,k) [H0 ∶ β14j = 0,∀j =

1, ...,k]. In the nuclear energy consumption equation NEt, the null hypothesis of non-

causality from nuclear warheads (military expenditures) [trade openness] to nuclear

energy consumption can be expressed as H0 ∶ β21j = 0,∀j = 1, ...,k (H0 ∶ β23j = 0,∀j = 1, ...,k)

[H0 ∶ β24j = 0,∀j = 1, ...,k]. In the military expenditure equation Mt, the null hypothesis

of non-causality from nuclear warheads (nuclear energy consumption) [trade openness] to

military expenditures can be expressed as H0 ∶β31j = 0,∀j = 1, ...,k (H0 ∶β32j = 0,∀j = 1, ...,k)

[H0 ∶ β34j = 0,∀j = 1, ...,k]. In the trade openness equation Tt, the null hypothesis of non-

causality from nuclear warheads (nuclear energy consumption) [military expenditures]

to trade openness can be expressed as H0 ∶ β41j = 0,∀j = 1, ...,k (H0 ∶ β42j = 0,∀j = 1, ...,k)

[H0 ∶ β43j = 0,∀j = 1, ...,k].

5.5 Empirical Results and Discussion

The first step of the Toda-Yamamoto (1995) procedure involves testing for unit roots

of all variables in order to identify the maximal order of integration dmax of the series.

We use four different unit root tests to check the stationarity properties of the series. The

augmented Dickey-Fuller (1979) (ADF) includes lags of the first differences of the series to

account for serial correlation and tests the null hypothesis that the variable contains a unit

root against the alternative hypothesis of stationarity. The Phillips-Perron (1988) unit

root test corrects for serial correlation and is robust to general forms of heteroskedasticity

in the errors by modifying the ADF t-statistic and does not require including additional

lags. The null hypothesis of a unit root is tested against the alternative that the series

was generated by a stationary process. Standard ADF type unit root tests however fail in

case of structural break due to a bias towards the non-rejection of a unit root (Perron,

1989). We thus apply the Zivot and Andrews (1992) unit root test which tests the null

hypothesis that the series contains a unit root without an exogenous structural break

against the alternative hypothesis which states that the series is a trend-stationary process

with a one-time break in the trend occurring at an unknown point in time. To test both
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the unit root hypothesis and the stationarity hypothesis, we use the the Kwiatkowski et al.

(1992) unit root test which tests the null hypothesis of stationarity against the alternative

of a unit root.

The results of the augmented Dickey-Fuller (1979), Phillips-Perron (1988), Zivot and

Andrews (1992), and Kwiatkowski et al. (1992) for the series in levels and in their first

differences are in Table 5.2 in the appendix. For at least two out of four unit root tests,

the results suggest that the series are integrated of order one (I(1)) in any country except

Russia. The maximal order of integration dmax of the variables thus is one for China,

France, India, Pakistan, UK, and USA. The series on W for Russia needs to be differenced

twice to achieve stationarity which yields a maximal order of integration dmax of the

variables of two for Russia.

The second step of the Toda-Yamamoto (1995) procedure is to determine the optimal

lag length k for each of the VARs in a given country. The results of the lag selection criteria

for each country using the Akaike (AIC), Hannan and Quinn (HQIC), and Schwarz’s

Bayesian (SIC) information criteria conflict each other. Given the relatively small sample

period and four variables involved in the system, we choose the lag structures which are

the more parsimonious. Based on the outcome of diagnostic tests, we moreover adjust the

lag length k to remove the autocorrelation in the residuals and to whiten the disturbances

of the VAR models. The final lag length k is 1 for France, 2 for China, India, Pakistan,

Russia, and the US, and 3 for the UK. The relatively high adjusted R-squared values

ranging from 0.539 to 0.998 indicate that the VAR fits well. The F-statistic for each

regression equation is statistically significant at the 1% which shows the importance of

the explanatory variables included in the system.6

Having identified the maximum order of integration dmax of the series and determined

the optimal lag length k of the VARs, the third step of the Toda-Yamamoto (1995)

procedure consists of establishing the causality relationships by conducting a standard
6The results of the lag selection using information criteria, the outcome of the Lagrange multiplier
(LM) test for residual autocorrelation, the results of the Jarque-Bera (1987) test of normality of the
disturbances, the model fit, and the F-statistic which indicates if all slope coefficients are equal to zero
in each regression equation are in Tables 5.3 to 5.6 the appendix.
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Wald test on the first k coefficient matrix and ignoring the coefficients of the last lagged

dmax vectors. The Wald test statistics for the Granger non-causality hypotheses and the

sum of the lagged coefficient based on the augmented VAR are presented in Table 5.7 to

5.8 in the appendix. Since all variables are in levels, the Toda-Yamamoto (1995) causality

results can be interpreted as long-run causal relationships among the nonstationary

variables involved in the system. Figure 5.2 shows the significant causality relationships

between nuclear warheads, nuclear energy consumption, military expenditure, and trade

openness identified in the seven nuclear armed states.

Figure 5.2: Causality plots

Notes: Solid lines indicate bidirectional causality, dotted lines unidirectional causality and plus and
minus signs indicate the sum of the lagged coefficients. Own illustration.

In China, positive unidirectional causality is running from both nuclear energy con-

sumption and military expenditure to quantity of stockpiled nuclear warheads. Both,

the series on nuclear energy consumption and military expenditure are useful to predict

nuclear warheads. The increases in nuclear warhead stockpiles, which tend to be driven

by the accelerated civilian use of nuclear power and the increases in military expenditures

suggest that China already has a strong autarkic (civil) nuclear technology base for

maintaining and increasing military applications such as nuclear warheads. The increases

in nuclear warhead stockpiles moreover are facilitated by sufficient financial resources

provided in China’s military budget. Bidirectional causality exists between trade openness
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and military expenditure. The sum of the lagged coefficients are positive in each case.

The allocation of financial resources to China’s defense sector tends to strengthen security

which simultaneously enhances a good trade and investment climate which encourages

overall economic activity generating financial capacity again deployable among other

things to the military sector.

Negative unidirectional causality is running from nuclear warheads to nuclear energy

consumption in France. This reflects the steady decrease in the quantities of nuclear

warheads from 1993 onward happening at the same time when nuclear energy consumption

growth rates start to decrease. Positive unidirectional causality is running from trade

openness to nuclear energy consumption which suggests that trade openness is a main

channel for nuclear energy demand to increase in France over the entire period 1965 to

2018 potentially via economic growth.

The bidirectional causality between nuclear warheads and nuclear energy consumption

in India suggests the availability of a nuclear technology base which reduces the costs for

both nuclear technologies associated with peaceful purposes and military applications such

as nuclear warheads. The causality is positive from nuclear warheads to nuclear energy

consumption and also positive from nuclear energy consumption to nuclear warheads.

Bidirectional causality moreover exists between nuclear warheads and trade openness.

The causality is positive from nuclear warheads to trade openness but negative from

trade openness to nuclear warheads. Nuclear warhead stockpiles however is more a

causal factor to trade openness than trade openness to nuclear warhead stockpiles. The

positive association from nuclear warheads to trade openness implies that the presence of

nuclear warheads strengthens security which enhances a good trade climate. The negative

unidirectional causality from military expenditure to nuclear warheads suggests that an

increase in military expenditure leads to a decrease in nuclear warhead stockpiles. A

change in the military budget thus detrimentally affects nuclear deterrence capabilities due

to defense budget constraints. Since the sum of the lagged coefficients are negative in each

case, the finding of bidirectional causality between nuclear energy consumption and trade

openness suggests an inefficient supply of nuclear energy (Squalli, 2007; Payne, 2010).
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The inefficient supply of nuclear energy detrimentally impacts the trade volumes which in

return reduces the demand for nuclear energy due to reduced economic activities. The

inefficient supply is illustrated by two reactors in India which produced zero power in the

year 2017 as well as in the first half of the year 2018 and thus are classified in Long-Term

Outage (LTO) (Schneider et al., 2018). The positive unidirectional causality from military

expenditure to nuclear energy consumption suggests that increasing the military burden

positively stimulates economic growth through aggregate demand impulses which increases

the demand for energy. The positive unidirectional causality from military expenditure to

trade openness suggests that increasing militarization also tends to strengthen security

which positively impacts the influence of trade on overall domestic activities eventually

resulting in a stronger economy.

In Pakistan, the series on nuclear warheads and nuclear energy consumption are jointly

determined. The causality is positive from nuclear warheads to nuclear energy consumption

but negative from nuclear energy consumption to nuclear warheads. A change in the

stockpile of nuclear warheads causes a substantially greater change in nuclear energy

consumption than a change in nuclear warhead stockpiles due to a change in nuclear

energy consumption. The well-established and diverse fissile material production complex

that is expanding (Kristensen et al., 2018) appears to generate positive spill over effects

on the civilian use of nuclear power. Bidirectional causality also exists between nuclear

warheads and military expenditure. The sum of the lagged coefficients is negative in each

case but military expenditure becomes more a causal factor to nuclear warheads stockpiles

than nuclear warhead stockpiles to military expenditure. This suggests that a shift in

the military budget towards increasing conventional military forces is expected to be

detrimental of increasing nuclear deterrence capabilities due to defense budget constraints

although Pakistan has relatively high defense expenditures. In contrast and at the same

time, increasing nuclear warheads causes a decrease in military expenditure. An increasing

nuclear arsenal strategically can provide a greater level of security at lower costs compared

to conventional military forces needed for credible deterrence. Negative unidirectional

causality is running from nuclear warheads to trade openness in Pakistan which suggests a
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decrease of the integration into the world economy caused by increasing nuclear warhead

stockpiles. This finding is also true for horizontal proliferation. The results from Kroenig

(2009a; 2009b) suggest that countries which choose more autarkic routes are more likely

to pursue nuclear weapons compared to countries which follow a strategy of economic

liberalization. The empirically negative association from nuclear energy consumption

to trade openness suggests an inefficient supply of nuclear energy (Squalli, 2007; Payne,

2010). Difficulties in meeting the increasing demand for energy resulted in an energy

shortfall of 6,000 megawatts (MW) in the year 2011 in Pakistan (Qasim and Kotani, 2014).

Bidirectional causality between trade openness and military expenditure exists. The sum

of the lagged coefficients is negative in each case. Trade openness however is more a

causal factor to military expenditure than military expenditure to trade openness. Higher

trade openness tends to increase the integration into the world economy which reduces the

probability of armed conflicts which in turn brings down military spending. Martin et al.

(2012) and Hegre et al. (2010) show empirically that trade reduces the likelihood of fatal

militarized disputes. A higher defense spending thus tends to lead to greater isolation

which eventually reduces international trade flows (Acemoglu and Yared, 2010; Seitz et

al., 2015). Military expenditure and nuclear energy consumption are jointly determined

in Pakistan. The sum of the lagged coefficients is positive in each case. Thus, increasing

military expenditures tends to stimulate economic growth through aggregate demand

impulses which increases the demand for energy which in turn stimulates economic growth

which eventually provides greater financial resources utilizable again for militarization.

In Russia, negative unidirectional causality is running from nuclear energy consumption

to the quantity of nuclear warheads which is reflected by the opposing trend of both series:

while the series on nuclear energy consumption continuously increases over the period 1992

to 2018, the series on nuclear warhead stockpiles decreases. The series on nuclear energy

consumption thus helps to predict nuclear warhead stockpiles. Bidirectional causality

exists between nuclear warhead stockpiles and trade openness. The sum of the lagged

coefficients is positive in each case. Nuclear warhead stockpiles are a greater causal factor

to trade openness than trade openness to nuclear warhead stockpiles. The empirical results
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suggest the existence of bidirectional causality between military expenditure and nuclear

energy consumption. The causality is negative from nuclear energy consumption to military

expenditure but positive from military expenditure to nuclear energy consumption. Nuclear

nuclear energy consumption is more a causal factor to military expenditure than military

expenditure to nuclear energy consumption. Bidirectional causality between nuclear

energy consumption and trade openness exists in Russia. Nuclear energy consumption and

trade openness are thus interrelated and serve as complements to each other. The sum of

the lagged coefficients is positive in each case: an increase in nuclear energy consumption

directly affects trade openness potentially via economic growth and trade openness also

stimulates further nuclear energy consumption.

The results for the United Kingdom suggest that positive unidirectional causality is

running from the quantity of nuclear warheads to military expenditure. The series on

military expenditure is thus useful to predict the extent of stockpiled nuclear warheads.

It moreover implies that over the given period an increase in nuclear warhead stockpiles

is not to the detriment of increasing the importance given to military capability.

Negative unidirectional causality is running from trade openness to military expenditure,

which is in accordance with the findings in the literature (e.g. Martin et al., 2012; Acemoglu

and Yared, 2010; Hegre et al., 2010; Seitz et al., 2015): trade decreases the probability

of armed conflicts resulting in lower militarization due to a tighter integration into the

world economy. The results also suggest bidirectional causality between nuclear energy

consumption and military expenditure. The sum of the lagged coefficients is negative

in each case. A change in military expenditure induces a change in nuclear energy

consumption and vice versa. Military expenditure is more a causal factor to nuclear energy

consumption than the other way around.

In the United States, positive unidirectional causality is running from the quantity

of nuclear warheads, nuclear energy consumption, and military expenditure to trade

openness. Nuclear energy thus tends to be an important input for expanding trade via

expanding exports and imports (Shahbaz et al., 2014). The results suggest that an increase
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in military expenditure positively impacts trade openness thus providing a stable and

secure environment which facilitates a good trade and investment climate.

5.5.1 Robustness

As a robustness check, we re-estimate each VAR to see how the causality results behave

for diferent specifications of the lag lengths k. Specifically, we increase and decrease

the lag length k by one compared to the initial specification. We briefly discuss the

robustness analysis and focus on the causality between nuclear warheads and nuclear

energy consumption only. For China, the results do not change if we consider a lag lenght

of k = 1. If we increase the lag length k to 2, the causality however reverses and now

is running from nuclear warheads to nuclear energy consumption. For France, the lag

length k was set to 1 initially. We thus only consider an increase of the lag length k to 2

which does not alter the results. For India, the results also do not change if we consider a

lag lenght of k = 1. Instead of bidirectional causality between the quantitiy of stockpiled

nuclear warheads and nuclear energy consumption, the results for Pakistan with a lag

lenght of k = 1 now indicate unidirectional causality from nuclear warheads to nuclear

energy consumption. For Russia, the results change if we consider a lag lenght of k = 1.

The causality from nuclear energy consumption to the quantitiy of stockpiled nuclear

warheads disappears. The initial results for the UK and US did not indicate any causal

relationship between nuclear energy consumption and stockpiled nuclear warheads. The

causality results for the other series however change if we increase and decrease the lag

length k by one for both the UK and US. Overall, the resulst remain relatively stable in

particular for China, France, India, and Pakistan.7

7If we increase the lag lenth k to 3 for India, Pakistan, and Russia, such overspecified models show
problems of collinearity which is not surprising considering the relatively short time-dimesions of just
21 years in case of India and Pakistan and 27 year in case of Russia. Detailed results are available on
request.

143



5.6 Conclusions

This paper empirically analyzes how the civilian use of nuclear energy, military ex-

penditure, and trade openness causally impact nuclear warheads stockpiles in China,

France, India, Pakistan, Russia, Great Britain, and the United States. The Toda and

Yamamoto (1995) version of the Granger non-causality test is applied to identify the causal

determinants of vertical nuclear proliferation in each nuclear armed state. The analysis

emphasizes the link between nuclear power and nuclear warheads to analyze the mutually

beneficial relation between nuclear weapons and countries civilian nuclear capabilities.

Regarding the hypothesized mutually beneficial relation between nuclear warheads and

nuclear power, the empirical results indicate either unidirectional or bidirectional causality

between nuclear warheads and nuclear energy consumption in five out of seven countries:

In China and Russia, past values of nuclear energy consumption have a predictive ability

in determining the present values of nuclear warhead stockpiles. In France, past values

of nuclear warhead stockpiles have a predictive ability in determining the present values

of nuclear energy consumption. In both India an Pakistan, nuclear energy consumption

and nuclear warhead stockpiles are determined jointly. The results for China in particular

indicate a strong autarkic (civil) nuclear technology base already utilizable for maintaining

and increasing military applications particularly in form of nuclear warheads. The results

for India similarly suggest the availability of an independent nuclear infrastructure capable

of simultaneously facilitating both nuclear power deployment and nuclear warhead exten-

sion thus supporting both civilian and military purposes. What the evidence may suggest

for Pakistan is that a nuclear infrastructure designed for military purposes stimulates the

civilian use of nuclear energy.

The empirical results show that the civilian use of nuclear power for electricity generation

is a causal factor which helps to significantly explain vertical proliferation dynamics in

the nuclear armed states China, India, and Pakistan in particular. This implies that the

post cold war nuclear arms race in these countries is in part fueled by their expansion

of nuclear power. Countries’ nuclear capabilities can serve as a technological base which
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is adding another dimension to the externalities of nuclear power in form of accelerated

vertical proliferation. China, India, and Pakistan moreover have not yet discussed nuclear

arms reduction but rather aim to build up their nuclear force in order to make deterrence

credible and to mitigate power asymetries (Chakma, 2010). This in turn may also

facilitate the futher deployment of nuclear power since knowledge in nuclear-related

matters also establishes and helps to sustain expertise in matters relevant for a reliable

nuclear deterrence force also in peacetime. Effectively, this reduces the costs for nuclear

technologies associated for peaceful purposes as well as reduces the costs for nuclear

warheads (Fuhrmann, 2009).

Vertical proliferation however has implications beyond international security and

geopolitical issues which in particular are in connection with the design of future energy

systems. The empirical identified linkages between countries’ nuclear capabilities and

military applications reveal a potential nuclear power lock-in induced by or simultaneously

affected by nuclear warhead stockpiles: the neglected military dimension of nuclear power

then can impede a nuclear phase out particularly in the nuclear armed states. Although

nuclear power is more costly compared to coal and natural gas in terms of overnight

costs (Deutch et al., 2009; Davis, 2012), it still is present in the market at least in some

countries and in particular appears to be necessary for sustaining a nuclear technology

base in nuclear armed states required for nuclear military applications such as nuclear

warheads. This logic then may also apply for non nuclear weapon states such as Iran,

Brazil, and Argentina which however are actively developing nuclear military submarine

capabilities (Stirling and Johnstone, 2018).

As an avenue for future reseach, we suggest to analyze more issues in connection with

vertical proliferation empirically. Does vertical proliferation actually strengthening state

security without detrimentally affecting a state’s economic strength? How are the nuclear

arsenals connected among the nuclear armed states given that the nuclear deterrence

strategy of Pakistan is connected to the nuclear security strategy of India which nuclear

military capabilities however are tied to China’s nuclear deterrence (Chakma, 2010)?

Against the background that ”for the first time in more than 50 years, there are no current
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strategic arms control negotiations between the United States and Russia” (Neuneck,

2019), quantifiying the actual impacts of disarment policies on nuclear warhead stockpiles

would highlight the policy relevant aspects of proliferation.
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5.7 Appendix

Table 5.2: Unit root tests
W NE M T

Level First Diff Level First Diff Level First Diff Level First Diff

augmented Dickey-Fuller (1979)
China (1993 - 2018) 3.676 -0.037 -0.056 -3.347b -4.205a -3.823a -1.723 -2.294
France (1965 - 2018) -3.035b -2.721c -4.099a -3.614a -1.719 -4.246a -1.817 -6.102a
India (1998 - 2018) -2.594 -3.822a -0.997 -1.877 -2.089 -4.073a -1.840 -2.160
Pakistan (1998 - 2018) -2.333 -1.947 -1.296 -4.717a -2.627 -2.275 -1.823 -2.899c
Russia (1992 - 2018) -2.379 -1.050 -0.123 -4.162a -2.169 -4.146a -6.110a -6.617a
UK (1965 - 2018) -0.899 -5.218a -2.666c -5.179a -0.913 -3.741a -2.324 -5.708a
USA (1965 - 2018) 0.182 -3.086b -5.330a -2.042 -2.602c -3.110b -2.077 -5.337a

Phillips-Perron (1988)
China (1993 - 2018) 5.821 -4.282a -2.679c -14.165a -3.886a -4.548a -1.775 -3.562b
France (1965 - 2018) -2.901c -3.978a -5.706a -4.101a -1.806 -5.862a -1.863 -8.297a
India (1998 - 2018) -6.523a -9.635a -1.234 -2.799c -1.698 -3.957a -1.881 -3.762a
Pakistan (1998 - 2018) -6.991a -14.344a -1.335 -5.846a -3.030b -3.153b -2.102 -4.896a
Russia (1992 - 2018) -3.727b -1.942 -0.021 -4.891a -2.433 -5.680a -6.233a -7.848a
UK (1965 - 2018) -1.009 -6.826a -3.421b -7.866a -0.598 -4.421a -2.092 -7.332a
USA (1965 - 2018) 0.408 -4.464a -8.975a -2.971b -1.237 -4.354a -2.193 -6.693a

Zivot and Andrews (1992)
China (1993 - 2018) 0.865 -10.385a -4.449 -4.121 -8.098a -6.156a -3.154 -4.535
France (1965 - 2018) -2.214 -4.957b -7.000a -6.420a -3.423 -6.687a -3.651 -8.765a
India (1998 - 2018) -21.953a -9.894a -4.367 -6.692a -5.724a -4.865b -2.662 -4.828b
Pakistan (1998 - 2018) -5.259b -24.927a -4.820b -4.805b -1.483 -5.171b -3.985 -6.160a
Russia (1992 - 2018) -1.299 -4.276 -3.754 -5.784a -4.056 -4.805b -11.291a -7.856a
UK (1965 - 2018) -3.635 -8.196a -3.658 -9.251a -4.283 -5.018b -3.821 -7.994a
USA (1965 - 2018) -3.235 -4.905b -5.563a -5.304b -4.087 -4.612c -4.463 -7.236a

Kwiatkowski et al. (1992)
China (1993 - 2018) 0.729b 0.691b 0.971a 0.209 0.191 0.180 0.308 0.297
France (1965 - 2018) 1.050a 0.721b 1.530a 1.240a 1.810a 0.211 1.630a 0.156
India (1998 - 2018) 0.763a 0.553b 0.711b 0.081 0.579b 0.095 0.540b 0.345
Pakistan (1998 - 2018) 0.744a 0.531b 0.665b 0.068 0.505b 0.522b 0.296 0.089
Russia (1992 - 2018) 0.970a 0.686b 0.929a 0.161 0.233 0.137 0.585b 0.176
UK (1965 - 2018) 1.300a 0.243 1.430a 0.684b 1.780a 0.076 1.040a 0.080
USA (1965 - 2018) 1.790a 0.189 1.380a 1.230a 1.340a 0.068 1.650a 0.242

Notes: Unit roots are tested using augmented Dickey-Fuller (1979), Phillips-Perron (1988), Zivot and
Andrews (1992), and Kwiatkowski et al. (1992) unit root tests. The Schwarz Bayesian information
criterion (SBIC) is used to select the lag length in the ADF regression. All unit root tests regressions
include an intercept. The null hypothesis for all test except for the KPSS test is the presence of a unit
root. Superscripts a, b, and c represent significance at 1%, 5%, and 10%, respectively.
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Table 5.3: Lag selection
AIC SBIC

lag 1 lag 2 lag 3 lag 4 lag 1 lag 2 lag 3 lag 4

China (1993 - 2018) -13.391 -13.021 -12.918 -14.990∗ -12.399∗ -11.236 -10.340 -11.617
France (1965 - 2018) -10.171 -10.212 -10.262 -10.757∗ -9.406∗ -8.835 -8.274 -8.157
India (1998 - 2018) -9.746 -10.365 -13.634 -244.219∗ -8.766 -8.601 -11.086 -240.886∗
Pakistan (1998 - 2018) -11.743 -11.424 -13.710 -232.550∗ -10.762 -9.660 -11.162 -229.217∗
Russia (1992 - 2018) -11.510 -12.068 -12.505 -14.738∗ -10.523 -10.291 -9.938 -11.381∗
UK (1965 - 2018) -10.208∗ -9.916 -10.200 -9.875 -9.443∗ -8.539 -8.211 -7.275
USA (1965 - 2018) -9.494 -9.637∗ -9.469 -9.374 -8.722∗ -8.247 -7.461 -6.748

Notes: ∗ indicates the optimal lag length k of the VAR according to the Akaike Information Criterion
(AIC) and Schwarz Bayesian information criterion (SBIC), respectively.

Table 5.4: Lagrange multiplier (LM) test
lag 1 lag 2 lag 3 lag 4

χ2 df p χ2 df p χ2 df p χ2 df p

China (k=2) 11.543 16 0.775 20.694 16 0.191 14.629 16 0.552 13.246 16 0.655
France (k=1) 26.280b 16 0.050 24.093c 16 0.088 18.520 16 0.294 17.115 16 0.378
India (k=2) 19.868 16 0.226 11.734 16 0.762 8.501 16 0.933 20.659 16 0.192
Pakistan (k=2) 14.145 16 0.588 21.478 16 0.161 27.473b 16 0.037 34.398a 16 0.005
Russia (k=2) 22.561 16 0.126 20.561 16 0.196 15.999 16 0.453 17.154 16 0.376
UK (k=3) 13.711 16 0.620 14.597 16 0.554 6.944 16 0.974 9.718 16 0.881
USA (k=2) 20.287 16 0.208 18.510 16 0.295 9.575 16 0.888 11.880 16 0.752

Notes: The null hypothesis of the Lagrange multiplier (LM) test is that there is no autocorrela-
tion at lag j. k is the chosen lag length of the vector autoregressive (VAR(k)) model. χ2 is the
chi-squared test statistic, df are the degrees of freedom for the chi-square, and p is the respective
p-value. Superscripts a, b, and c represent significance at 1%, 5%, and 10%, respectively.

Table 5.5: Normality
W NE M T

χ2 df p χ2 df p χ2 df p χ2 df p

China (k=2) 1.600 2 0.449 0.766 2 0.682 0.734 2 0.693 0.529 2 0.768
France (k=1) 19.085a 2 0.000 5.243c 2 0.073 22.448a 2 0.000 6.595b 2 0.037
India (k=2) 31.470a 2 0.000 0.809 2 0.667a 0.014 2 0.993 0.165 2 0.921
Pakistan (k=2) 4.396 2 0.111 0.457 2 0.796 2.514 2 0.285 0.491 2 0.783
Russia (k=2) 0.820 2 0.664 0.952 2 0.621 0.550 2 0.760 1.988 2 0.370
UK (k=3) 15.659a 2 0.000 0.307 2 0.858 2.137 2 0.344 3.919 2 0.141
USA (k=2) 149.976a 2 0.000 32.159a 2 0.000 0.046 2 0.977 3.527 2 0.171

Notes: The Jarque-Bera (1987) test of normality tests the null hypothesis that the residuals are
normally distributed in the respective equation. k is the chosen lag length of the vector autore-
gressive (VAR(k)) model. χ2 is the chi-squared test statistic, df are the degrees of freedom for the
chi-square, and p is the respective p-value. Superscripts a, b, and c represent significance at 1%,
5%, and 10%, respectively.
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Table 5.6: Model fit
W NE M T

China (k=2)
R2 0.971 0.992 0.650 0.939
F-statistic 99.474a 378.717a 5.569a 46.187a

France (k=1)
R2 0.980 0.995 0.988 0.949
F-statistic 635.809a 2613.755a 1113.997a 244.281a

India (k=2)
R2 0.997 0.968 0.730 0.931
F-statistic 789.292a 71.018a 6.427a 32.096a

Pakistan (k=2)
R2 0.999 0.970 0.953 0.682
F-statistic 2666.805a 75.677a 48.593a 5.099a

Russia (k=2)
R2 0.998 0.982 0.539 0.774
F-statistic 1557.045a 165.689a 3.655b 10.698 a

UK (k=3)
R2 0.926 0.961 0.993 0.842
F-statistic 53.304a 105.885a 568.118a 22.712a

USA (k=2)
R2 0.991 0.996 0.967 0.972
F-statistic 717.565a 1526.154a 187.986a 219.562a

Notes: R2 refers to the adjusted R-squared value. F-statistic
is the probability value for a F test of all slope coefficients
equal to zero. Superscripts a, b, and c represent significance
at 1%, 5%, and 10%, respectively.
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Table 5.7: Causality results I
W to NE NE to W Direction

of causalityWald
statistics

Sum of lagged
coefficients

Wald
statistics

Sum of lagged
coefficients

China (k=2) 3.964 5.876 10.482a 0.038 NE →W
France (k=1) 7.853a -0.395 0.461 0.078 W →NE

India (k=2) 7.116b 0.436 27.190a 0.328 W ↔NE

Pakistan (k=2) 14.858a 1.357 7.607b -0.090 W ↔NE
Russia (k=2) 0.484 0.083 10.685a -0.503 NE →W
UK (k=3) 2.984 -0.209 5.213 -0.212
USA (k=2) 1.262 -0.116 0.110 0.019

W to M M to W Direction
of causalityWald

statistics
Sum of lagged

coefficients
Wald

statistics
Sum of lagged

coefficients

China (k=2) 0.348 -0.744 6.791b 0.071 M →W
France (k=1) 0.534 0.025 0.188 0.253
India (k=2) 4.308 -0.012 54.281a -1.140 M →W
Pakistan (k=2) 12.643a -0.168 4.718c -0.619 W ↔M
Russia (k=2) 3.381 1.592 1.306 0.045
UK (k=3) 7.908b 0.127 2.190 -0.036 W →M
USA (k=2) 1.075 0.119 1.374 -0.146

W to T T to W Direction
of causalityWald

statistics
Sum of lagged

coefficients
Wald

statistics
Sum of lagged

coefficients

China (k=2) 2.816 -2.783 3.989 0.072
France (k=1) 1.779 0.089 0.107 0.094
India (k=2) 15.132a 0.624 5.265c -0.147 W ↔ T
Pakistan (k=2) 11.652a -0.622 1.208 -0.001 W → T

Russia (k=2) 5.595c 0.702 6.501b 0.007 W ↔ T
UK (k=3) 3.133 0.044 0.835 0.098
USA (k=2) 3.630 0.123 1.106 -0.182

Notes: The (k +dmax)th-order VAR is estimated with dmax being one for China,
France, India, Pakistan, UK, and US and for Russia. k is the chosen lag length of the
vector autoregressive (VAR(k)) model. The reported estimates are asymptotic Wald
statistics. The rejection of the null hypothesis of non-causality is indicated by the
superscripts a, b, and c represent significance at 1%, 5%, and 10%, respectively. → and
↔ indicate unidirectional and bidirectional short-run causality, respectively.
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Table 5.8: Causality results II
NE to M M to NE Direction

of causalityWald
statistics

Sum of lagged
coefficients

Wald
statistics

Sum of lagged
coefficients

China (k=2) 0.856 0.047 3.187 0.473
France (k=1) 0.000 0.000 1.177 0.702
India (k=2) 0.912 -0.085 56.008a 1.978 M →NE

Pakistan (k=2) 19.072a 0.136 6.048b 4.067 NE↔M

Russia (k=2) 6.843b -2.933 13.725a 0.240 NE↔M

UK (k=3) 8.910b -0.036 8.463b -0.079 NE↔M
USA (k=2) 0.007 -0.002 4.155 -0.356

NE to T T to NE Direction
of causalityWald

statistics
Sum of lagged

coefficients
Wald

statistics
Sum of lagged

coefficients

China (k=2) 0.056 -0.013 0.022 -0.021
France (k=1) 0.106 0.020 6.115a 0.788 T →NE
India (k=2) 23.739a -0.696 5.072c -0.228 NE↔ T

Pakistan (k=2) 7.092b -0.077 4.462 -1.103 NE → T
Russia (k=2) 12.268a 1.109 56.465a 0.778 NE↔ T
UK (k=3) 6.020 -0.150 4.292 0.198
USA (k=2) 6.056b 0.182 2.840 -0.313 NE → T

M to T T to M Direction
of causalityWald

statistics
Sum of lagged

coefficients
Wald

statistics
Sum of lagged

coefficients

China (k=2) 14.534a 0.983 5.031c 0.302 M ↔ T
France (k=1) 0.280 -0.162 0.663 0.062
India (k=2) 7.254b 0.178 2.834 -0.190 M → T
Pakistan (k=2) 4.829c -0.105 69.311a -0.488 M ↔ T
Russia (k=2) 2.604 -0.081 4.517 0.901
UK (k=3) 6.033 -0.011 9.183b -0.106 T →M
USA (k=2) 9.591a 0.335 2.113 0.172 M → T

Notes: The (k +dmax)th-order VAR is estimated with dmax being one for China,
France, India, Pakistan, UK, and US and for Russia. k is the chosen lag length of the
vector autoregressive (VAR(k)) model. The reported estimates are asymptotic Wald
statistics. The rejection of the null hypothesis of non-causality is indicated by the
superscripts a, b, and c represent significance at 1%, 5%, and 10%, respectively. → and
↔ indicate unidirectional and bidirectional short-run causality, respectively.

151



Figure 5.3: Time series plots for all variables
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