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Abstract: More countries have made carbon neutral or net zero emission commitments since 2019.
Within this context, re-examining the environmental Kuznets curve (EKC) hypothesis plays an
essential role in sizing up the global economic development situation and realizing the global
carbon emission reduction target. A methodological challenge in testing the EKC hypothesis, which
states that increasing income makes CO2 emissions begin to decline beyond a turning point, lies in
determining if this benchmark point exists. The EKC hypothesis between income and CO2 emissions
is reassessed by applying a new kink regression model for the G7 countries from 1890 to 2015. Results
reveal the inverted U-shaped nexus does not exist for US, Germany, Italy, Canada and Japan. For
these five countries, the EKC curve has a turning point, but the positive impact of incomes on CO2

emissions becomes significantly smaller after the turning point. We describe this relationship as
a pseudo-EKC. K.U.K. and France are the only exceptions, fitting the EKC hypothesis. Further
analysis indicates that the relationship between income and SO2 emissions presents an inverted
U-shaped curve. Moreover, we observe that the turning point occurs at different points in time for
the different G7 countries. Therefore, environmental policies targeting pollutant emission reduction
should consider the different characteristics of different pollutants and regions.

Keywords: environmental kuznets curve; kink regression model; G7 countries; CO2 emissions

1. Introduction

With the global economy set for a growth relapse in recent years, a new round of
carbon emission reduction planning has been on the agenda. The environmental Kuznets
curve (EKC) debate was engendered by Grossman and Krueger (1991) [1]. It could date
back to Kuznets (1955) [2], who put forward an inverted U-shaped relationship between
income inequality and economic growth. Grossman and Krueger (1991) [1] proposed an
inverted U-shaped path for pollution as a function of income, a frequently employed means
for assessing the relationship between economic growth and environmental pollution.
Subsequently, a large amount of literature on EKC has emerged [3]. Empirical results are
generally mixed. Many studies show the existence of EKC [4]. However, some conclude
there is no inverted U-shaped relationship between economic growth and environmental
pollution [5].

The EKC hypothesis is important in understanding how to achieve a win–win sit-
uation in terms of economic development and enhancing environmental quality [6]. In
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the past, fossil fuels have contributed to economic growth and national prosperity, but
these developments have come at the cost of environmental degradation. The EKC results
suggest that economic growth can be compatible with environmental improvements if
appropriate policies are adopted and a certain level of technology is achieved [7]. Before
adopting policies, it is important to understand the relationship between economic growth
and environmental quality [8]. In the current trend of low carbon economic development
and environmental governance, the relevant question is: can economic growth play a
positive role in achieving carbon emission reductions and improvements in air pollution
problems, rather than at the expense of environmental quality? This has been the main mo-
tivation for empirical research into EKC [9]. Promoting a low carbon economy, improving
the energy mix, and balancing economic growth with carbon reduction goals for sustain-
able development have received increasing attention from governments and scholars [10].
The results of this study are expected to add to the EKC literature and the literature on
carbon mitigation and provide policymakers and practitioners with recommendations on
sustainable development to mitigate climate risks and environmental pressures.

Despite a brief decline in carbon emissions within the context of the COVID-19 disease,
the United Nations Environment Programme (UNEP)’s Annual Emissions Gap Report 2020
reveals that the world is still on the track, by the end of this century, to warm by more
than 3 ◦C [11]. A growing number of G20 member countries have made carbon neutral or
net zero emission commitments since 2019. In this context, re-examining the relationship
between economic growth and carbon emissions plays an essential role in sizing up the
global economic development situation and realizing the global carbon emission reduction
target. As the earliest countries to initiate the industrial revolution, the G7 countries (U.S.,
UK, France, Germany, Japan, Italy and Canada) have played a great role in promoting
and playing an important role in global carbon emission reduction. The G7 countries
have rich experience in dealing with environmental challenges, are in a leading position
in carbon emission reduction and provide a reference for the design of energy-saving and
pollution reduction policies in developing countries. Therefore, it is quite necessary to
research the EKC hypothesis between the incomes and CO2 emissions of the G7 countries.
The research objectives of this paper are twofold: firstly, have economies such as the G7
countries achieved sustainable development without damaging the environment? In other
words, this paper proposes to re-examine the validity of the environmental EKC hypothesis
using G7 countries as a sample. Secondly, given the EKC heterogeneity across pollutants
and countries [12], this study proposes to examine the manifestation of EKC heterogeneity
in the relationship between two pollutants (CO2 and SO2 emissions) and economic growth
in different regions (G7 countries), respectively. These results will provide theoretical
support and tailor made policy reference for subsequent pollution control and low carbon
economic development.

The EKC literature, including both theoretical and empirical studies, is abundant.
However, the existence of EKC among G7 countries is still a controversial issue. Therefore,
after describing the general concept of the EKC hypothesis, this paper employs a new kink
regression model with an unknown threshold proposed by Hansen (2017), to investigate
the EKC hypothesis between the incomes and CO2 emissions of the G7 countries [13].
The results show no EKC effect for the nexus for the US, Germany, Italy, Canada, and
Japan, with the U.K. and France being exceptions. However, for those that do not fit
the EKC hypothesis, the nexus still has a significant turning point; the contribution of
incomes to CO2 emissions becomes significantly smaller after the turning point. When
income exceeds the threshold, the positive impact of income on CO2 emissions becomes
significantly smaller. We observe that the UK, France, Canada, Italy, the US, Germany, and
Japan reached their turning points of the EKC curve in about 1972, 1969, 1899, 1891, 1912,
1914 and 1972. We describe this relationship as a pseudo-EKC and attempt to explain this
phenomenon using the concept of the free-rider problem.

This study makes important contributions to the bulk of literature based on the scope
of analysis and the econometric methodology employed. First, evidence of EKC is usually
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based on time series data that spans a period during which there is evidence of gains
in environmental quality [14]. Previous literature focusing on relatively small datasets,
spanning only a few decades, does not provide an effective way to directly estimate and test
for the presence of an unknown turning point of income. We examine the EKC hypothesis
of the G7 countries using a larger dataset that spans nearly 150 years. Second, we employ
a new kink regression model with an unknown threshold. Consistent with a large set of
theoretical models, this model can estimate and examine the existence of EKC and the
presence of the unknown threshold value of income. It can test whether there exists an
unknown threshold effect on carbon emissions and directly reveal the turning points of
EKC. Third, we provide evidence that there are pseudo-EKC nexuses between incomes and
CO2 emissions for the five G7 countries.

The rest of our study is structured as follows. The relevant literature on the EKC
hypothesis is discussed in Section 2. The methodology and data used in this study are de-
scribed in the subsequent section. Section 4 presents the empirical findings and robustness
analysis. In Section 5, the discussion and conclusions are provided.

2. Literature Review
2.1. Theoretical Explanations Supporting the EKC Hypothesis

Many scholars have made a detailed theoretical explanation of the formation of the
traditional EKC theory, mainly from five perspectives: economic structure change, income
inequality and demand preference, international trade, technological progress and policy
guidance [9]. Shafic and Bandyopadhyay (1992) [15] point out that economic structure
change, also known as industrial restructuring, is important for environmental quality.
This refers to the adjustment from the development stage based on traditional energy
intensive and heavy industry to the economic stage based on a technology intensive, in-
formation technology, and service industry [15]. In the first stage of development, the
level of the byproducts of output, i.e., pollution, rises gradually with economic expansion,
and economic growth is positively correlated with environmental pollution [16]. With the
upgrading and restructuring of the industry structure, information technology industries
and services would no longer bring more pollution and would, therefore, bring opportuni-
ties for environmental improvement, thus shifting the EKC curve to the second stage of
negative correlation [7].

The second motivation for the EKC curve is income inequality and changes in de-
mand preferences. With the improvement in the national income level, the population’s
income distribution would become more equitable [9]. An increase in residents’ incomes
will raise their preferences for environmental quality and increase people’s awareness of
environmental protection and spending on environmental protection research [17]. In addi-
tion, residents may pressure governments to implement stricter environmental regulations
through activities such as marches and elections [18].

The third explanation comes from international trade. Countries use their comparative
advantages to trade with each other. For this reason, developed countries are engaged in
high technology industries, while developing countries are engaged in industries character-
ized by labor intensive industries and high pollution, for economic growth [19]. Developed
countries tend to be more stringent in terms of environmental regulations, so these countries
choose to move industries with high pollution to developing countries that pay less atten-
tion to environmental regulations. This transfer of polluting industries leads developed
countries to the declining stage of the EKC curve [20].

Besides, the technological progress effect can also play an important role in the EKC
curve. It consists of two aspects: first, technological progress increases productivity, such
as improved energy efficiency. Namely, the same economic growth can be achieved by
investing fewer resources. Second, the investment in clean technologies, such as new
energy sources, leads to the gradual greening of production processes, thus combating the
environmental pollution problem at the source [21,22]. Last but not least, when economic
development reaches a certain high level, the government and people start to pay attention
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to the environmental pollution problem and take measures to protect the environment.
By adopting market mechanisms, such as carbon trading mechanisms, sulfur trading
mechanisms, carbon taxation and other price instruments [23], consumers and producers
are motivated to pay attention to controlling environmental pollution and improving energy
use and production efficiency [24]. Accordingly, some scholars argue that the downward
phase of the EKC curve is not a result of increasing income but the government’s initiative
and policy guidance [25].

In general, the above studies have highlighted the importance of adding various
influencing factors to study of the EKC hypothesis, such as income inequality, technological
progress, and government regulation. These factor studies provide the basis for empirical
research on EKC and thus better avoid omitted variables. However, a large number of
empirical studies also find that the EKC hypothesis does not exist, and the theoretical
explanation for this category of findings is still inadequate, by comparison.

2.2. Development and Debate of EKC Theory in Recent Years

In recent years, empirical research on EKC has remained a hot issue. Although many
scholars have studied the EKC hypothesis, its research results have contradictory conclu-
sions. Firstly, the relationship between economic growth and environmental degradation
is highly sensitive to the choice of functional form and estimation method [26–28]. For
example, in developed versus developing countries, importance should be attached to the
distinction between the choice of a quadratic or cubic model of GDP per capita [17], since
the explanatory power of the economic growth polynomial accounts for a much smaller
proportion of the environmental improvement species in developed countries than in low
and middle income countries [28,29]. Secondly, the variety in conclusions could come from
the problem of omitted variables in the model [30]. Existing literature finds that the envi-
ronmental impact per unit of economic activity is affected by income distribution [17,18],
government regulation [23–25], scientific and technological progress [30,31], energy con-
sumption [32–34] and many other factors. Thirdly, there are differences in selecting country
samples and periods for various studies [17,35,36]. Until the early 2000s, most studies
used cross-sectional data that included only one country [37]. The time dimension lacks
long overlapping observations among panel data studies [38]. Therefore, it is important
to extend the period to increase the overlap between countries [38,39]. This is particularly
vital for analyses of carbon emissions, which originate from changes in energy use and
should, therefore, be analyzed more from a long term perspective [40].

Concerning air pollution, one of the most representative EKC research objects, the aca-
demic debate about whether the relationship between air pollution and economic growth
has a similar evolutionary law did not get a consistent conclusion. Table 1 summarizes some
studies on EKC. Specifically, a classical inverted U-shaped relationship is represented by
Grossman and Krugger (1991) [7], which confirms an inverted U-shaped curve relationship
between per capita income and SO2 pollution levels through the GLS method. In addi-
tion, a large number of empirical experiences support this conclusion from other country
samples [30,31]. In addition to taking a cross country panel data sample, using a single
country with provincial and municipal level panel data samples, Rafindadi (2016) [41]
and Chang et al. (2021) [42] found that different regions in the same country, with dif-
ferences in economic development levels, also have significant environmental Kuznets
curve effects. However, Holtz-Eakin and Selden (1995) [43] found a positive relationship
between economic growth and environmental pollution. Friedl and Getzner (2003) [44] and
Shao et al. (2016) [45] found that economic growth and environmental pollution do not
have an inverted U-shape, but rather an N-shape and U-shape. Besides, Baek (2015) [46]
and Park and Lee (2011) [47] suggest there is no significant EKC relationship between
environmental pollution and economic growth.
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Table 1. Typical literature related to the EKC hypothesis.

Typical Literature Sample Period Method Main Results

Inverted U-shaped relationship

Grossman and
Krugger (1995)

A total of
42 countries 1977–1988 Generalized least

squared (GLS) method

There is an inverted U-shaped curve
relationship between per capita income

and SO2 pollution levels [1].

Farhani et al. (2014)

A total of 10 the
Middle East and

North African
countries

1990–2010
OLS regression,

standard linear EKC
model

There is an inverse U-shaped
relationship between environmental

degradation and income [30].

Balado-Naves et al.
(2018)

A total of
173 countries 1990–2014

OLS regression,
log-linear EKC model;
spatial models, SDEM
(spatial Durbin error

model)

Most regions support the standard EKC
hypothesis; there is an inverted

U-shaped relationship between national
per capita emissions and per capita
income in neighboring countries in

Europe and Asia [32].

Churchill et al.
(2018) OECD countries 1870–2014

OLS regression,
standard linear EKC

model

Evidence of EKC exists in 9 of the
20 countries. Five countries exhibit an
inverted U-shaped relationship, three

countries exhibit an N-shaped
relationship, and one exhibits an

inverted N-shaped relationship [38].

Marbuah and
Amuakwa-Mensah

(2017)
Sweden 2005–2013 Spatial models

EKC is effective for all but one pollutant
(carbon monoxide), and the

distinguishing feature of this
relationship is its spatial

dependence [48].

Rafindadi (2016) Japan 1961–2012 Standard linear EKC
model

The EKC phenomenon remained in
place during the energy disaster and the

deterioration of revenues [41].

Chang et al. (2021) China 2004–2015
First-order spatial

dynamic panel model
with fixed effects

An inverted U-shaped EKC is the nexus
between air pollution and economic

growth [42].
Churchill et al.

(2020) Australia 1990–2017 Nonparametric
methods

An inverted U-shaped EKC, which
peaks in 2010 [49].

A positive contribution relationship

Holtz-Eakin and
Selden (1995)

A total of
130 countries 1951–1986 Log quadratic models

There is a monotonic increasing
relationship between economic growth
and CO2. As GDP per capita increases,

the marginal tendency to emit CO2
decreases [43].

Jaunky (2011)
A total of

36 countries with
high income

1980–2005
OLS regression,

standard linear EKC
model

There is a positive linear correlation
between GDP per capita and

environmental degradation [50].

Fodha and
Zaghdoud (2010) Tunisia 1961–2004 OLS regression, cubic

models

There is an inverted U-curve
relationship between economic growth
and SO2 but a monotonically increasing

relationship with CO2 [51].
N-shape, U-shape relationship

Friedl and Getzner
(2003) Austria 1960–1999 Linear, quadratic or

cubic models

An N-shaped relationship exists
between economic growth and CO2

emission [44].

Shao et al. (2016) China 1998–2012
Spatial models,

generalized method of
moments (GMM)

There is a significant U-shaped curve
relationship between economic growth

and haze [45].
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Table 1. Cont.

Typical Literature Sample Period Method Main Results

No significant evidence for the EKC hypothesis

Baek (2015) Arctic countries 1960–2010

Log quadratic and
cubic models;

Autoregressive
distributed lag (ARDL)

modelling approach

There is scant evidence of the existence
of the EKC for the Arctic [46].

Nasr et al. (2015) South Africa 1911–2010
OLS regression,

standard linear EKC
model

There is no support of the EKC for
South Africa [52].

Park and Lee (2011) Korea 1990–2005

A fixed-effects model, a
random-effects model,

and a random
coefficient model

There is no single dominant shape of the
EKC curves for SO2 and NO2.

Environmental policies should consider
different pollutants and regions [47].

In addition, there are also widespread disputes on the choice of models. Most current
research regarding the EKC hypothesis uses a classical reduced form approach and linear
econometric models, including primary, quadratic, and cubic linear models, resulting in
multicollinearity problems [53]. With the development of methods and the improvement
in data in recent years, more and more new methods are used to evaluate EKC theory, such
as the fixed effect regression model with Driscoll–Kraay standard errors and the common
correlated effects mean group (CCEMG) estimator [54]; the error correction based panel
autoregressive distributed lag (ARDL) model augmented with cross-sectional averages [55];
and the moments quantile regression approach [56]. Particularly, a minority of the literature,
such as Churchill et al. (2020) [49], avoids the issue of model form and uses nonparametric
methods to test the EKC hypothesis. The use of panel data in EKC empirical studies
assumes that the overall sample fits the EKC pattern, but not every country follows this
pattern individually [22]. An individual country’s turning points may differ significantly
from those estimated for the overall sample. Therefore, empirical EKC studies should focus
on each country separately [57–59] or use longer time series data [38,39].

Overall, there are many explanations for the reasons for EKC. From the above analysis
of the causes of the EKC hypothesis, it is clear that, when there are large differences in
income levels, economic development structures, national policies, international trade
and scientific and technological progress, the EKC curves of different countries present
different shapes. The relationship between environmental pollution and economic growth
may exhibit forms other than the inverted U-shape, such as the U-shape and N-shape. The
timing of the turning points will also be different with country and regional characteristics.
Current studies have reached inconsistent conclusions about the EKC hypothesis. Therefore,
it cannot be generalized to all pollutants and countries. In other words, it is not universally
applicable. Collectively, the understanding of the EKC hypothesis is largely based on
a number of empirical studies based on samples from countries around the world and
over various periods. However, in those studies that do not conform to the inverted
U-shaped performance of the EKC, there are relatively few theoretical explanations for the
income–pollution relationship and why the EKC concept is no longer valid.

Considering that the inconsistency between all this evidence comes from different
samples, Churchill et al. (2018) [38] and Shahbaz and Sinha (2019) [39] point to the impor-
tance of extending the period to increase the overlap between countries. This paper uses a
long-time sample, from 1870–2015, to avoid misleading results. In addition, most previous
studies have utilized classical linear econometric models to assess the EKC hypothesis. This
paper used a threshold effects regression model proposed by Hansen (2017) [13] to analyze
the EKC problem, which allows for a more precise grasp of the timing of the emergence of
the turning point. Meanwhile, based on the finding that some countries do not conform to
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the EKC hypothesis, this paper attempts to further explain this phenomenon through the
free-rider theory [60].

3. Methodology and Data
3.1. Methodology

EKC hypothesis argued that pollution tends to slow when income level exceeds a
threshold. We employ a kink regression model with an unknown threshold to examine
whether the G7 countries fit the EKC hypothesis. The regression kink model is a mod-
ification of the regression discontinuity model. The traditional regression discontinuity
model assumes that the threshold is known, but it is unknown and must be estimated in
some cases. This kink regression model with an unknown threshold was first proposed by
Hansen (2017) [13], and can explain a nonlinear relationship between each independent
variable and the dependent variable by threshold estimation. This model’s function is
continuous, but its slope discontinues at the kink or turning point. This model can be
applied in a single time series that has the advantage of not imposing homogeneity. Mean-
while, this model extends the regression discontinuity model [61]. It is continuous but with
a slope that produces a “kink” at the threshold. Hansen (2017) [13] used this model to
study the nonlinear relationship between debt and economic growth based on long span
time-series data from the United States of America. Since it is not known where the turning
point of the relationship between economic growth and environmental quality will occur,
this model allows us to estimate the model without knowing the specific threshold by
the discontinuity, which provides a “kink” in its continuous regression function. Besides,
this model can directly capture the nonlinear relationship between economic growth and
environmental quality without converting the data into quadratic form, as is commonly
performed in previous works. Maneejuk et al. (2020) [62] argued that estimating quadratic
functions is associated with overly distorted data. In addition, the quadratic term model
is accompanied by the problem of multicollinearity between the primary and secondary
terms of GDP. The estimation results may not be well constructed for the relationship
between economic growth and environmental quality [53]. Moreover, using this model
proposed by Hansen (2017) [13] to examine the presence of EKC in the context of individual
countries and each group of countries, enables us to examine the heterogeneity of the EKC
effect, explore the threshold effect of economic growth on environmental improvement, and
capture the jump characteristics of different developing countries in this relationship [63].
Many existing papers, such as Kaika and Zervas (2013) [59] and Al-Mulali et al. (2016) [53],
have criticized the classical quadratic term models and econometric models used in studies
on empirical EKC from the above literature review. There is no evidence that all countries
follow a common inverted U-shaped environmental–economic relationship in their eco-
nomic growth process, because this relationship can be affected by various factors, such
as national income, technological progress, and severity of environmental regulations in
different countries [9].

Generally, under this framework, the EKC hypothesis test for G7 countries can be
formalized as a regression kink model, where the log per capita emissions is the dependent
variable, and the log per capita GDP is the key regressor and threshold variable. If we
estimate the threshold point of income and prove that when the income for a country
exceeds the threshold then the estimated coefficients of the income–CO2 emissions are
negative, but it is positive before the threshold, it means this satisfies EKC hypothesis.

Based on the kink regression model with an unknown threshold, the EKC regression
test model is [13]:

Et = β0 + β1(yt − γ)− + β2(yt − γ)+ + µt (1)

where Et denotes the log per capita CO2 emissions or SO2 emissions, and yt denotes the
log per capita GDP for every G7 countries, t = 1, . . . , n; µt is the disturbance. Function
(yt − γ)− = min [yt −γ; 0] and (yt − γ)+ = max [yt −γ; 0] denote the “negative part” and
“positive part” of y − γ, respectively; where γ is a cut off level of yt, called the “threshold”,
β0 is the intercept. The slope with respect to the variable yt equals β1 for log per capita
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GDP less than γ; and the slope with respect to the variable yt equals β2 for log per capita
GDP more than γ. In this paper, H0 : β1 = β2 is rejected, and meanwhile if β1 > 0, β2 < 0,
we claim that the EKC hypothesis is confirmed.

3.2. Variable

In this paper, we choose CO2 emissions to measure environmental quality. EKC theory
refers to the relationship between economic development and the degree of environmental
pollution in a country. Antle and Heidebrink (1995) [64] pointed out that the concept of en-
vironmental quality has a broad conceptual and multidimensional nature. Environmental
problems include air and water pollution and the growing issue of global warming, which
is still the greatest global risk in 2022 according to the WEF’s Global Risks Report 2022 [65].
The main contributor to greenhouse gas emissions and the gas that stays in the atmosphere
the longest is CO2 [31], and CO2 emissions are also an indicator of air pollution [66]. As CO2
emissions is a special case of environmental degradation with global effects [59], many stud-
ies have explored the EKC relationship between CO2 emissions and economic growth, using
greenhouse gas emissions as an indicator of environmental pollution [27,28,43,44,67–69].
Environmental stresses, such as extreme disasters caused by climate change, are increasing,
directly linking carbon emissions and environmental degradation. This is why we choose
CO2 emissions as the measurement of environmental quality.

3.3. Data

Industrialization emerged around 1870, and we use 1870 as the starting point for our
analysis. The data consist of annual information on per capita CO2 emissions taken from the
Carbon Dioxide Information Analysis Center, which provides us with a total sample size of
1050 observations consisting of 7 countries over the period 1870–2015 (Japan is 1950–2015
due to incomplete data); real GDP per capita data in constant USD, the base year 1985 were
obtained from the Historical Statistics of the World Economy from 1870 to 2015 [70]. All
the series are transformed into logs (natural logarithm) before empirical analysis.

Summary statistics of the variables are revealed in Table 2. Note that, during 1870–2015,
the United States had the highest average per capita GDP, with a standard deviation of
0.7985. Italy’s average per capita GDP is lowest, with the largest standard deviation, which
is the largest standard deviation among G7, indicating that the Italian economy has great
volatility. Regarding the per capita CO2, the U.S. has the highest emissions among G7.
Besides, note that the per capita CO2 emissions for G7 are skewed to the left, and the real
GDP per capita for G7 skewed to the right, with all the variables having excess kurtosis.
The Jarque–Bera test overwhelmingly rejects the null of normality. This evidence of fat tails
in the variables provides us with the preliminary motivation to use a nonlinear regression
model rather than a standard linear regressions model based on the conditional mean.

We perform standard unit root tests to determine whether the series is stationary, since
the kink regression model with an unknown threshold used in this paper assumed the
variables have no unit root. Test results are reported in Table 3. According to results in
Table 3, the augmented Dickey and Fuller (ADF) test by Dickey and Fuller (1979) [71] and
the Phillips–Perron (P.P.) test by Phillips and Perron (1988) [72] reject the null hypothesis of
nonstationarity for some series, but it cannot work for most. This result may be because
ADF and P.P. tests have a major shortcoming in that they do not allow for the possibility
of structural breaks. Therefore, we use the Zivot-Andrews unit root test proposed by
Zivot-Andrews (1992) [73], which allows a break at an unknown location both on the trend
and intercept for all variables. The results of the Zivot-Andrews unit root test and the
estimated break date are also shown in Table 3. The Zivot-Andrews unit root test confirms
that these series are stationary. There is a break for all countries’ per capita CO2 emissions
and real GDP per capita. This finding of breakpoints in the variables indicates that the
linear model based on mean estimation is not suitable to depict the relationship between
them. Perhaps it is a nonlinear link.
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Table 2. Summary statistics results.

Variables Mean Median Maximum Minimum Std. Dev. Skewness Kurtosis Jarque
-Bera Obs.

lnCanada_ CO2 1.9759 2.3443 2.8688 −1.1272 1.0004 −1.6011 4.8018 82.1295 *** 146
lnCanada_SO2 4.3175 4.6219 5.3798 2.1773 0.8608 −0.9528 2.9059 20.0204 *** 132
lnCanada_GDP 8.8254 8.8606 10.2709 7.4007 0.8711 0.0771 1.7209 10.0976 *** 146
lnFrance_ CO2 1.4584 1.5787 2.2707 0.2744 0.4936 −0.4698 2.2695 8.6160 *** 146
lnFrance_SO2 2.3402 2.3394 3.6446 0.9841 0.6830 0.0074 1.9896 5.6166 *** 132
lnFrance_GDP 8.6844 8.3922 10.0962 7.5367 0.8382 0.3557 1.6014 14.9774 *** 146

lnGermany_ CO2 0.6873 0.8620 1.1540 −0.7276 0.4552 −1.3204 3.8485 46.8030 *** 146
lnGermany_SO2 3.3378 3.4292 4.2191 1.3530 0.5627 −1.3647 5.2396 68.5570 *** 132
lnGermany_GDP 8.6586 8.4079 10.0761 7.5047 0.8189 0.3301 1.5980 14.6092 *** 146

lnItaly_ CO2 0.2511 −0.0353 2.0997 −2.5360 1.4041 −0.0988 1.8003 8.9927 *** 146
lnItaly_SO2 1.3760 1.0515 3.5049 −1.2313 1.1596 0.2691 2.0673 6.3774 *** 132
lnItaly_GDP 8.4493 8.1043 9.9723 7.2912 0.9316 0.3611 1.5991 15.1126 *** 146

lnJapan_ CO2 1.7792 2.0708 2.2906 0.2028 0.6260 −1.2803 3.1125 18.0643 *** 66
lnJapan_SO2 1.3214 1.6210 3.1709 −2.4197 1.1706 −1.2880 4.4436 47.9584 *** 132
lnJapan_GDP 9.3158 9.5604 10.1447 7.5605 0.7676 −0.8849 2.4661 9.3968 *** 66
lnUK_ CO2 2.2588 2.2709 2.4699 1.6959 0.1278 −1.0910 5.1056 55.9347 *** 146
lnUK_SO2 3.7023 3.7794 4.1926 2.2346 0.3570 −1.8152 7.7091 194.4561 *** 132
lnUK_GDP 8.9406 8.8248 10.2035 8.0679 0.6283 0.4826 1.9740 12.0703 *** 146
lnUS_CO2 2.5260 2.7591 3.1140 0.8972 0.5662 −1.4011 3.8816 52.4952 *** 146
LnUS_SO2 3.9452 4.0411 4.6404 2.7865 0.4422 −0.7508 2.8467 12.5293 *** 132
lnUS_GDP 9.0912 9.0955 10.4067 7.8017 0.7985 0.1295 1.7157 10.4416 *** 146

Notes: Std.Dev denotes standard deviation. *** denotes the rejection of the null of normality of the Jarque-Bera
test at 1% significance level.

Table 3. Unit root test results.

ADF PP Zivot-Andrews

C C + T C C + T C + T Break Date

lnCanada_CO2 −4.4384 ***(0) −2.5252(0) −4.6139(3) *** −2.5361(3) −3.1829 * 1899
lnCanada_SO2 −2.8288 ***(0) −0.6682(0) −2.6527 *(6) −0.5153(5) −1.8375 ** 1899
lnCanada_GDP −0.0507(10) −3.3355 *(1) −0.2107(3) −2.8840(1) −5.4529 *** 1917
lnFrance_CO2 −2.4402(0) −1.7711(0) −2.4361(5) −1.8914(5) −3.8106 * 1967
lnFrance_SO2 −1.6726(0) 0.6143(0) −1.7571(6) 0.3842(4) −4.0846 * 1970
lnFrance_GDP 0.2427(6) −1.8052(6) −0.0704(4) −2.2390(4) −4.5760 *** 1954

lnGermany_CO2 −3.9533 ***(6) −1.7885(7) −3.3369(1)** −1.9015(2) −3.0513 * 1992
lnGermany_SO2 −0.1257(1) 1.0226(1) −0.7866(5) 0.4649(1) −4.5269 ** 1981
lnGermany_GDP −0.2236(2) −2.7187(2) −0.2409(5) −2.6823(3) −4.6415 *** 1955

lnItaly_CO2 −1.5248(7) −2.5061(7) −1.4460(20) −2.7335(12) −3.9406 *** 1960
lnItaly_SO2 −2.0121(1) −2.3243(1) −1.5739(5) −2.0901(5) −3.6241 *** 1960
lnItaly_GDP 0.1916(1) −2.2673(1) 0.3387(2) −2.1392(2) −3.4489 *** 1957
lnJapan_CO2 −3.0633 **(1) −0.9758(0) −3.8536 ***(4) −1.0198(3) −4.1607 ** 1899
lnJapan_SO2 −3.6578 **(1) −2.2721(1) −4.1074 ***(6) −2.3226(5) −3.5898 *** 1974
lnJapan_GDP −3.4800 **(1) −1.3310(1) −5.9537 ***(4) −1.5149(4) −4.5932 *** 1886

lnUK_CO2 −0.5902(4) 0.0501(4) −3.7993 ***(2) −3.6314***(3) −2.5917 *** 1950
lnUK_SO2 2.2388(1) 4.5620(4) 1.3912(3) 3.1428(5) −0.3955 * 1974
lnUK_GDP 2.0266(4) −1.1364(4) 2.5055(15) −0.9298(13) −5.0165 *** 1919
lnUS_CO2 −2.7615 *(12) −1.5156(12) −3.8307 **(4) −1.6471(5) −2.8103 *** 1898
LnUS_SO2 −2.1211 *(0) −1.4132(0) −2.1344(4) −1.3613(2) −2.9835 * 1908
lnUS_GDP −0.0070(9) −4.0856 ***(1) −0.2742(10) −3.4111*(5) −5.6089 *** 1941

Notes: C denotes constant, T denotes trend; *, ** and *** indicate significance at the 10%, the 5% and 1% level,
respectively. The numbers in parentheses are the optimal lag order in the ADF and P.P. test based on the Schwarz
Info criterion and Newey–West bandwidth.

4. The Empirical Findings
4.1. Main Findings of CO2 Emission

Table 4 and Figure 1 display the estimated results between log per capita GDP and
log per capita CO2 emissions for the G7 countries. There is no inverted U-shaped nexus
between the income per capita and CO2 emissions for the US, Germany, Italy, Canada, and
Japan, except for the U.K. and France. Nevertheless, we find that income has a threshold
effect for these countries that does not fit the traditional EKC hypothesis. When income
exceeds this threshold, the estimated coefficients of the income–CO2 emissions are positive
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but significantly smaller than before the threshold. Taking the U.S as an example, the
F-test indicates the presence of a threshold at the 1% significance level. We also provide
the R-squared as the goodness of fit for each regression, proving that each model is good.
The estimated threshold value is 8.56. When GDP per capita is less than 8.56 (the low-
income period), the regression coefficient of CO2 emissions β1 is 2.25 and is significant
at the 5% level. When the income exceeds this threshold (the high-income period), the
regression coefficient β2 is 0.18, still greater than zero, but less than β1. This implies that the
positive impact of income on CO2 emissions becomes much smaller with income increase.
Economic growth and CO2 emissions are positively correlated, but the marginal propensity
to emit carbon dioxide decreases as GDP per capita increases. This finding is in line with
Holtz-Eakin and Selden (1995) [43]. We define this relationship as the pseudo-EKC, and
we suggest that a major factor causing this phenomenon is the free-rider problem [60].
Shafik (1994) [27], Galeotti and Lanza (2005) [74] and Aslanidis and Iranzo (2009) [75] also
verified that the main explanation we may find is related to the free-rider problem. Shafik
(1994) [27] and Aslanidis and Iranzo (2009) [75] believe that, because other regions bear
all the costs of climate change, and, in most cases, the local benefits are very small in the
short term, there is no significant cost of CO2 emission locally. The free-rider problem is an
economic phenomenon identified by Olson (2009) [76]. This issue arises in response to the
world’s public goods, which are characterized by their shared nature. Ethical standards
require people to contribute to the use and maintenance of public goods. We propose the
following mechanisms to explain this problem. Based on the perspective of supply and
demand, the publicity of environmental protection related affairs may lead to insufficient
supply of environmental protection commodities, which may further lead to market failure.
This phenomenon is caused by the local government’s “free-rider” problem, when the
governments of neighboring countries strengthen environmental protection [77]. Besides,
the transboundary nature of the air may encourage free-riding. Given the opportunity costs
that could have been used to improve other economic indicators in the region, regional
administrations and individuals lose the motivation to control their air pollution, which
will lead most regions and individuals to take inaction and only wait for neighbors to take
actions, making the “free-rider” problem more serious [78]. Last, in the context of global
warming, the lack of incentives to internalize the negative effects of local economic activities
is particularly strong. The public nature of global warming means that, once emissions
are reduced, every country and everyone can equally enjoy the benefits of greenhouse gas
emission reduction. Therefore, it is reasonable from a personal point of view to hitch a
“free-rider” on the control projects being implemented in other countries [79].

Table 4. Kink regression with the unknown threshold for CO2 emissions.

Country β0 β1 β2 γ F-Test R2

France
2.31 * 0.94 * −0.85 * 9.30 *

432.31 * 0.83(0.03) (0.04) (0.06) (0.03)

UK
2.44 * 0.23 * −0.45 * 9.31 *

173.97 * 0.82(0.01) (0.02) (−0.04) (0.03)

Germany 0.73 * 2.47 * 0.18 * 8.02 *
276.12 * 0.82(0.03) (0.18) (0.02) (0.03)

Japan 2.10 * 1.10 * 0.20 * 9.30 *
317.49 * 0.84(0.03) (0.02) (0.05) (0.03)

Italy −1.10 * 14.20 * 1.30 * 7.40 *
50.18 * 0.79(0.07) (3.15) (0.04) (0.01)

Canada
1.90 * 4.88 * 0.45 * 7.99 *

941.29 * 0.76(0.05) (0.41) (0.03) (0.04)

US
2.67 * 2.25 * 0.18 * 8.56 *

1220.74 * 0.81(0.02) (0.06) (0.02) (0.02)
Notes: Numbers in parentheses denotes Std. Error. * denotes significant at the level of 5%.
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The issue of carbon reduction and combating climate change is a public good that all
countries need to maintain. However, as long as one person contributes to maintaining
the public good, others can enjoy the creation of that public good. At the same time, they
quietly wait for others to contribute, thus achieving free-riding and unearned benefits.
However, due to the goal of economic growth and rational considerations, there may be
a strong tendency for countries to adopt a free-rider strategy, hoping that they can rely on
others to complete the task of reducing carbon emissions. A Kuznets inverted U effect for
U.K. and France is in line with Wagner (2015) [80]. For the other five countries that do
not fit the EKC hypothesis, our US, Canada, and Italy results are similar to Onater-Isberk
(2016) [81]. Our results for Germany and Japan are similar to Jaunky (2011) [50]. However,
our result is different from the idea of some former research, which provided support for
the EKC hypothesis in G7 countries [82,83]. Meanwhile, Chang (2015) [84] found that the
G7 countries did not satisfy the environmental Kuznets curve hypothesis, but our point
disagrees with the previous study results offered by Chang (2015) [84].

In contrast to models that indirectly get the turning points of the EKC curve, the
threshold value directly identifies the historical time of the G7 countries’ turning points on
the EKC curve. Turning points in the U.K. and France approximately go back to 1972 and
1969, respectively, when CO2 emissions declined rapidly with income growth. However,
for Canada and Italy, their turning points are approximately 1899 and 1891, respectively.
The turning point for US, Germany and Japan is later, approximately 1912, 1914 and 1972,
respectively, and the effect of income on CO2 emissions is still positive but smaller. The
time difference of the turning point of the EKC curve in the G7 countries mainly results
from their respective economic scale effect, population size effect, economic structure effect,
technical progress effect, international trade effect and policy effect. Therefore, the specific
situation of their turning point is completely different.

4.2. Robust Analysis about SO2 Emission

To further verify, compare and check the robustness of the analysis, we now turn
to SO2 pollution. Meanwhile, for verifying that the sample periods have no impact on
our study results, we select the SO2 data of G7 countries over time from 1870 to 2001.
We also carry on the unit root tests for the time series of SO2 for G7 countries using the
Zivot-Andrews unit root test. The results indicate that these series are stationary and fill
the modelling conditions (see Table 3). Table 5 and Figure 2 display the estimated results
between log per capita GDP and log per capita SO2 emissions for the G7 countries. The
F-test indicates the presence of a threshold at the 1% significance level. The regression
coefficient of SO2 emissions β1 for all the G7 countries is positive, and the regression



Sustainability 2022, 14, 3955 13 of 18

coefficient of SO2 emissions β2 for all the G7 countries is negative, which means the EKC
hypothesis is confirmed. Our empirical results show that the EKC hypothesis is perfectly
valid in G7 for the nexus between incomes and SO2 emissions, which is in line with the
classical literature [10,51,80,85]. These papers focused on the relationship between income
and SO2 emissions, and all identified an inverted U-shaped relationship in G7. However,
our results are different than the study results offered by Park and Lee (2011) [47], who find
that there is no identical shape of EKC for SO2 emission in different regions.

Table 5. Kink regression with the unknown threshold for SO2 emissions.

Country β0 β1 β2 γ F-Test R2

France
3.80 * 1.30 * −4.50 * 9.50 *

762.74 * 0.84(0.05) (0.05) (0.16) (0.02)

UK
4.24 * 0.64 * −2.57 * 9.27 *

991.32 * 0.83(0.02) (0.02) (0.21) (0.02)

Germany 4.15 * 0.56 * −16.54 * 9.65 *
569.81 * 0.78(0.05) (0.04) (1.17) (0.01)

Japan 2.08 * 5.60 * −0.12 * 7.26 *
533.30 * 0.82(0.06) (0.27) (0.05) (0.02)

Italy 3.40 * 1.60 * −3.50 * 9.40 *
116.36 * 0.8(0.04) (0.04) (0.23) (0.02)

Canada
5.60 * 2.60 * −1.30 * 8.60 *

1673.94 * 0.79(0.03) (0.07) (0.06) (0.02)

US
4.50 * 2.07 * −0.52 * 8.59 *

717.34 * 0.80(0.04) (0.08) (0.05) (0.02)
Notes: Numbers in parentheses denotes Std. Error. * denotes significant at the level of 5%.
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In summary, CO2 emissions and SO2 emissions have different relationships with
income, possibly due to the following two reasons. On the one hand, the source range of
CO2 emissions is wider than SO2 emissions. CO2 emissions are produced in the industrial
production activities and stem from the ordinary lives of residents. By comparison, the
SO2 emission source range is relatively narrow. On the other hand, with the growth in the
economy and the improvement in income, the consumption of energy structure has been
changing. Even in the same country, there is no single dominant shape of the EKC curves
for the various pollutant, namely, SO2 and CO2. Further analysis of SO2 emissions implies
that environmental policies targeting pollutant emissions reduction should consider the
different characteristics of different pollutants and regions.

5. Discussion and Conclusions
5.1. Conclusions

This paper re-examines the EKC hypothesis in the G7 countries based on CO2 and SO2
emissions data by employing a new kink regression model with an unknown threshold.
The results show no inverted U-shaped nexus between the income per capita and CO2
emissions for the US, Germany, Italy, Canada and Japan, except for U.K. and France.
Nevertheless, we find that income has a threshold effect for these countries that not does fit
the EKC hypothesis. We call this relationship a pseudo-EKC. The turning point of the EKC
curve is evident for the UK, France, Canada, Italy, US, Germany and Japan, and occurs
in 1972, 1969, 1899, 1891, 1912, 1914 and 1972, respectively. In addition, this paper finds
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that the relationship between CO2 and economic growth is a “pseudo” EKC, while SO2
exhibits an inverted U-shape, consistent with the EKC curve hypothesis. Therefore, the
EKC hypothesis cannot be generalized to all pollutants and all countries.

5.2. Discussions and Policy Implications

According to the research conclusions, this paper puts forward the following policy
suggestions: First, since the stage of negative correlation between economic growth for
carbon emission reduction has not yet been reached in most countries, the government must
take care to avoid contradictions between policies to control greenhouse gas emissions
and economic development policies in the future [43]. Therefore, policymakers must
strategically design and implement interventions to promote economic growth, improve
environmental quality and promote sustainable development. For example, in the long run,
for economic and environmental benefits, compatible green economic growth policies such
as carbon pricing and increasing subsidies for green energy activities should be encouraged.
Second, environmental policies need to be customized for each pollutant, rather than being
standardized measures. In other words, governments should formulate relevant policies
and take different measures to reduce air pollution according to the EKC characteristics
of different air pollutants. Third, each country should formulate corresponding policy
objectives according to the time of the turning point. As sustainable development is
crucial to every G7 country, environmental pollution is an important obstacle to national
sustainable development. Therefore, to reduce environmental pollution, we must raise
public awareness and carry out necessary structural reform to make per capita GDP reach
a turning point.

There are some limitations of our study in this paper, such as the data collection,
analysis and interpretation that the modelling should further support. Meanwhile, many
areas of the investigation remain for future studies. For example, we should further develop
a framework to further analyze the reasons for the turning point of pollutant emissions in
G7 countries at a certain historical point, which can help policymakers identify the correct
mechanism to drive national carbon emission reduction. Second, we still need to build a
model to further analyze why the evidence from SO2 data indicates the existence of EKC,
but the evidence from CO2 data indicates that it does not exist. Third, the explanation of
the free-rider effect in the main results proves the complexity of carbon emissions reductions
across countries. It suggests that solving the problem of collective global action by a
country and its government alone is inherently unworkable [86–88]. Therefore, effectively
reducing the occurrence of the “free-rider” as much as possible is an important problem to
be discussed in the future. Fourth, our current study does not analyze the heterogeneity of
different G7 countries. Future research needs to increase comparative regional analysis to
find the impact of carbon emissions in different countries and other economic conditions.
In particular, to better understand environmental sustainability, future research can use
other greenhouse gases, such as methane and nitrous oxide.
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