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Abstract 

This research applies a recently-developed nonlinear panel smooth transition regression (PSTR) model and takes 

into account the potential endogeneity biases to examine whether Environmental Kuznets Curve (EKC) exists in 

G7 countries over the period 1991-2008. This research makes three contributions to the CO2 emissions literature. 

First, we apply the panel smooth transition regression (PSTR) model of González et al. (2005) to investigate the 

relationship among CO2 emissions per capita, energy use per capita, real gross fixed capital formation, real GDP 

per capita, and labor participation rate for G7 countries. Second, we complement the existing literature by 

simultaneously examining the impacts of energy use, real gross fixed capital formation, real GDP, and labor 

participation rate on CO2 emissions and take into account endogenous determination of real GDP on the PSTR 

model for CO2 emissions. Third, based on the characteristics of the PSTR model, we can consider the elasticity 

of CO2 emissions changes with country and time to analyze the elasticity of heterogeneous countries and the 

potential impacts of structural breaks on the CO2 emissions elasticity in the panel framework. Based on the 

elasticity of the CO2 emissions with respect to real income per capita, the environmental quality is a necessary 

good in Japan, the UK, and the USA, but a luxury good in the rest of G7 countries. Thus, there exists an inverted 

U-shaped relationship between CO2 emissions and real income per capita with the threshold value of US$20,488, 

which is endogenously determined. This finding supports the existence of EKC in G7 countries. In other words, 

our results confirm there exists the regime-switching effect of real income on CO2 emissions in G7 countries. 

Keywords: environmental Kuznets curve, CO2 emissions, energy use, real gross fixed capital formation, real 

income per capita, Labor participation rate, panel smooth transition regression model, G7 countries 

1. Introduction 

The previous study of Ang (2007) examined the nexus between emissions, energy consumption, and real GDP 

for France over the period of 1960-2000. The empirical results provided evidence for a strongly long-run 

relationship between these variables. In terms of causality, the findings indicated that GDP causes both energy 

use and emissions in the long-run, while a unidirectional causality running from energy use to GDP is detected in 

the short-run. The finding estimates of Apergis and Payne (2009, 2010) showed that real GDP exhibits the 

inverted U-shape pattern associated with the EKC hypothesis, and energy consumption showed a positive and 

statistically significant impact on emissions. Acaravci and Ozturk (2010) explored the causal relationship 

between CO2 emissions, real GDP, and energy consumption for selected European (19) countries over the period 

of 1960-2005. Their empirical findings demonstrated the validity of EKC hypothesis only for Denmark and Italy. 

The findings of Lean and Smyth (2010) concluded a significant positive long-run elasticity estimate of emissions 

with respect to electricity consumption and supported the validity of EKC hypothesis for five ASEAN countries 

over the period of 1980-2006. 

The Environmental Kuznets Curve (hereafter, EKC) hypothesis postulates an inverted U-shaped relationship 

between different pollutants and income per capita, in other words, environmental pollution increases up to a 

certain level as income rises; afterwards, it decreases. A various literature on EKC has grown in recent years. The 

common point of all the studies is the declaration that the environmental quality worsens at the early stages of 

economic growth and subsequently improves at the later stages. In another word, environmental pressure 

increases faster than income at early stages of economic growth and slows down relative to GDP growth at 

higher income levels. 
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Early in the economic development process individuals are unwilling to trade consumption for investment in 

environmental protection; as a result environmental quality declines. Once individuals reach a given level of 

consumption, known in the EKC literature as the income “turning point”, they begin to demand increasing 

investments in an improved environment. Thus after the turning point, environmental quality indicators begin to 

demonstrate decreases in pollution and environmental degradation. In March 2007, the European Council 

committed to reducing greenhouse gas emissions by at least 20% from the level in 1990. Since the greenhouse 

effect and the reduction of pollution emissions are global concerns, one needs to clarify the link among CO2 

emissions per capita, energy use per capita, real gross fixed capital formation, real GDP per capita, and labor 

participation rate in the present study. 

The paper aims to make the following contributions to the CO2 emissions literature. First, we apply the panel 

smooth transition regression (PSTR) model of González et al. (2005) to investigate the relationship among CO2 

emissions per capita, energy use per capita, real gross fixed capital formation, real GDP per capita, and labor 

participation rate for G7 countries over the period 1991-2008. This choice is justified by two main reasons. 

Firstly, the fact that per capita GDP elasticity of CO2 emissions depends on income level, clearly corresponds to 

the definition of a threshold regression model. Secondly, we justify this methodology by showing that the 

quadratic polynomial model widely used to examine the CO2 elasticity can be viewed as an approximation of the 

PSTR model (Fouquau et al., 2009). 

Second, most studies in the literature focus only on analyzing the elasticity of CO2 emissions with respect to real 

GDP, but they seldom consider the impact of energy use, real gross fixed capital formation, real income, and 

labor participation rate on CO2 emissions simultaneously. We complement the existing literature by 

simultaneously examining the impacts of energy use, real gross fixed capital formation, real GDP, and labor 

participation rate on CO2 emissions and take into account endogenous determination of real GDP on the PSTR 

model for CO2 emissions. 

Third, based on the characteristics of the PSTR model, we can consider the elasticity of CO2 emissions changes 

with country and time to analyze the elasticity of heterogeneous countries and the potential impacts of structural 

breaks (parameter instability) on the CO2 emissions elasticity in the panel framework. The structural breaks are a 

common problem in macroeconomic series when they are usually affected by exogenous shocks or regime 

changes in environmental or economic events, i.e., economic development, energy crisis, global warming, the 

Kyoto Protocol, renewable energy technology, and so on (Lee & Chang, 2007; Lee & Lee, 2009). 

The rest of paper is structured as follows. Section 2 demonstrates the data and variables; Section 3 introduces the 

econometric methodology of panel smooth transition regression model while Section 4 reports the empirical 

results. Section 5 offers some conclusions. 

2. Data and Variables 

We use a balanced panel of G7 countries observed for the years 1991–2008 from the World Development 

Indicators (WDI) database of World Bank. G7 countries include Canada, France, Germany, Italy, Japan, the 

United Kingdom, and the United States. The reason why we choose G7 as our empirical sample is that these 

countries have experienced a completed economic development process. Thus, we can observe the tradeoff 

between economic growth and environmental quality across the different stages of economic development 

process.  

We define all the variables in this study as follows: 
itCO2  presents CO2 emissions (metric tons per capita); 

itGDP
 

is real GDP per capita (constant 2000 US$). itEU
 

is energy use per capita (kg of oil equivalent per 

capita); 
itGFCF  

is real gross fixed capital formation (constant 2000 US$M);
 itLP

 
is labor participation rate, 

total (% of total population ages 15+). 

Table 1A and Table 1B show all variables cross-sectional statistics for each country and longitudinal statistics 

for each year. From Table 1A, we find that the United States and France have the highest and lowest means of 

CO2 emissions, with values of 19.24 and 6.37 metric tons per capita, respectively. Japan and Italy have the 

highest and lowest means of GDP per capita at US$39,946 and US$18,724. Interesting is that we find Canada 

and Italy have the highest and lowest means of energy use, with values of 7,976 and 2,902 kg of oil equivalent 

per capita. The United States and Canada have the highest and lowest means of gross fixed capital formation at 

2000 US$ of US$1,717,729M and US$140,136M, respectively. Finally, means of labor participation rates are 

top at 66.02% in the United States and bottom at 48.16% in Italy. From Table 1B, we found that the means of 

CO2 emissions have the highest and the lowest at 11.63 and 10.74 metric tons per capita in 1991 and 2008. The 

means of real GDP per capita ranged from US$22,362 in 1991 to US$29,212 in 2007. The means of energy use 
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peaked at 5,091 in 2004 and plunged to 4,755 in 1992. The means of gross fixed capital formation ranged 

between a maximum of US$696,363M in 2007 and a minimum of US$474,142M in 1991. The highest and the 

lowest means of labor participation are 60.36% in 1991 and 59.27% in 1995. 

 

Table 1A. Cross-sectional descriptive statistics for each country 

 

 
Table 1B. Longitudinal descriptive statistics for each year 

 
 

3. Methodology 

3.1 Specification 

The PSTR model is the most recent extension of smooth transition regression (STR) modeling to panel data with 

heterogeneity across the panel members and over time. In this study, we utilize the simplest PSTR model with 

two extreme regimes and a single transition function defined as follows: 

.),;(10 ititititiit cqgxxy  
                               

(1)
 

where ,,.......,1 Ni  ,,........,1 Tt   and N and T stand for the cross-section and time dimensions of the panel and yit 

is log-transformed CO2 emissions (metric tons per capita); αi
 
is the fixed individual effect; xit is a k-dimensional 

vector of time-varying exogenous variables, including 
itLGDP , log-transformed GDP per capita (constant 2000 

US$); itLEU , log-transformed energy use (kg of oil equivalent per capita); 
itLGFCF , log-transformed gross fixed 

capital formation (constant 2000 US$);
 itLP , labor participation rate, total (% of total population ages 15+); β0 

and β1 are the parameters of exogenous variables; ℇit 
is the residual term. The transition function ),;( cqg it   

is a 

continuous function of the observable variable qit. The transition function is normalized to be bounded between 0 

and 1. We assume that the transition function ),;( cqg it   follows a logistic function: 
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                        (2) 

When γ→∞, the transition function ),;( cqg it   
tends to be an indicator function. When γ→0, the transition 

function ),;( cqg it   
becomes constant and the model collapses into a homogenous or linear panel regression 

model with fixed effects (so-called “within” model). To investigate the real GDP per capita sensitivity of CO2 

emissions per capita, we have to utilize 
itLGDP  

as the transition variable in this study. Consequently, this 

specification allows for an evaluation of the influence of the variable 
itLGDP  on CO2 emissions according to the 

level of 
itLGDP . 

To differentiate both side of the Eq. (1) with respect to
itLGDP , 

itLEU , 
itLGFCF and itLP , and then the combined 

coefficients of 
itLGDP , 

itLEU , 
itLGFCF  and 

itLP  for ith country at time t are defined as a weighted average of 

parameters (a1, a2), (b1, b2), (c1, c2), and (d1, d2), respectively, as follows: 
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Here, LGDP

ite , LEU

ite , LGFCF

ite , and LP

ite  present the estimated CO2 emissions elasticity with respect to real GDP, 

energy use, gross fixed capital formation, and labor participation rate, respectively, which vary over time and 

across countries. Parameters a1, b1, c1, and d1 are the traditional linear model's elastic values. The sign of a2, b2, 

c2, and d2 indicates an increase or a decrease in the coefficient depending on the value of the real GDP and 

varying coefficient over time and across countries given by Eq. (3) to Eq. (6).  

3.2 Estimation and Linearity Test 

The estimation of the PSTR model consists of several stages. In the first step, a linearity test is applied and the 

threshold specification with one transition function is estimated. Then, if the linear specification is rejected, the 

optimal number of transition functions is determined by conducting tests of no remaining non-linearity.  

The estimation of the parameters of the PSTR model consists of eliminating the individual effects i  by 

removing individual-specific means and then by applying nonlinear least squares to the transformed model 

(González et al., 2005). This method is equivalent to the maximum likelihood estimation in the case of normal 

errors. However, before estimating the PSTR model, it is necessary to determine whether the regime-switching 

effect is statistically significant. Testing the linearity can be done by H0: γ=0 or H0: β0=β1 in Eq. (1). But in both 

cases, the test will be nonstandard since, under H0 the PSTR model contains unidentified nuisance parameters. A 

solution consists in replacing the transition function ),;( cqg it   by its first-order Taylor expansion around γ=0 

and by testing an equivalent hypothesis in an auxiliary regression. Then, we obtain:  

itititiit xxy   2
10                                   (7) 

In this first-order Taylor expansion, the parameter 1  is proportional to the slope parameter  . Thus, testing 

the linearity against the PSTR model simply consists of testing H0: 01 
 

in this linear panel model. For this 

objective, we can apply standard tests like the F-statistics. As we can notice, Eq. (7) corresponds to the quadratic 

polynomial model, which is the econometric specification used in most previous studies for representing „the 

Kuznets curve‟. Therefore, this point empirically justifies the idea of regime-switching in the analysis of CO2 

emissions intensity by showing that the quadratic model derives from a PSTR specification. If we have rejected 

the linearity hypothesis, we can check that there is no remaining nonlinearity. The issue is then to test whether 

there is one transition function or whether there are at least two transition functions defined as: 
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ititititititiit cqgxcqgxxy   ),;(),;( 222211110                      (8) 

The logic of the test consists of replacing the second transition function by its first-order Taylor expansion 

around 02   and then testing linear constraints on the parameters. If we use the first-order Taylor 

approximation of ),;( 222 cqg it  , the model becomes: 

itititititiit xcqgxxy   2
211110 ),;(                         (9) 

and the test of no remaining nonlinearity is simply defined by H0: 02  . If we reject H0, we must check if there 

exist a third transition function, etc. 

4. Empirical Results 

4.1 Panel Unit Root Test 

Gonzalez et al.‟s (2005) PSTR model requires that the variables in the model should be stationary in order to 

avoid spurious regressions and go further estimations of the panel smooth transition regression. The 

first-generation panel unit root tests are all constructed under the assumption that the individual time series in the 

panel are cross-sectional independence, when on the contrary a large amount of literature provides evidence of 

the co-movements between economic variables. To overcome this difficulty, a second generation of tests 

rejecting the cross-sectional independence hypothesis has been proposed. Firstly, we need to check whether our 

sample is characterized by cross-sectional dependence and Pesaran‟s cross-sectional dependence tests are applied. 

In Table 2A, we find the rejection of the null hypothesis of non-cross-sectional dependence in Pesaran‟s CD tests 

except for LP variable; therefore, we need to take this dependence into account in our panel unit root test for all 

the variables except for LP. In this study, we employ Moon and Perron (2004) and PP-Fisher Chi-square panel 

unit root tests to examine the stationarity for all variables, respectively. Note that the Moon and Perron (2004) 

test using de-factored data allow for multiple common factors. Therefore, their use has to be recommended when 

cross-section dependence is expected to be due to several common factors. Table 2B shows the stationary results 

for all variables at 1% significant level. 

 

Table 2A. Pesaran‟s cross-sectional dependence tests 

Variable LCO2 LGDP LEU LGFCF LP 

CD statistic 3.28* 8.50* 5.58* 3.34* 0.26 

Note. The CD statistic is asymptotically normally distributed and * indicates significance at 1% level. 

 

Table 2B. Panel unit root tests 

Method Moon and Perron unit root test (2nd generation) PP- Fisher Chi-square unit root test (1st generation) 

Variable LCO2 LGDP LEU LGFCF LP 

t(a) -5.33* -8.03* -9.02* -5.11* 41.31* (with individual effects & trends) 

t(b) -3.45* -4.40* -4.20* -2.90*  

Note. Moon and Perron unit root tests are obtained in a model with individual effects and * indicates significance at 1% level. 

 
4.2 Estimation and Linearity Test 

Next, we examine whether there is a nonlinear relationship among LCO2, LGDP, LGFCF, LEU, and LP, and to 

determine the numbers to the transition functions. Table 3 shows that the linearity hypothesis is strongly rejected. 

This first result confirms the nonlinearity of the CO2 emissions, but more originally shows the presence of strong 

threshold effects determined by real GDP per capita level. It will be therefore, necessary in a second step, to 

determine the number of transition functions required to capture all the nonlinearity of the CO2 emissions. In our 

second test of no remaining nonlinearity, the null hypothesis is not rejected. Thus, our model needs only one 

transition function. Parameters β0 and β1 
for four exogenous variables, location parameter, smooth parameter and 

residual sum of squares are also reported in Table 3. We then analyze the parameter estimates of the final PSTR 

models. The big smooth parameter (13.7439) shows that the estimated transition function is sharp. This point is 

particularly important, since it implies that the heterogeneity of the CO2 emissions elasticity can be reduced to a 

limited number of regimes with different slope parameters.  
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Table 3. Linearity test and parameter estimation for the PSTR model 

Specification PSTR 

Transition variable LGDPit 

Fisher Test of linearity 32.550*** (0.000) 

Fisher Test of no remaining nonlinearity 1.798 (0.135) 

Variables LGDP LGFCF LEU LP 

Parameter β0 -0.3394*** 0.2585*** 0.8773*** 0.0061* 

Parameter β1 0.5187*** -0.3888*** -0.1070** 0.0048 

Location parameter 9.9276    

Smooth parameter 13.7439    

Residual sum of squares 0.0232    

Note. *, ** and *** stand for 10%, 5% and 1% significant level. 

 

4.3 Environmental Kuznets Curve 

Given the parameter estimates in a third step, it is possible to compute, for each country of the sample and for 

each year, the time varying CO2 emissions elasticity with respect to all exogenous variables, denoted in Eq.(3) to 

Eq.(6). The Figs. 1 and 2 report Real GDP/capita and transition function both by country and across years by 

country. The threshold value or „income turning point‟ of real GDP per capita is US$20,488 (9.9276 in 

logarithm). We can see that the value of transition function is less than 0.5 only in Italy after year 1998 due to 

less real income per capita (less than US$20,488).  

 

 
Figure 1. Real GDP/capita and transition function by country 

 

 

Figure 2. Real GDP/capita and transition function across years by country 
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Also, we observe the supported inverted-U shape in all countries between the CO2 emissions and real GDP per 

capita in Fig. 3. This finding confirms the existence of EKC in G7 countries. In Fig. 4, the elasticity of CO2 

emissions per capita with respect to real GDP per capita is less than 1 in Japan after year 1991, in the UK after 

year 2005, and in the USA after year 1992, which supports that the environmental quality is a necessary good in 

these three countries but a luxury good in the rest of G7 countries. 

 

 
Figure 3. Estimated elasticity respecting LGDP by country 

 

 
Figure 4. Estimated elasticity respecting LGDP across years by country 

 

Figs. 5 and 6 show the estimated elasticity respecting LGFCF both by country and across years by country. In 

Fig. 6, we can see that there is negative elasticity of CO2 emissions with respect to LGFCF after year 2000 

except for Italy, which means that 6 out of G7 countries have experienced CO2 emissions reduction due to the 

transition from industrial to service base economy. Figs. 7 and 8 report the estimated elasticity respecting LEU 

by country and the estimated elasticity respecting LP by country. In Fig. 7, we can see the CO2 emissions gradual 

reduction per unit of energy use when the countries become richer. 
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Figure 5. Estimated elasticity respecting LGFCF by country 

 

 
Figure 6. Estimated elasticity respecting LGFCF across years by country 
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Figure 7. Estimated elasticity respecting LEU by country 
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Figure 8. Estimated elasticity respecting LP by country 

 

4.4 Policy Implications 

The slopes of LGFCF, LEU, and LP can be different from the estimated parameters in Table 3 for the extreme 

regimes (β0 for the first regime and β0 + β1 for the second). The negative signs of the parameters LGFCF and 

LEU indicate a decrease of the CO2 emissions, that is, one more fixed capital investment or energy use will 

produce less CO2 emissions in the second regime in Figs. 5 and 7. The transition from agricultural to industrial 

economies results in increasing environmental degradation as mass production and consumption grow in the 

economy in the first regime in Fig. 3. The transition from industrial to service based economy is assumed to 

result in decreasing degradation due to the lower impact of service industries in the second regime in Fig. 3. 

From these findings, we conclude that the transition variable of LGDP plays an important role in CO2 emissions 

reduction when economies pass through technological life cycles, moving from smokestack technology to high 

technology.  

5. Conclusions 

This research applies a recently-developed nonlinear panel smooth transition regression (PSTR) model and takes 

into account the potential endogeneity biases to examine whether Environmental Kuznets Curve (EKC) exists in 

G7 countries over the period 1991-2008.  

This research makes three contributions to the CO2 emissions literature. First, we apply the panel smooth 

transition regression (PSTR) model of González et al. (2005) to investigate the relationship among CO2 

emissions per capita, energy use per capita, real gross fixed capital formation, real GDP per capita, and labor 

participation rate for G7 countries. Second, we complement the existing literature by simultaneously examining 

the impacts of energy use, real gross fixed capital formation, real GDP, and labor participation rate on CO2 

emissions and take into account endogenous determination of real GDP on the PSTR model for CO2 emissions. 

Third, based on the characteristics of the PSTR model, we can consider the elasticity of CO2 emissions changes 

with country and time to analyze the elasticity of heterogeneous countries and the potential impacts of structural 

breaks (parameter instability) on the CO2 emissions elasticity in the panel framework. Based on the elasticity of 

the CO2 emissions with respect to real income per capita, the environmental quality is a necessary good in Japan, 

the UK, and the USA, but a luxury good in the rest. Thus, there exists an inverted U-shaped relationship between 

CO2 emissions and real income per capita with the threshold value of US$20,488, which is endogenously 

determined. This finding supports the existence of EKC in G7 countries. In other words, our results confirm that 

the richer is the greener in G7 countries.  
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