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Preliminaries: Definition of
Sustainable Development
Brundtland Commission (World Conference on Environment
and Development “Our Common Future” 1987)
“Sustainable development is development that meets
the needs of the present without compromising the
ability of future generations to meet their own needs”
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Highlights
The definition is quite general, nonetheless it conveys
some key messages.
Meeting needs

Sustainable
Development

Securing/providing
“well being”

Inter-temporal
dimension

Intergenerational
equity: present vs
future generations

Intra-temporal
dimension

Intra-generational
equity: world’s poor

Explicit
environmental
dimension

Limits of the environment
ability to meet present
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and future needs

Measuring SD

Sustainability

Guaranteeing “well being” to present
generations, equitably distributed among
them and non declining over time

Important: well being on per-capita basis
It is difficult to define well being e.g.:
Economic wealth? Per Capita GDP and its distribution?
But freedom? From poverty, political?
Self-esteem?
Knowledge, education, social recognition
Many social-cultural components
involved in addition to “money”

It could be difficult to define
sustainable development
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Conditions for SD
Rather than defining what (a non declining) well being is, it can be
more useful to define those conditions/factors that should be
met/provided to support it

Our well being depends on a flow of “services” provided by
“capital stock(s)”
The idea here is that of “capital productivity”. By investing in
capital assets I can increase my consumption over time
To meet sustainable development these flows of services must
not decline over time
Capital stock(s) must not decline over time
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Which kinds of
capital stock?

Physical or Man Made capital (Km): produced goods
Human capital (Kh): “raw” labour, skill (extended),
knowledge
Natural or Environmental capital (Kn): “Traditional”
natural resources, exhaustible and non-ex +
assimilative capacity
Social capital (Ks): relationships between individuals,
between institutions and between individuals and
institutions
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The “capital base” of SD

Sustainable Development

∆(TK/POP)/∆T≥ 0

(+)

Technological
Change

Km
Total
capital
assets
TK

(-)

Kh
Kn
Ks

Population
Growth
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Focus on the three key variables:
Environmental quality/degradation
Income/Economic Growth
Population/Demography
These are fundamental aspects of Sustainable Development
CO2
Population

=

CO2 *
Income

Income
Population

From identities to equations….
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TWO SIMPLE “EXPLANATIONS” OF THE CAUSE OF
POLLUTION

1.
The cause of
pollution is
economic
growth

2.
The cause of
pollution is
population
growth

ECONOMIC
GROWTH

POPULATION
GROWTH

Distorted lifestyles

Consumption of natural
resources
Waste

OECD countries (16% world pop.) consume about 60% of world| 9
energy and produce about 70% of world industrial waste

Explanation n.1:
ENVIRONMENTAL KUZNETS CURVE
The relationship between environmental degradation and income/GDP has been traditionally
investigated within the framework of the so-called Environmental Kuznets Curve (EKC). The
EKC is an empirical description of the relationship between measures of economic growth and
environmental quality
After Simon Kuznets who in the 1940s
empirically identified an inverted-U historic
relationship between income distribution
and income growth, dubbed “Kuznets
Curve”
Main idea: starting from low (per capita)
income levels, (per capita) emissions or
concentrations of pollutant tend to
increase but at a slower pace. After a
certain level of income (which typically
differs across pollutants) – the “turning
point” - emissions or concentrations start
to decline as income further increases.
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Explanation n.2:
ENVIRONMENT AND POPULATION
Highly debated, yet comparatively under-researched empirically. Particularly lacking
are systematic empirical studies examining comprehensively the populationenvironment relationship at the global level
Neo-Malthusians – Pessimists
Ever since Malthus, Ricardo and Mill, concern that rising population would deplete
agricultural and other natural resources and significantly contribute to environmental
degradation
Cornucopians – Optimists
A rising population needs not lead to more depletion as high population densities
provide fertile ground for institutional and technological innovations to overcome any
apparent resource constraint.
The so-called cornucopians regard human ingenuity as the ‘ultimate resource’. Since
more people mean that problems are tackled by more brains, a larger population
renders more likely the scientific, technological and institutional progress necessary
to overcome any apparent environmental problem.
Although the issue can ultimately only be settled at the empirical level, the above
contributions have been largely speculative. It was only in the mid-1990s that
population was accounted for in the empirical work on the relationship between
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environmental quality/degradation and income.

Economic Growth and Environment:
The Environmental Kuznets Curve Hypothesis
Empirical “bell shaped” relationship between some forms of
pollution and per-capita income. => decoupling?
Environmental
Degradation –
Pollution
“Environmental”
turning
point

EKC

“Economic”(income) turning
point

Economic
Growth
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Relevant aspects:
Concavity / Inverted-U shape
Turning point
Symmetry

y = α0 +α1x +α2 x2 +α3x3
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Two main explanations
(1) Kuznets behavior is an income effect and results from the environment
being a luxury good. Early in the economic development process of a
country individuals are unwilling to trade consumption for investment in
environmental protection: environmental quality declines as a result. Once
individuals reach a given level of consumption (or income), they begin to
demand increasing investments in an improved environment
(2) EKC as an expression of “stages of economic growth”. Countries make a
transition from agriculture-based to industry and then post-industrial
service-based systems. The transition from an agricultural to an industrial
economy results in increasing environmental degradation as mass
production and consumption grow. The transition from an industrial to a
service-based economy is instead assumed to result in decreasing
degradation due to the lower environmental impact of service industries.
Powerful implication: Delinking or Decoupling – Growth is both cause
and cure of environmental problem. Press on the growth pedal.
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Underlying EKC there is a long-standing debate. In the early phases, about
thirty years ago, the prevailing view was that economic growth was a threat
to the environment. The world will not be able to sustain growth indefinitely
without running into resource constraints or despoiling the environment
beyond repair. No room for endless economic development, rather we
should start thinking in terms of a zero-growth situation. This was primarily
the view of a number of respected social and physical scientists belonging
to the Club of Rome: The Limits to Growth (1972)
At the opposite extreme position according to which the fastest road to
environmental improvement is along the path of economic growth: “The
strong correlation between incomes and the extent to which environmental
protection measures are adopted demonstrate that in the longer run the
surest way to improve your environment is to become rich” (Beckerman,
1992).
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EKC: Summarizes the empirical relationship between environment and
economic development
Admittedly relationship very complex, depending upon a host of different
factors. Among these are: the size of the economy, the sectoral structure
(including the composition of energy demand), the vintage of the
technology, the demand for environmental quality, the level (and quality) of
environmental protection expenditures. All these aspects are interrelated.
The above considerations are the likely explanation of why this research
field has been explored firstly on empirical grounds and only afterwards
with the help of theoretical models.
Indeed, the study of the causes and effects of a country’s economic
growth is one of the most challenging of the whole economic discipline.
Investigating the bi-directional link between development and environment
adds further difficulties to an already complex phenomenon.
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Theoretical Explanations
As argued above empirical models are built on heuristic theory or resort
to ex post theoretical justifications of their findings rather than ex ante
resulting from optimizing behavior or other theoretical constructs.
Theoretical contributions to the study of the interplay between
environment and economic growth can be divided into four major
categories: (i) optimal growth models; (ii) models in which the
environment (rather than pollution) is a factor of production, (iii)
endogenous growth models; and (iv) other macroeconomic models of
growth and the environment. In particular:
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Optimal growth models build on the Ramsey-Koopmans-Cass framework
in which an infinitely lived consumer maximizes its intertemporal utility.
Either the stock or the flow of pollution is an argument of both the
production function and the utility function of the representative
consumer. Most of these models support the EKC that has been found
empirically. Examples of this group are Tahvonen and Kuuluvainen
(1994), Selden and Song (1995), and Stokey (1998).
Models of the environment as a factor of production include, not only
pollution as an argument of the production and utility function, but the
environment itself. This may be interpreted as the stock of natural capital
that the economy is endowed with or as the aggregate level of
environmental quality. In these models property rights are decisive in
determining whether environmental degradation eventually declines with
growth. Examples of this group are Lopez (1994) and Chichilinsky (1994).
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Endogenous growth models highlight Romer’s typer production functions,
that is they are characterized by increasing returns to scale and spillover
effects. Tightening pollution standards with economic growth is optimal in
these models. Examples of this group are Lighthard and van der Ploeg
(1994), Bovenberg and Smulders (1995, 1996), and Stokey (1998).
Other macroeconomic models include Diamond-type overlapping
generation models. These models add support to the results of the
optimal growth models and suggest that their results may be arrived at in
other contexts as well. Examples are John and Pecchenino (1994) and
Jones and Manuelli (2000). In this residual category we can also include
simple static models like the one outlined by Stokey (1998) and the
Robinson Crusoe – static, one good, one person, one period – model of
Andreoni and Levinson (2001).
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A Reading of the EKC Literature
Two phases: (1) the enthusiasm, (2) the critical rethinking
Phase (1): EKC notion taken for granted, unquestioned. Interest on
shape, turning point(s), alternative measures of environmental
degradation
Phase (2): the quest for robustness. Checks with respect to: alternative
datasets, alternative econometric techniques, functional forms,
additional regressors
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Phase (1)
As noted by Shafik (1994), the above debate lacked empirical evidence to
support one argument or the other, remaining on a purely theoretical basis
for a long time. The main reason was the unavailability of environmental
data for many years. However, it also reflected the difficulty of defining how
to measure environmental quality. In the absence of a single criterion of
environmental quality, several indicators of environmental degradation
were used to measure the impact of economic growth on the environment.
Obviously, the problem is that the use of various indicators implies the
possibility of ambiguous answers of to the impact of growth on
environment.
In a spat of initial influential studies, twenty years later the beginning of the
debate Grossman and Krueger (1991, 1995), Shafik and Bandyopadhyay
(1992), Panayotou (1993, 1995), Shafik (1994), Selden and Song (1994)
provided first empirical implementation of the idea.
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What Do the Data Say?
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What Do the Data Say?
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What Econometrics Says
CO 2

SO 2

SPM

NO X

BOD/MSW

Lack of
Clean Water

Lack of
Urban
Sanitation

Deforestation

Shafik and
Bandyopadhyay
(1992)

Panayotou
(1993)

Grossman and
Krueger (1993)

Shafik (1994)

Selden and
Song (1994)

Grossman and
Krueger (1995)
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What Econometrics Says
CO 2

Cole, Rayner, and
Bates (1997)

Schmalensee,
Stoker,
and Judson (1998)

Vincent (1997)

Carson, Jeon, and
McCubbin (1997)

Bruyn, Bergh, and
Opschoor (1998)
Islam, Vincent, and

Panayotou (1999)

Panayotou, Sachs,
and Peterson (1999)

SO 2

SPM

NO X

BOD/MSW

Notes:
CO 2 = Carbon dioxide
SO 2 = Sulphur dioxide
SPM = Suspended Particulate
Matter
NO X = Nitrogen Oxides
BOD = Biochemical Oxygen
Demand
MSW = Municipal Solid Waste
* BOB
** MSW
n.a. = not available: the study did
not cover this environmental
indicator

Turning Points:
The fist two digits are to multiplied
by 1,000
($85) means that per capita GDP is
expressed in 1985 U.S. dollars
($85p) means that per capita GDP
is expressed in 1985 U.S. dollars on
a PPP basis
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By and large estimated EKC share a number of common features which can be
summarized as follows:
The typical relationship relates per capita emissions or concentrations of a
pollutant to per capita income. In general, and with the possible exception
of a time trend, no extra explanatory variables are included.
The analysis is usually conducted on a panel data set of individual
countries around the world. For CO2 the data come from a single source,
namely the Oak Ridge National Laboratory. For most of the other
pollutants, the GEMS data set is employed.
The functional relationship considered is either linear or log-linear one,
with a number of studies considering both.
Due to the almost complete coverage of world countries, the estimation
technique is typically the least square dummy variable method, allowing
for both fixed country and time effects.
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Phase (2)
Phase 2 concentrates on the robustness of the previous empirical practice.
Omission of relevant explanatory variables. Besides income and time
trend, ought to include trade (“pollution haven” or “environmental dumping”
hypothesis), energy prices (account for the intensity of use of raw
materials), variables capturing political economy considerations due to the
public good nature of the environment. In addition, allowance should be
made for changes in either the sectoral structure of production or the
consumption mix.
Robustness to alternative or more comprehensive datasets
Consideration of alternative functional forms, including splines, flexible
parametric and non-parametric options.
Criticism of “income determinism”: the experience of a country is equal to
that of all others. Questioned the practice of pooling various countries
together and carried out EKC investigations on data from individual
countries.
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Among the Most Recent Developments

Choice of functional form
The EKC under attack. Most recent contributions question its very
existence.
The most fundamental criticism: lack of sufficient statistical testing,
non-robust concept due to variety of results.
In particular, focus on stationarity of data time series.
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REASSESSING THE ENVIRONMENTAL KUZNETS
CURVE FOR CO2 EMISSIONS:
A ROBUSTNESS EXERCISE

Marzio Galeotti
(Università di Milano, IEFE-Bocconi)
Alessandro Lanza
(Eni Corporate University S.p.A.)
Francesco Pauli
(Università di Padova)

Ecological Economics (2006) 57 152-163
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In this paper we do two things:
1) We reexamine the empirical relationship between a country GDP and
emissions of CO2 using an alternative, possibly better, dataset
2) We propose and implement an alternative functional form, which is
quite flexible and is characterized by parameters with a very intuitive
interpretation.
As for the rest, we follow the literature and maintain the typical
assumption that are standard to the EKC literature.

| 31

1) Data
Our analysis exploits a dataset developed by IEA (International Energy
Agency, 2000). It covers the period between 1960 to 1998 for the Annex
II countries and between 1971 to 1998 for all the other countries. In 1997
all countries accounted for nearly 90% of the CO2 emissions generated
by fuel combustion.
There are several differences between the CDIAC dataset and the one used
in this paper.
The IEA dataset is based on energy balances and does not include either
cement production or gas flaring. The impact of these emissions is
however rather small and they collectively contributed less than 5% to
total emissions in 1997.
The IEA dataset appears to be more precise mainly because it has been
able to use specific emission coefficients for different energy products,
while in the CDIAC case a single coefficient is used for gas, oil, and solid
fossil fuels without any distinction among individual energy products.
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In order to exploit all available information and, at the same time, account for
the different stage of economic development, position relative to the
technological frontier, and other structural differences, we carry out our
empirical investigation separately for the samples of high income (OECD)
and low income (non-OECD) countries. The former includes 29 nations for
1131 observations, while the latter includes 101 countries for a total of 2727
observations.
Comparison of the two cases by estimating a standard cubic log-linear EKC
relationship for a comparable number of countries and period. The evidence
is presented in Table 1. The results are generally similar across the two
datasets. A first conclusion that we then can draw is that the published
evidence on the EKC, as far as carbon dioxide is concerned, does not
appear to depend upon the generalized use of the same and single source
of CO2 data.
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T a b le 1 : C a r b o n D io x id e E m is s io n s - G D P R e la tio n s h ip
C o m p a r is o n b e tw e e n I E A a n d C D I A C D a ta s e ts

O E C D

N o n -O E C D

C D IA C

IE A

C D IA C

IE A

G D P

8 .9 6 E -0 4
( 5 .5 8 )

6 .6 7 E -0 4
( 3 .1 9 )

5 .9 9 E -0 4
( 3 .0 7 )

5 .8 2 E -0 4
(2 .8 4 )

G D P square

-2 .8 8 E -0 9
( -0 .2 2 )

1 .6 6 E -0 8
( 1 .0 4 )

-3 .6 5 E -0 8
( -2 .2 1 )

-3 .6 3 E -0 8
( -2 .0 8 )

G D P cube

-1 .0 1 E -1 2
( -2 .8 9 )

-1 .6 3 E -1 2
( -3 .8 7 )

3 .3 5 E -1 3
( 1 .0 5 )

5 .9 1 E -1 3
(1 .5 8 )

N um ber of
O b s e rv a tio n s

1070

1064

2256

2317

SSR

3 5 5 0 .2 6

3 2 0 4 .0 2

9 7 1 6 .0 1

9 5 4 2 .8 5

L og
L ik e lih o o d

-2 1 5 9 .9 2

-2 0 9 6 .2 1

-4 8 4 8 .2 1

-4 9 2 7 .5 6

A d ju s te d
R sq u are

0 .9 0

0 .9 3

0 .8 7

0 .9 2

T u rn in g
P o in t

1 6 3 0 6 .8 0
[ 4 5 6 .2 8 ]

1 5 5 6 5 .4 8
[ 3 5 6 .1 5 ]

9 4 2 1 .1 3
[ 9 0 2 .1 7 ]

1 0 9 5 6 .3 8
[ 1 9 8 2 .2 2 ]

F o o tn o te s :
(1 )

D e p e n d e n t v a ria b le : lo g o f c a rb o n d io x id e e m is s io n s p e r c a p ita ; in d e p e n d e n t v a ria b le : lo g o f G D P p e r
c a p ita . E s tim a te d c o e ffic ie n ts o f c o u n try a n d tim e e ffe c ts n o t re p o rte d .
(2 )
T -s ta tis tic s c o m p u te d fro m ro b u s t s ta n d a rd e rro rs in ro u n d b ra c k e ts . S S R s ta n d s fo r s u m o f s q u a re
re sid u a ls.
(3 )
T h e tu r n in g p o in t is e x p r e s s e d in P P P 1 9 9 0 U .S . d o lla r s . S ta n d a r d E r r o r s in s q u a r e b r a c k e ts .
S a m p le p e rio d : 1 9 6 0 -1 9 9 7 fo r O E C D c o u n trie s a n d 1 9 7 1 -1 9 9 7 fo r n o n -O E C D c o u n trie s .

| 34

2) New Functional Form
Basically all papers in the literature assume that the empirical relationship
between per capita CO2 emissions and GDP can be adequately described
by a parametric model, and specifically by a polynomial function of income.
The estimated regression models have often differed in two respects: (i) the
equation is either linear or log-linear in the variables; (ii) the equation is
either quadratic or cubic.
An alternative approach may consist of a non-parametric approach which in
principle imposes no parametric restrictions on the form of the empirical
EKC relationship.
Look for alternative parametric functional form with: (i) easily interpretable
parameters; (ii) range of possible shapes which can characterize the
relationship under study not restrained a priori.
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“World Carbon Dioxide Emissions: 1950-2050”
Richard Schmalensee, Thomas M. Stoker, Ruth A. Judson
The Review of Economics and Statistics, 80, 15-27
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Simple extension of the Weibull function:

α
y =
β

 x −γ 


 β 

α −1


exp  −


 x −γ 


 β 

α

 x −γ 

+ δ 
 β 

−α





It easy to see that when we go back to the Weibull family (1), whereas
when for suitable values of we obtain an “N”-shaped function. In this
respect, in Figures 1 we have plotted a few theoretical curves for
arbitrary different values of the corresponding parameters.
These patterns depending on the values of the two critical parameters, δ
and α. A “reverse N” shape can be in principle obtained, and that the
“standard” Weibull distribution (δ=0) becomes an exponential distribution
when α=1, reverse “J” shaped when α<1, and bell shaped when α>1.
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Interpretability of the parameters: α, β, and γ associated with “shape”,
“scale”, and “shift” of the function. Parameters a and β related with the
height of the function, and therefore with the amount of emissions at which
the turning point, if it exists, occurs. The shift or location parameter γ
controls position of the function along the horizontal axis, and can thus be
traced to the value of the income turning point. Finally, shape parameter α,
which governs the shape of the function.
Turning to the empirical investigation, for our samples we have estimated
the equation after introducing multiplicative fixed effects and taking logs, so
that the regression model becomes:
α
−α

 GDPit − γ   GDPit − γ 
 GDPit − γ  
 − 
 + δ 
  + ωit
log CO2 it = ψ i + ψ t + (α − 1) log
β
β
β
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Theoretical Extended Weibull Functions
logCO2 = θ + (α − 1) log[(GDP − γ ) / β ] − [(GDP − γ ) / β ]α + δ [(GDP − γ ) / β ]α

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.5

1.0

1.5
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Theoretical Extended Weibull Functions
logCO2 = θ + (α − 1) log[(GDP − γ ) / β ] − [(GDP − γ ) / β ]α + δ [(GDP − γ ) / β ]α
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0.4
0.3
0.2
0.1
0.0
0.5

1.0

1.5

2.0

Theoretical Extended Weibull Functions
logCO2 = θ + (α − 1) log[(GDP − γ ) / β ] − [(GDP − γ ) / β ]α + δ [(GDP − γ ) / β ]α

Possible Shapes:
(A) N-shaped: 0<δ<1/4; α ∉]α1,α2 [ ; α<0 or δ>1/4; α ∈]α1,α2 [ ; α<0

(B) exponentially decreasing δ>1/4; α ∈]α1,α2 [ ; α>0 or δ>1/4; α>α2>0 or 0<δ<1/4;

α ∈]α1,α2 [

(C) bell-shaped: δ<0 or δ=0 (Weibull)
(D) increasing: δ>1/4; α<α1<0
(E) reverse “N” 0<δ<1/4; α ∉]α1,α2 [ ; α>0
where:

1+ 2 δ
1− 2 δ
; α2 =
α1 =
1− 4δ
1− 4δ

T a b le 2 : C a r b o n D io x id e E m is s io n s - G D P R e la tio n s h ip
E s tim a te d A lte r n a tiv e F u n c tio n a l F o r m s – I E A D a ta

O E C D

N o n -O E C D

E x te n d e d
W e ib u ll

W e ib u ll

E x te n d e d
W e ib u ll

W e ib u ll

α

1 .9 8
( 3 2 .6 0 )

2 .0 5
( 3 0 .5 8 )

1 .4 7
( 3 4 .5 9 )

1 .4 7
( 3 2 .0 2 )

β

2 .1 5 E + 0 4
( 3 5 .8 7 )

2 .1 8 E + 0 4
( 3 9 .1 2 )

5 .6 3 E + 0 4
( 3 .7 4 )

5 .6 9 E + 0 4
( 3 .5 9 )

γ

1 .5 2 E + 0 3
( 6 .4 1 )

8 .7 7 E + 0 2
( 3 .2 3 )

2 .1 8 E + 0 2
( 3 1 .4 9 )

1 .0 3 E + 0 2
( 6 .9 7 )

δ

9 .0 7 E -0 4
( 5 .1 9 )

-

2 .8 6 E -0 6
( 1 .1 1 )

-

N u m b e r o f
O b s e rv a tio n s

1 0 9 3

2 3 1 7

S S R

2 3 .4 6

2 3 .5 8

1 9 2 .2 9

1 9 2 .7 9

L o g
L ik e lih o o d

5 4 8 .4 1

5 4 5 .5 7

-4 0 4 .1 5

-4 0 7 .1 6

A d ju s te d
R sq u a re d

0 .9 5

0 .9 5

0 .9 7

0 .9 7

T u r n in g
P o in t

1 6 5 8 6 .8 3
[ 4 6 0 .9 3 ]

1 6 5 9 4 .6 5
[ 4 5 2 .5 9 ]

2 6 2 6 6 .8 3
[ 6 0 8 2 .1 6 ]

2 6 4 9 0 .8 3
[ 6 3 1 6 .8 0 ]

F o o tn o te s : s e e ta b le 1 .
(1 )
T h e s a m p le p e rio d h e re in c lu d e s th e y e a r 1 9 9 8 in b o th s u b -s a m p le s .
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Estimated Weibull Functional Forms

OECD Countries
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Estimated Weibull Functional Forms
Non-OECD Countries
1,4

1,2

1

0,8

0,6

0,4
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0
0

5000

10000
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ON THE ROBUSTNESS OF THE ROBUSTNESS
CHECKS ON THE ENVIRONMENTAL KUZNETS CURVE

Marzio Galeotti
(Università di Milano, IEFE-Bocconi)
Alessandro Lanza
(Eni Corporate University S.p.A.)
Matteo Manera
(Università di Milano Bicocca)

Environment and Resource Economics (2009) 42, 551-574
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For a well-defined EKC to exist it is necessary that the linear
combination between the time series involved (percapita pollutant
and income) be stationary. This is a requirement that must be met
even before checking for the inverted-U shape.
Is that the case? A few very recent contributions carry out tests and
show that is generally not the case. Death of the EKC.
Question of this paper: are these tests robust? Are those conclusions
robust? Can the EKC be resurrected?
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A Primer on Time Series Analysis (1)

Classical statistical inference is based on the concept of (weak)
stationarity.
A time series yt, t=1,…,T, is said to be (weakly) stationary if E(yt)
and Var(yt) are constant for any t and finite, and Cov(yt, yt-k)=Cov(ys,
ys-k), for t different from s (what matters is only k, not the time
location).
Stylized fact: most economic time series are non-stationary, since
they contain trends (deterministic and/or stochastic).

A Primer on Time Series Analysis (2)

The simplest example of a non-stationary time series with a
stochastic trend is the random walk: yt=yt-1+ εt, t=1,…,T, and εt is a
stationary classical error term.
If yt is a random walk, then yt is said to be integrated of order 1, or
I(1), since we have to apply the difference operator ∆ once to yt
(∆yt=yt-yt-1) in order to obtain a transformed series which is integrated
of order 0, or I(0), i.e. a stationary time series.
In general, a time series yt is I(d) if we have to apply d times the
difference operator to make it stationary, i.e. ∆dyt is I(0).

A Primer on Time Series Analysis (3)

The order of integration d of economic time series is taken to
be an integer equal to either 0, 1 or 2.
The classical distributions which are at the basis of many
econometric tests (i.e. t, F, chi-square, etc.) are no longer valid if
the series are I(d), d = 1, 2.
Two questions arise:
1) is it possible to test for the order of integration d of a time
series?
2) is it possible to perform statistical inference with integrated
series?

A Primer on Time Series Analysis (4)

Answer to question 1:
The most popular test of the order of integration of a time series is the
Augmented Dickey-Fuller (ADF) test: ∆yt = ρyt-1 + Σi πi ∆yt-i+vt, t =
1,…,T and i = 1,…,p.
The t-test on the null hypothesis ρ = 0 (i.e. d is at least equal to 1)
against the alternative hypothesis ρ < 0 (i.e. d = 0) follows the socalled Dickey-Fuller distribution.
The ADF test can be iterated to test any order of integration (on ∆dyt),
provided d is an integer.

A Primer on Time Series Analysis (5)
Answer to question 2:
Inference with integrated variables is valid if the variables are
cointegrated.
If yt is I(1) and xt is I(1), yt and xt are said to be cointegrated if a linear
combination ayt + bxt is stationary, i.e. I(0) for given values of a and b.
Thus there is an equilibrium relationship.
A simple test for cointegration applies ADF to the residuals εt of the
regression of yt on xt, that is yt = bxt + εt.
Since the residuals are defined as the linear combination between yt
and xt with weights a=1 and b given by the OLS coefficient of xt, if the
residuals are I(0) then yt and xt are cointegrated.

ADF Tests of Integration

ADF Tests of Cointegration

Empirical Results (1)
Standard integration tests (i.e. d integer, no panel) suggest that p.c.
CO2 is stationary for 6 countries of 24 (i.e. Denmark, Finland, Greece,
Italy, Japan and the Netherlands) whereas p.c. GDP is nonstationary.
Hence no EKC
Standard cointegration tests (i.e. d integer, no panel) suggest that
there is cointegration among the variables involved in EKC-1 (quadratic)
and EKC-2 (cubic) for 3 countries of 18 (i.e. Portugal, Switzerland and
Turkey)
Conclusion #1: EKC is a robust concept only for 3 countries out of 24.

In general, a time series yt is I(d) if we have to apply d times the
difference operator to make it stationary, i.e. ∆dyt is I(0).
The order of integration d of economic time series is taken to be
an integer equal to either 0, 1 or 2.
The classical distributions which are at the basis of many
econometric tests (i.e. t, F, chi-square, etc.) are no longer valid if
the series are I(d), d = 1, 2.

Panel integration and cointegration tests
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Panel Integration/Cointegration Tests

Integration and cointegration tests have been extended to a panel
context, where variables yit and xit are observed through time (t =
1,…,T) and across individuals (i = 1,…,N). Essentially, they are DF-type
tests
DF-type test: ∆wit = αi + ρiwit-1 + vit, where wit indicates either yit, or xit
(integration test) or any linear combination between yit and xit
(cointegration test)
The null hypothesis that all series are integrated of order 1 becomes ρi
= 0 for all i. The alternative hypothesis is that all series are stationary
with the same parameter, i.e. ρi = ρ < 0 for all i

Panel Integration Tests: Levin-Lin (LL)

Model: wit = riwit-1 + Sjfij ∆wit-j + z’itg + uit
where zit is a vector of deterministic components; ∆wit-j are the
augmentation terms aimed at modelling serial correlation (j=1,…,pi); uit
is a classical error.
Null hypothesis: there is the same unit root in each series wit, i.e.
r1=r2=…=rN=r=1 (homogeneous null).
Alternative hypothesis: all series are stationary,
ie. r1=r2=…=rN=r<1 (homogeneous alternative).
Under the null, LL is a transformed t-stat on r^, and has a standard
Normal distribution.
Drawbacks of LL: ri are forced to be identical across individuals; size
distortion.

Panel Integration Tests: Im-Pesaran-Shin (IPS)

Model: wit = riwit-1 + Sjfij ∆wit-j + z’itg + uit
where zit is a vector of deterministic components; ∆wit-j are the
augmentation terms aimed at modelling serial correlation (j=1,…,pi); uit
is a classical error
Null hypothesis: ri=1, i.e. heterogeneity of the ri coefficients is allowed
for
Under the null, IPS is the average of individual t-stat on ri^ and has a
standard Normal distribution
Drawbacks of IPS: size distortion

LL and IPS Panel Integration Tests for ln(CO2/POP) and ln (GDP/POP)
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LL and IPS Panel Integration Tests for ln(GDP/POP)2 and ln (GDP/POP)3
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Empirical Results (2)
Panel integration tests use 4 different specifications of the test
equations, depending on the presence/absence of linear time trend
and/or time dummies.
Each test does not reject the null of a unit root in ln(CO2/POP) for 3 of 4
different specifications of the deterministic components.
The series ln(GDP/POP), ln[(GDP/POP)]2 and ln[(GDP/POP)]3 are I(1)
for most of the test equations.
Conclusion #1: panel integration tests generally find unit roots in the
data.
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Panel Cointegration Tests: Pedroni

Model: uit^ = riuit-1^ + eit
where uit^ are the residuals from N separate regressions of the form
EKC-1 or EKC-2
Panel tests: based on a pooled estimate of ri
Group-mean tests: based on the average of the different ri estimated
separately for each individual
Null hypothesis: ri=1, i=1,…,N (heterogeneous null)
Alternative hypothesis for Panel tests: ri=r<1 (homogeneous
alternative).
Alternative hypothesis for Group-mean tests: ri<1 (heterogeneous
alternative).
Under the null, Panel and Group-mean tests are normally distributed,
after appropriate transformations.

Pedroni Panel Cointegration Tests for Quadratic and Cubic EKCs
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Empirical Results (3)
Panel cointegration tests suggest that cointegration depends on the
test chosen and on the specification of the deterministic components in
the test equation (a total of 28 different test equations).
Polar cases are the Group-mean ρ-statistic, which always rejects
cointegration, and the Group-mean t-statistic, which always supports
cointegration.
Conclusion #2: EKC-1 is supported by 12 test equations out of 28;
EKC-2 is supported by 13 test equations out of 28.
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Fractional Integration/Cointegration (1)

Question: why should the order of integration d of yt be an integer?
The concept of fractional integration allows d to vary continuously in the
interval (0,1). Important implication: more equilibrium relationships
possible.
A time series yt is said to be fractionally integrated if d is not an integer.
In particular, yt is non-stationary if 0.5 < d < 1, while yt is stationary if 0 <
d < 0.5 (Hosking, 1981).
If d is any real value, then the following expansion applies:
(1-L)d = 1-dL-(1/2)d(1-d)L2-…-(1/j!)d(1-d)(2-d)…((j-1)-d)Lj-…
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Fractional Integration/Cointegration (2)
Different methods are available in the literature to estimate d within the
interval (0,1). For instance:
Geweke and Porter-Hudak (1983) (GPH): semi-parametric procedure to
obtain an estimate of d based on the slope of the spectrum around the
zero frequency.
Andrews and Guggenberger (2003) (AG): bias-reduced logperiodogram regression estimator of d, which eliminates the first- and
higher-order biases of the GPH estimator.
Simple procedure is to estimate d with NLS in the infinite lag regression:
yt = dyt-1 + (1/2!)d(1-d)yt-2 + (1/3!)d(1-d)(2-d)yt-3+……+ut, truncated at
some point.
Two series yt and xt are fractionally cointegrated if they are fractionally
integrated with 0.5<d<1 (i.e. non-stationary) and the residuals of the
regression of yt on xt are fractionally integrated with 0<d<0.5 (i.e.
stationary).
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Fractional Integration (selected countries)
Estimation of d for Each EKC Variable with NLS, GPH and AG
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Fractional Integration (selected countries) Estimation of d for Each EKC
Variable with NLS, GPH and AG
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Panel Fractional Integration
NLSUR Estimation of d for Each EKC Variable
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Panel Fractional Cointegration
NLSUR Estimation of d from System of EKC Residuals
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Panel Estimation of Quadratic EKC
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Panel Estimation of Cubic EKC
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Empirical Results (4)

Panel fractional integration tests suggest that ln(CO2/POP) is
stationary for 6 countries out of 24 (i.e. Austria, Finland, Italy, Japan, the
Netherlands and Switzerland); ln(GDP/POP) always nonstationary.
Hence no EKC.
Panel fractional cointegration tests suggest that there is cointegration
among the variables involved in EKC-Q (quadratic) for 7 countries out of
18, and in EKC-C (cubic) for 8 countries out of 18.
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Quadratic EKC – Australia and New Zealand (in and out of
sample)
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Empirical Results (5)

EKC-Q and EKC-C are estimated as systems of linear equations. In
particular, EKC-1 is estimated as a 7-equations system, while EKC-2 is
estimated as an 8-equations system.
Conclusion #3: EKC-Q is bell-shaped in 6 out of 7 cases; EKC-C is
bell-shaped in all 8 cases.
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Open Questions on Panel Fractional Integration/Cointegration
Standard inference on the parameters di, i=1,…,N, within panel
fractionally integrated and/or cointegrated models is problematic.
Possible solutions are:
Extensions of ML-based tests to multivariate fractionally integrated
and/or cointegrated variables, along the lines suggested by Nielsen
(2002). The idea is to write di=di*+θi, prespecify di* and test for θi=0. LR,
Wald and LM tests should be asymptotically equivalent and χ2distributed.
Parametric bootstrapping of the panel residuals, along the lines
suggested by Davidson (2002). Any suitable statistics to test for
integration and/or cointegration should be computed from the
boostrapped residuals to yield estimated p-values.
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Conclusions
General Conclusion #1: Panel fractional integration and cointegration
testing allows more possibilities for well-defined and well-behaved EKCs
than for standard integration/cointegration tests. EKC is brought back
into life.
General Conclusion #2: nevertheless the EKC remains a fragile
concept because of heterogeneity of different results and still open
econometric issues (e.g. parametric vs. nonparametric estimation;
country heterogeneity; statistical distribution of nonlinear integrated
variables; inference with panel fractionally integrated and/or
cointegrated variables).
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Explanation n.1:
ENVIRONMENTAL KUZNETS CURVE

Explanation n.2:
ENVIRONMENT AND POPULATION
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A SIMPLE STEP AHEAD:
THE ROLE OF POPULATION IN THE EKC LITERATURE

• Although the role of population is accounted for in empirical investigations
of the EKC hypothesis, there is more to it
• Population does not merely play a normalizing role for the income level of
a country. Rather, countries undergo over time a demographic transition as
their economic development progresses, in a manner similar to the
ecological transition described by the EKC.
• Although the discussion of the impact of population growth on the quality
of the environment is not new, Richard Baldwin (1995) highlighted the
possibility to bring together demographic and environmental transitions
within the analysis of the nexus between environment – income population.
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ENVIRONMENT AND POPULATION

•

Highly debated, yet comparatively under-researched empirically

•

Vast number of published articles on the link population - environmental changes
appeared in the last few decades (Lutz, Prskawet, and Sanderson, 2002)

•

Particularly lacking are systematic empirical studies examining comprehensively
the population-environment relationship at the global level

Neo-Malthusians – Pessimists
•

Ever since Malthus, Ricardo and Mill, concern that rising population would
deplete agricultural and other natural resources and significantly contribute to
environmental degradation (Ehrlich, 1968; Meadows, Meadows, Zahn, and
Milling, 1972). Neo-Malthusians like Ehrlich and Holdren (1971), Kahn, Brown,
and Martel (1976) and Ehrlich and Ehrlich (1990) regarded population growth as
a significant, if not the major, factor behind environmental degradation.

ENVIRONMENT AND POPULATION

Cornucopians – Optimists
•

•
•

•

Boserup (1965) and later Simon (1981, 1996) argued instead that a rising
population needs not lead to more depletion as high population densities provide
fertile ground for institutional and technological innovations to overcome any
apparent resource constraint.
Commoner, Corr, Stamler (1971) maintained that environmental degradation is
not largely due to population growth.
The so-called cornucopians regard human ingenuity as the ‘ultimate resource’.
Since more people mean that problems are tackled by more brains, a larger
population renders more likely the scientific, technological and institutional
progress necessary to overcome any apparent environmental problem.
Although the issue can ultimately only be settled at the empirical level, the above
contributions have been largely speculative. It was only in the mid-1990s that
population was accounted for in the empirical work on the relationship between
environmental quality/degradation and income.

ENVIRONMENTAL DEGRADATION, INCOME, POPULATION:
THE POPULATION ELASTICITY
Following Panayotou (2000) let:
(1)
Pessimists/Neo-Malthusians view: population elasticity is at least one if not higher
Optimists/Cornucopians view: population elasticity is certainly below one, unlikely to be
statistically different from zero and possibly even negative
Empirical studies explicitly examining link population - pollution in a systematic
quantitative manner are very few in number (Cramer, 1998, 2002; Cramer and Cheney,
2000; Dietz and Rosa, 1994, 1997; York, Rosa and Dietz, 2003; Shi, 2003; Cole and
Neumayer, 2006).
Assume f to be linear homogenous in its arguments:
(2)

DATA and ECONOMETRIC ANALYSIS
Richard Baldwin (1995)’s insight allows him to conclude that economic
growth is necessary for sustainability, and that demographic policies such as
birth control measures can help toward that end. However, those policy
implications were based on a very valuable speculative considerations. What
is lacking is statistical support. This is what this paper provides.
In our case pollution is related to carbon dioxide. Emissions data are
available from the Oak Ridge National Laboratory’s CDIAC from 1861
through 2006. Historical data on population and GDP were originally
developed by Maddison.
Because of the length of the sample the number of countries considered has
to be restricted to 12 OECD/Europe nations: Austria, Belgium, Denmark,
Finland, France, Germany, Italy, Netherlands, Norway, Sweden, Switzerland,
UK.
The examined variables are expressed in log form and the equations are
estimated using a least squares dummy variables estimator with fixed country
and time effects. Estimation for individual countries were also performed but
non presented.
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ENVIRONMENTAL DEGRADATION, INCOME, POPULATION:
EMPIRICAL ASPECTS
This is the prototypical relationship at the basis of the “Environmental Kuznets Curve”
hypothesis. According to it, GDP and population are the two forces that affect the level
of pollution in the empirical reduced-form relationship describing the EKC
However, population does not play an independent role relative to income; EKC is
invariably stated in per capita terms, to capture the idea that two countries with the same
GDP but with different number of inhabitants will not in general produce the same
amount of pollution
Relative to (1), expression (2) contains a testable assumption, as it imposes linear
homogeneity. One way to assess whether population plays a role in addition to income
is to test for homogeneity of (1) by looking at the statistical significance of the population
regressor in:
(3)

ENVIRONMENTAL KUZNETS CURVE: EMPIRICAL RESULTS – THE
ROLE OF POPULATION - QUADRATIC

ENVIRONMENTAL KUZNETS CURVE: EMPIRICAL RESULTS – THE
ROLE OF POPULATION - CUBIC

THE DEMOGRAPHIC TRANSTION
Adolphe Landry (1934), La Révolution Démographique, Paris: Sirey
Phase I: Life expectancy low and fluctuates widely as land, food and clean water
scarcity leads to famines and epidemics. Mortality fluctuates more than fertility.
Population of pre-modern society rises ti the point where living standards are low
enough to bring to equilibrium high birth and death rates
Phase II: first, death rates drop quickly due to productivity growth (mainly
agriculture) removing economy from brink of starvation and due to technical
advances in public health and medical care. These reduce deaths but not directly
alter reproductive behavior. Subsequently fertility declines faster than mortality,
largely driven by soicio-economic factors as rising levels of education, real income
and liìfe expectancy as well as higher female labor force participation rates.
Phase III: stable population at high living standards

Let us represent the two transitions.
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DEMOGRAPHIC
KUZNETS
CURVE
(DKC)

ENVIRONMENTAL
KUZNETS
CURVE
(EKC)
Pollution/POP

Death & Birth Rates

GDP/POP
Pollution/POP

GDP/POP
POP growth

GDP/POP
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GDP/POP

THE TWO TRANSTIONS TOGETHER (BALDWIN, 1995)
Incipient pollution

Birth rate
Death rate

Abatement

Per capita GDP
Phase I

Phase II

Source: R. Baldwin (1995), “Does sustainability require growth?”

Phase III
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THE TWO TRANSTIONS TOGETHER (BALDWIN, 1995)
Incipient pollution

Birth rate
Death rate

Abatement

Per capita GDP
Phase I

Phase II

Source: R. Baldwin (1995), “Does sustainability require growth?”

Phase III
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ESTIMATION STRATEGY 1
Testing Richard Baldwin’s insight

EKC for carbon dioxide emissions (i.e. Environmental transition)

ln(CO2 / POP) = α0 + α1 ln(GDP/ POP) + α 2 [ln(GDP/ POP)]

2

ln(CO2 / POP) = α 0 + α1 ln(GDP / POP) + α 2 [ln(GDP / POP)] + α 3 [ln(GDP / POP)]
2

3

Demografic Transition:

∆ ln POP = α0 + α1 ln(GDP/ POP) + α 2 [ln(GDP/ POP)]

2

∆ ln POP = α 0 + α1 ln(GDP / POP) + α 2 [ln(GDP / POP)] + α 3 [ln(GDP / POP)]
2

3
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ENVIRONMENTAL KUZNETS CURVE: EMPIRICAL RESULTS - QUADRATIC

ENVIRONMENTAL KUZNETS CURVE: EMPIRICAL RESULTS - CUBIC

DEMOGRAPHIC KUZNETS CURVE: EMPIRICAL RESULTS - QUADRATIC

DEMOGRAPHIC KUZNETS CURVE: EMPIRICAL RESULTS - CUBIC

ESTIMATION STRATEGY 2
How incorporate the Demographic Transition (DKC) into the Ecological
Transition (EKC): the “Enriched” Environmental Kuznets Curve

∆ ln POP = δ 0 + δ1 ln(GDP / POP) + δ 2 [ln(GDP / POP)] + δ 3 [ln(GDP / POP)]
2

3

(1)

ln(CO2 / POP) = α 0 + α1 ln(GDP / POP) + α 2 [ln(GDP / POP)] + α 3 [ln(GDP / POP)]
2

3

(2)

Solve equation (1) for cubic per-capita GDP. Subsitute the result into (2) to get:

ln(CO2 / POP) = θ 0 + θ1 ln(GDP / POP) + θ 2 ln[(GDP / POP)] + ϕ ∆ ln POP
2

∆ ln POP = δ 0 + δ1 ln(GDP / POP) + δ 2 [ln(GDP / POP)]

2

(1) bis

Solve equation (1bis) for quadratic per-capita GDP. Subsitute the result into (2) to get:

ln(CO2 / POP) = θ 0 + θ1 ln(GDP / POP) + θ 2 ln[(GDP / POP)] + ϕ ∆ ln POP
3
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ESTIMATION STRATEGY 2
How incorporate the Demographic Transition (DKC) into the Ecological
Transition (EKC): the “Enriched” Environmental Kuznets Curve

∆ ln POP = δ 0 + δ1 ln(GDP / POP) + δ 2 [ln(GDP / POP)] + δ 3 [ln(GDP / POP)]
2

3

(1)

ln(CO2 / POP) = α 0 + α1 ln(GDP / POP) + α 2 [ln(GDP / POP)] + α 3 [ln(GDP / POP)]
2

3

(2)

Solve equation (1) for cubic per-capita GDP. Subsitute the result into (2) to get:

ln(CO2 / POP) = θ 0 + θ1 ln(GDP / POP) + θ 2 ln[(GDP / POP)] + ϕ ∆ ln POP
2

∆ ln POP = δ 0 + δ1 ln(GDP / POP) + δ 2 [ln(GDP / POP)]

2

(1) bis

Solve equation (1bis) for quadratic per-capita GDP. Subsitute the result into (2) to get:

ln(CO2 / POP) = θ 0 + θ1 ln(GDP / POP) + θ 2 ln[(GDP / POP)] + ϕ ∆ ln POP
3
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ESTIMATION STRATEGY 2
How incorporate the Demographic Transition (DKC) into the Ecological
Transition (EKC): the “Enriched” Environmental Kuznets Curve

∆ ln POP = δ 0 + δ1 ln(GDP / POP) + δ 2 [ln(GDP / POP)] + δ 3 [ln(GDP / POP)]
2

3

(1)

ln(CO2 / POP) = α 0 + α1 ln(GDP / POP) + α 2 [ln(GDP / POP)] + α 3 [ln(GDP / POP)]
2

3

(2)

Solve equation (1) for cubic per-capita GDP. Subsitute the result into (2) to get:

ln(CO2 / POP) = θ 0 + θ1 ln(GDP / POP) + θ 2 ln[(GDP / POP)] + ϕ ∆ ln POP
2

∆ ln POP = δ 0 + δ1 ln(GDP / POP) + δ 2 [ln(GDP / POP)]

2

(1) bis

Solve equation (1bis) for quadratic per-capita GDP. Subsitute the result into (2) to get:

ln(CO2 / POP) = θ 0 + θ1 ln(GDP / POP) + θ 2 ln[(GDP / POP)] + ϕ ∆ ln POP
3
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THE TWO TRANSTIONS TOGETHER (BALDWIN, 1995)
whence:

and:

“ENRICHED” ENVIRONMENTAL KUZNETS CURVE: EMPIRICAL RESULTS

“ENRICHED” ENVIRONMENTAL KUZNETS CURVE: EMPIRICAL RESULTS

“ENRICHED” ENVIRONMENTAL KUZNETS CURVE: EMPIRICAL RESULTS

ln(CO2 / POP) = θ 0 + θ1 ln(GDP / POP) + θ 2 ln[(GDP / POP)] + ϕ ∆ ln POP
3
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SUMMARY OF THE TRANSTIONS AND POLICY IMPLICATIONS

• We have provided an econometric analysis of Demographic and Ecological Transitions.
Although they could be investigated separately, we have incorporated the insights from the
former into the latter to obtain an “enriched” Environmental Kuznets Curve hypothesis.
• This specification interestingly shows that the rate of population growth enters as an extra
term the standard EKC formulation.
• It remains, however, as a preliminary step to understand which and how important the
interrelations between the two transitions are, the implications one has for the other, possibly
adopting a regional perspective, typically between rich and poor countries.
• A second important aspect to recall is that inverted-U EKCs may not hold for all pollutants
and that the evidence in this respect is mixed. This holds in principle also for the demographic
transition.
• A third caveat refers to the fact the EKCs are in general effective ways to summarize ex-post
correlations, but they cannot be used to draw policy implications such as, say, unconditional
and accelerated economic growth. Analogous considerations could be made for unconditional
population growth!
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Conclusions
EKCs are the most investigated topic in applied environmental economics.
Alternative data sets, individual pollutants and aggregate environmental
quality indicators, alternative estimation techniques, multiple functional
forms, non-parametric analyses, dynamic considerations, transition,
regime-shifts and other sorts of non-linearities are aspects that can be
and have been entertained, all with the ultimate goal of assessing if a
fundamental hump-shaped relationship between a pollutant and
economic growth survives.
It is however important not to forget that EKC relationships can only serve
as an ex-post check of the tendency for a pollutant to behave with
economic growth. Whatever its pattern, it can neither serve as the
conceptual basis for policies favoring economic growth unconditionally
nor can it represent a model that can be exported to other countries and
pollutants.
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Conclusions
Busy with pursuing the goal of eventually uncovering the inverted-U
relationship, if existing, the EKC literature for the most part has lost sight
of other important questions that come with the environmental-income
relationship.
(i) how much damage would have taken place by the time a turning
point is reached and can it be reduced?
(ii) would any ecological thresholds be violated and irreversible
damages take place before environmental degradation turns down, and
how can they be avoided?
(iii) is environmental improvement at higher income levels automatic, or
does it require conscious institutional and policy reforms?
(iv) how to accelerate the development process so that poor countries
can experience the same improved economic and environmental
conditions enjoyed by developed countries?
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