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Abstract: Agricultural pollution has reached critical levels globally, making it important to investigate how 

agricultural emissions will change with economic development. This study empirically investigates whether 

agricultural pollution follows the Environmental Kuznets Curve (EKC) framework for G20 countries over the 1990-

2020 period. Distinctively, the research focuses on nitrous oxide (N2O) and methane (CH4) emissions, which possess 

significantly higher global warming potential than carbon dioxide (CO2). This study employs panel data techniques 

that account for cross-sectional dependence and heterogeneity, using CIPS unit root and Westerlund cointegration 

tests; coefficients were calculated using the Common Correlated Effects Mean Group (CCEMG) estimator. The 

findings support the EKC hypothesis for agricultural N2O emissions and reveal inverted U-shaped relationship. The 

turning point for N2O emissions is identified at a GDP threshold of approximately $1.377 trillion. The findings do not 

support the EKC hypothesis for agricultural methane (CH4) emissions. Furthermore, the roles of renewable and fossil 

energy consumption in mitigating emissions are analyzed. These results provide critical policy implications for G20 

nations regarding the balance between economic growth, agricultural sustainability, and energy transition. 
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ÇEVRESEL KUZNETS EĞRİSİ HİPOTEZİNİN TARIMSAL KİRLİLİK BAĞLAMINDA 

GEÇERLİLİĞİNİN TESTİ: G20 ÜLKELERİNDE PANEL VERİ ANALİZİ İLE BİR 

UYGULAMA 

Özet: Tarımsal kirlilik küresel ölçekte kritik seviyelere ulaşmış olup, tarımsal emisyonların ekonomik kalkınmayla 

nasıl değişeceğinin araştırılması önem arz etmektedir. Bu çalışma, tarımsal kirliliğin 1990-2020 dönemi boyunca G20 

ülkeleri için Çevresel Kuznets Eğrisi (EKC) yaklaşımını takip edip etmediğini deneysel olarak araştırmaktadır. 

Araştırma, özellikle karbondioksitten (CO2) önemli ölçüde daha yüksek küresel ısınma potansiyeline sahip olan azot 

oksit (N2O) ve metan (CH4) emisyonlarına odaklanmaktadır. Bu çalışma, yatay kesit bağımlılığı ve heterojenliği 

hesaba katan panel veri tekniklerini kullanmaktadır; CIPS birim kök ve Westerlund eş bütünleşme testleri kullanılmış 

ve katsayılar CCEMG tahmincisi kullanılarak hesaplanmıştır. Bulgular, tarımsal N2O emisyonları için EKC hipotezini 

desteklemekte ve ters U şeklinde ilişki ortaya koymaktadır. N2O emisyonları için dönüm noktası, yaklaşık 1,377 trilyon 

dolarlık bir GSYİH eşiğinde belirlenmiştir. Bulgular tarımsal metan (CH4) emisyonları için EKC hipotezini 

desteklememektedir. Ayrıca, emisyonların azaltılmasında yenilenebilir ve fosil enerji tüketiminin rolleri de analiz 

edilmiştir. Bu sonuçlar, G20 ülkeleri için ekonomik büyüme, tarımsal sürdürülebilirlik ve enerji dönüşümü arasındaki 

dengeye ilişkin kritik politika çıkarımları sunmaktadır. 
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Introduction 

Environmental pollution is the mixing of foreign substances that threaten natural ecosystems 

and living organisms with air, water, and soil. Industrialization, increased use of fossil fuels, 

unplanned urbanization, and unconscious agricultural practices cause the deterioration of the 

natural ecological structure of the air, water, and soil. According to NASA data, human activities 

have increased the amount of CO2 in the atmosphere by 50% since the beginning of the industrial 

age. This human-caused increase is more than the amount observed at the end of the ice age twenty 

thousand years ago (NASA, 2025a). CO2, a greenhouse gas, is one of the most important causes 

of global warming. Again, according to NASA data, 2024 was measured as the warmest year since 

records began in 1880 (NASA, 2025b). 

Agricultural production forms the basis of food needs. However, some wrong practices in 

agricultural production cause environmental pollution. Excessive input use (pesticides and 

fertilizers, etc.), excessive water use, contamination of groundwater, the release of methane (CH4) 

and nitrous oxide (N2O) gases into the air as a result of livestock activities, and the destruction of 

natural areas for agriculture and settlement can be counted among the causes of agricultural 

pollution. While 77% of greenhouse gases are emitted by carbon dioxide (CO2), 14% by methane 

(CH4), and 8% by nitrous oxide (N2O), methane (CH4) and nitrous oxide (N2O) gases have 23 and 

298 times more greenhouse gas effect than carbon dioxide (CO2), respectively (Lopez et al., 2013). 

The G20 countries are a community that brings together the world's 20 largest economies. 

They account for approximately 80% of the global economy and 66% of global trade (Paratama, 

2023). This makes the G20 countries important actors in both economic growth and environmental 

pollution. These countries are responsible for approximately 77% of global greenhouse gas 

emissions (World Bank, 2025). While the economic power of the G20 countries directs the world 

economy, the environmental effects created by this power are a problem that concerns the entire 

world. Since the decisions to be taken by the G20 countries are extremely critical for the economic 

and environmental future, they have been chosen as the field of study.  As stated in the literature, 

most studies on environmental pollution focus on CO2 emissions. However, this study aims to 

determine the factors affecting methane (CH4) and nitrous oxide (N2O) emissions, which are 

primarily driven by agricultural and livestock activities, using advanced panel data methods. By 

focusing on G20 countries, this research investigates whether the EKC hypothesis holds for 

agricultural production. It is hypothesized that while agricultural growth initially increases 

pollution, further economic development coupled with technological advancements and increased 

environmental awareness will eventually lead to a decline in emissions. This study provides a 

fundamental contribution to the literature by re-examining the Environmental Kuznets Curve 

(EKC) debates-which traditionally focus on CO2 emissions-through an agricultural lens, 

integrating the significant impact of agricultural emissions on global warming (possessing up to 

298 times the global warming potential of CO2). While most studies on agricultural pollution in 

the existing literature are limited to single country analyses or traditional panel methods, the current 

study tests the relationship between economic growth and agricultural N2O and CH4 emissions 

within a more robust framework for G20 countries by employing second-generation panel data 

estimators (CCEMG) that account for cross sectional dependence and heterogeneity. In this respect, 

by differentiating the dynamics between agricultural sustainability and energy transition from a 

G20 perspective, the study offers a specific roadmap for emission reduction for policymakers. 

The relationship between economic growth and income equality was hypothesized by 

Kuznets in 1955 to take the mathematical form of an inverted U-shape (Kuznets, 1955). According 
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to Kuznets, income inequality is present in countries at low levels of economic development, but 

as economic progress occurs, income inequality begins to improve. A similar perspective to the 

one proposed by Kuznets for the relationship between economic growth and income inequality was 

suggested to be valid for economic growth and environmental pollution by Panayotou (1993). This 

new approach is referred to as the Environmental Kuznets Curve (EKC) hypothesis. In their work, 

Grossman & Krueger (1991) found an inverted U-shaped relationship between sulfur dioxide (SO2) 

and economic growth. Grossman & Krueger (1995) did not find any evidence that environmental 

pollution increases with economic growth; on the contrary, they demonstrated a phase of 

improvement after an initial increase in pollution. Panayotou (1993) found results supporting the 

EKC hypothesis using deforestation and air pollution variables. Selden &Song (1994) found results 

supporting the EKC approach for air pollutants such as sulfur dioxide (SO2), nitrous oxide (N2O), 

carbon dioxide (CO2), and particulate matter in relation to GDP. 

The EKC approach fundamentally consists of 3 stages. In the first stage, in a society engaged 

in agriculture and trying to industrialize, growth and economic prosperity are prioritized, and 

environmental effects are kept in the background (Dinda, 2004). In the second stage, with 

information and economic progress, environmental sensitivities in society begin to increase. At this 

stage, while income growth continues, the damage to the environment will start to slow down. In 

societies with very high-income levels, environmental awareness rises, and in addition, a green 

economy is adopted as a policy by the public. Therefore, environmental pollution will begin to 

decrease despite economic growth. (Arrow et al., 1996; Dinda, 2004). The 3 stages of the EKC 

approach are shown in Figure 1. 

  

Figure 1. Three stages of the Environmental Kuznets Curve 

Source: Adapted from (Dinda, 2004; Bilgili et al., 2016; Alkhars et al, 2022). 

Literature review 

 The first studies on the EKC were conducted by (Panayotou, 1993; Grossman & Krueger, 

1991; Grossman & Krueger, 1995; Selden & Song, 1994; Suri & Chapman, 1998; Shafik & 

Bandyopadhyay; 1992). The literature contains numerous studies that support the Environmental 

Kuznets Curve (EKC) approach. Lean & Smyth (2010) emphasized that the EKC approach is valid 
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for the relationship between electricity production and CO2 emissions in ASEAN countries. In their 

study, Jalil & Feridun (2011) concluded that financial development in China did not come at the 

expense of environmental pollution; on the contrary, financial development had a pollution-

reducing effect. Iwata et al. (2010) determined that nuclear energy led to a decrease in CO2 

emissions, supporting the EKC approach. Pao & Tsai (2011) found, based on results supporting 

the EKC approach in BRICS countries, that CO2 emissions were flexible with respect to energy 

consumption but not with respect to foreign direct investment. Farhani & Shahbaz (2014) supported 

the inverted U-shaped relationship between GDP and CO2 in MENA countries. Furthermore, based 

on the panel methods used (FMOLS and DOLS), they determined that both renewable and non-

renewable energy sources contributed to CO2 emissions. Bölük & Mert (2015) found a potential 

for renewable energy to reduce greenhouse gas emissions in Turkey and confirmed the existence 

of the EKC approach between per capita greenhouse gas and income. Kasman and Duman (2015) 

examined the causality between energy consumption, CO2, economic growth, urbanization, and 

openness variables in EU countries, reaching conclusions that support the EKC approach. Al-

Mulali & Ozturk (2016) found the existence of the EKC in 27 developed countries and proposed 

policies to control air pollution without harming the countries' economic growth and development. 

Apergis (2016) emphasized that the EKC approach was valid in 12 of the 15 countries he examined. 

Wang et al. (2023) studied the EKC approach in 208 countries, finding that the relationship between 

income level and carbon emissions showed an "inverted U" curve on a global scale. Olale et al. 

(2018) determined that technological change affects greenhouse gas emissions. Dong et al. (2018) 

highlighted the validity of the EKC for the variables they examined. Some other studies in the 

literature that chose OECD countries as their field of study and supported the EKC approach 

include; (Bilgili et al., 2016; Afshan et al., 2022; Shafiei & Salim, 2014; Jebli et al., 2016; Lau et 

al., 2019; Awaworyi Churchill et al., 2018). 

Data and methodology  

Data 

The data for this study consist of G20 countries, comprising both developed and developing 

nations. Data from these 19 countries (i), forming the cross-section, were examined over a 31-year 

period (t) from 1990 to 2020, resulting in a total of 589 panel data observations. 

To measure environmental pollution, two models were established in the study. In the first 

model, nitrous oxide (N2O) emissions were used as the dependent variable, while methane (CH4) 

emissions were used as the dependent variable in the second model. Table 1 provides the names, 

explanations, and sources of the variables. Both models were set up using the Environmental 

Kuznets Curve approach as follows. 

ANOE𝑖𝑡 = 𝛼0𝑖 + 𝛽1𝑖  𝐺𝐷𝑃𝑖𝑡 + 𝛽2𝑖𝐺𝐷𝑃2
𝑖𝑡

+ 𝛽3𝑖RC𝑖𝑡 + 𝛽4𝑖FC𝑖𝑡 + 𝛽5𝑖  𝐿_𝐺𝐷𝑃𝑖𝑡 + 𝛽6𝑖L_𝐺𝐷𝑃2
𝑖𝑡

+

 𝛽7𝑖𝐿_RC𝑖𝑡 + 𝛽8𝑖L_FC𝑖𝑡 + 𝜀𝑖𝑡    (1) 

𝐴𝑀𝐸𝑖𝑡 = 𝛼0𝑖 + 𝛽1𝑖  𝐺𝐷𝑃𝑖𝑡 + 𝛽2𝑖𝐺𝐷𝑃2
𝑖𝑡  + 𝛽3𝑖RC𝑖𝑡 + 𝛽4𝑖FC𝑖𝑡 + 𝛽5𝑖  𝐿_𝐺𝐷𝑃𝑖𝑡 + 𝛽6𝑖L_𝐺𝐷𝑃2

𝑖𝑡 +

𝛽7𝑖𝐿_RC𝑖𝑡 + 𝛽8𝑖L_FC𝑖𝑡 + 𝜀𝑖𝑡    (2) 

In the equation, i represents the cross-sections, and t represents the time dimension. 𝜀𝑖𝑡 denotes 

the stochastic term in the i cross-section and t dimension. L_ represents the one-period lagged 

version of the relevant variable. 
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To account for the dynamic structural effects of energy and economic variables on agricultural 

pollution, the empirical model incorporates lagged terms for all explanatory variables. This 

approach acknowledges that the impacts of energy transition and economic growth on emissions 

are not instantaneous but materialize over time. Furthermore, following the CCEMG estimator’s 

framework, we control for unobservable common factors such as global technological shocks, 

environmental policy shifts, and cross-border environmental regulations that affect all G20 nations 

simultaneously. These factors are addressed by including the cross-sectional averages of the 

dependent and independent variables in the estimation equation, thereby filtering out the bias 

arising from cross-sectional dependence and unobserved common shocks. 

Table 1. Descriptions and data sources 
Variables Explanation 

ANOE Agricultural nitrous oxide (N2O)emissions, quantified in thousand metric tons of CO2 

equivalent 

AME Agricultural methane (CH4) emissions resulting from agricultural activities, measured 

in thousand metric tons of CO2 equivalent. 

GDP Total Real Gross Domestic Product, expressed in constant 2015 US dollars to 

represent the scale of economic growth. 

(GDP)2 The quadratic form of total real GDP, utilized to examine the non-linear relationship 

within the EKC framework. 

RC Proportion of Renewable-based energy consumption within the total energy portfolio 

(%). 

FC Proportion of fossil fuel-based energy consumption within the total energy portfolio 

(%). 

Source: World Bank (2025) 

Table 2 shows the average, standard deviation, minimum and maximum values of the 

variables. According to Table 2, the average GDP in the countries was found to be $2.362 trillion, 

with average nitrous oxide (N2O) emissions of 65,401 thousand metric tons. Methane (CH4) 

emissions were 101,907 thousand metric tons, while the average renewable energy percentage was 

14.65% and the average fossil fuel energy percentage was 80.68%. 

Table 2. Main statistics 

Variable Observation Mean Standard 

deviation 

Minimum Maximum 

ANOE 589 65401 80414 2798 358003 

AME 589 101907 129167 2016 502192 

GDP 589 2.362x1012 3.506x1012 1.794x1011 2.014x1013 

(GDP)2 589 1.785x1025 5.829x1025 3.217x1022 4.055x1026 

RC 589 14.65 14.19 0.01 59.18 

FC 589 80.68 13.69 45.17 99.99 

author' own calculations 
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A correlation matrix between the variables is shown in Table 3. The strongest positive 

correlation, at 0.875, is observed between the ANOE and AME variables. The correlation between 

GDP and ANOE was found to be 0.501, while the correlation between GDP and AME was 0.263. 

The ANOE and AME variables show a positive correlation with RC but a negative correlation with 

FC. 

Table 3. Correlations 

 ANOE AME GDP (GDP)2 RC FC 

ANOE 1.000      

AME 0.875 1.000     

GDP 0.501 0.263 1.000    

(GDP)2 0.436 0.233 0.957 1.000   

RC 0.396 0.633 -0.163 -0.122 1.000  

FC -0.245 -0.449 0.075 0.088 -0.786 1.000 

author' own calculations 

Methodology  

In this study, long-term and short-term relationships between variables were analyzed using 

techniques that consider inter-unit dependence and coefficient homogeneity/heterogeneity, which 

are fundamental assumptions of panel data 

Cross-Sectional Dependence and Slope Heterogeneity Tests 

To determine the interaction between units and the effect of global shocks, Breusch-Pagan 

LM, Pesaran Scaled LM, and Pesaran CD tests were applied. Breusch and Pagan (1980), (Pesaran, 

2021; Pesaran, 2015), Pesaran and Yamagata (2008). To verify the assumption that the coefficients 

are the same for all units, the slope homogeneity/heterogeneity test developed by Pesaran and 

Yamagata (2008), Blomquist and Westerlund (2013) was used. 

It is observed that the Pesaran CD test results for ANOE and AME variables are statistically 

insignificant, whereas the Breusch-Pagan LM and Pesaran Scaled LM tests indicate strong cross-

sectional dependence. While discrepancies between these tests are common, the LM-based tests 

(Breusch-Pagan and Pesaran Scaled LM) are prioritized in this study. This preference is driven by 

the dimensions of the panel data (T=31, N=19). As noted in the econometric literature, the Pesaran 

CD test may exhibit lower power in panel structures where T is not sufficiently large relative to N. 

Given the significant results of the LM-based tests, which are more robust in identifying cross-

sectional dependence in these specific dimensions, it is concluded that cross-sectional dependence 

exists in the series, and second-generation panel estimators (CCEMG) are employed accordingly. 

 Panel Unit Root and Cointegration Analyses 

A second-generation CIPS (Pesaran, 2007) panel unit root test, taking into account cross-

sectional dependence, was applied. 


=

=
n

i

iCADF
N

CIPS
1

1
     (3) 
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To determine the existence of a long-term equilibrium relationship between the variables, an 

error correction-based Westerlund (2007) panel cointegration test (ECM) was performed. 

𝛥𝑦𝑖𝑡 = 𝛿𝑖
′𝑑𝑖 + 𝛼𝑖 (𝑦𝑖,𝑡−1 − 𝛽𝑖

′
𝑥𝑖,𝑡−1

) + ∑ 𝛼𝑖𝑗𝛥𝑦𝑖,𝑡−𝑗 +
𝑝𝑖
𝑗=1 ∑ 𝑦𝑖𝑗𝛥𝑥𝑖,𝑡−𝑗 + 𝑒𝑖𝑗

𝑝𝑖
𝑗=−𝑞𝑖

   (4) 

Long-Term Coefficient Estimation 

The Pesaran (2006) "Common Correlated Effects Mean Group" (CCEMG) estimator, which 

simultaneously controls for cross-sectional dependence and coefficient heterogeneity, was used. 

The general formula of the model is as in equation (5). With the CCEMG method, the cross-

sectional means of the dependent and independent variables were included in the model, and the 

bias effects created by unobservable common shocks were removed. 

𝑦𝑖𝑡 = 𝛼𝑖 + 𝛽𝑖
′𝑥𝑖𝑡 + ∑ 𝑦𝑖𝑗𝑓𝑗̅𝑡

𝑘
𝑗=1 + 𝑒𝑖𝑡        (5) 

In the formula, the term𝑓𝑗̅𝑡 represents the cross-sectional means (𝑦̅𝑡 𝑣𝑒 𝑥̅𝑡) of the dependent 

and independent variables, controlling for unobservable common factors. The final coefficients are 

the average of the unit-based estimates is obtained. 

𝛽̂𝐶𝐶𝐸𝑀𝐺 =
1

𝑁
∑ 𝛽̂𝑖

𝑁
𝑖=1       (6) 

Panel Causality Analysis 

A panel causality test was applied to determine the direction of interaction between the 

variables. At this stage, the Granger causality test was used to determine whether there was a 

statistically significant causal relationship from the independent variables to the dependent 

variables (Dumitrescu and Hurlin, 2012). 

x and y, two stationary variables observed for N individuals on T periods. For each individual 

i= 1,..,N, at time t= 1,..,T, we consider the following linear model (Dumitrescu and Hurlin, 2012: 

1451):  

𝑦𝑖,𝑡 = 𝛼𝑖 +
=

K

k

k

iy
1

)( 𝑦𝑖,𝑡−𝑘+
=

K

k

k

i

1

)( 𝑥𝑖,𝑡−𝑘+𝑒𝑖,𝑡    (7) 

H0: x does not Granger-cause y. 

H1: y does Granger-cause x for at least one panelvar. 

Result and discussion 

Homogeneity test results for ANOE and AME models are shown in Table 4. The null 

hypothesis in the test is that the slope coefficients are homogeneous (Pesaran and Yamagata, 2008; 

Blomquist and Westerlund, 2013). The null hypothesis was rejected at significant % 1 and the slope 

coefficient was found to be heterogeneous. The effect of independent variables on the variable is 

not the same in every country.  
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Table 4. Heterogeneity and homogeneity test 

 Delta p-value 

ANOE Model 17.871* 0.000 

Adj. 19.900* 0.000 

AME Model 15.473* 0.000 

17.230* 0.000 

author' own calculations. * This indicates a significance level of 1%. 

Table 5 presents the cross-section dependency test results. According to the results of the 

Breusch-Pagan LM and Pesaran scaled LM tests, the null hypothesis of no cross-section 

dependency was rejected, concluding that cross-section dependency exists. 

Table 5. Cross-section dependency test 
Variables Breusch-Pagan 

LM 

Pesaran scaled 

LM 

Pesaran CD 

ANOE 2187* 

(0.000) 

109.04* 

(0.000) 

-1.07 

(0.284) 

AME 1667* 

(0.000) 

80.92* 

(0.000) 

0.014 

(0.988) 

GDP 4476* 

(0.000) 

232.79* 

(0.000) 

66.46* 

(0.000) 

(GDP)2 4334* 

(0.000) 

225.09* 

(0.000) 

65.21* 

(0.000) 

RC 2086* 

(0.000) 

103.55* 

(0.000) 

8.241* 

(0.000) 

FC 1574* 

(0.000) 

75.89* 

(0.000) 

-2.49* 

(0.000) 

author' own calculations. * This indicates a significance level of 1%. 

 

Unit root test results for all variables are shown in table 6. The unit root properties of the variables 

were examined using the CIPS test (Pesaran, 2007). Given that the series exhibit stationary 

behavior around a constant mean without a clear deterministic trend over the study period, the 

'constant' model specification was adopted. Critical values for the panel dimensions of N=19 and 

T=31 were retrieved from of Pesaran (2007). According to the CIPS test, the null hypothesis is that 

there is a unit root.  In the unit root test, since the calculation values at the level were found to be 

less than the critical value, the null hypothesis was accepted at the 0.01 significance level and it 

was decided that it had a unit root. When the first differences were taken, the calculated values 

were higher than the critical value, so the null hypothesis was rejected and it was decided that the 

variables were stationary. It was decided that all of the variables were stationary at the I(1) level. 
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Table 6. Unit root test 
 Level First difference Inferences 

ANOE -1.903 -5.179 I(1) 

AME -1.392 -4.093 I(1) 

GDP -1.306 -3.164 I(1) 

(GDP)2 0.067 -2.691 I(1) 

RC -1.665 -4.735 I(1) 

FC -1.984 -5.196 I(1) 

author' own calculations. Critical values: -2.21 at the 5% level and -2.36 at the 1%. 

The Error Correction Model (ECM) cointegration results for both ANOE and AME are 

presented in Table 7. In the ECM test, the null hypothesis is that there is no cointegration. The Gt 

and Ga statistics are used for testing group averages, while the Pt and Pa statistics are used for 

pooled values related to the entire panel (Westerlund, 2007). 

 For the ANOE model, the null hypothesis was rejected for all cases except Ga, leading to 

the conclusion that cointegration exists. For the AME model, the null hypothesis was rejected for 

Gt and Pt at the 0.01 significance level, also indicating the presence of cointegration. 

Table 7. Cointegration tests  

 Statistic Value Z-value   P-value   

 

ANOE Model 

 

Gt -3.239 -5.342 0.000* 

Ga -11.204 -0.812 0.208 

Pt -14.303 -5.727 0.000* 

Pa -8.363 -1.341 0.090** 

 

AME Model 

Gt -2.469 -2.077 0.019* 

Ga -8.177 1.044 0.852 

Pt -10.270 -2.544 0.006* 

Pa -6.462 -0.207 0.418 

author' own calculations. Significant at the 1%(*) and 5% (**) significance levels 

The results of the Common Correlated Effects Mean Group (CCEMG) estimator, which 

provides statistically consistent and unbiased estimates under cross-sectional dependence and slope 

heterogeneity, are presented in Table 8. 

Regarding the ANOE Model, the Wald test result (14.48) indicates that the model is overall 

significant at the 1% level (p=0.0023). The coefficients for GDP and GDP² are significant at the 

1% (p=0.01) and 5% (p=0.047) levels, respectively. The positive coefficient for GDP and the 

negative coefficient for GDP² confirm the validity of the Environmental Kuznets Curve (EKC) 

hypothesis within the studied context. These findings suggest that agricultural nitrous oxide (N2O) 

pollution initially increases with income levels but begins to decline after reaching a threshold of 

$1.377 trillion. Furthermore, the Fossil energy use (FC) share variable is significant at the 5% level 

(p=0.048) with a negative coefficient. This indicates that an increase in the share of fossil energy 
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reduces pollution, which can be attributed to the replacement of obsolete technologies with 

innovative and more efficient energy systems. This indicates that an increase in the share of fossil 

energy reduces pollution, which can be attributed to the replacement of obsolete technologies with 

innovative and more efficient energy systems. This observation is consistent with the findings of 

Yılmaz and Daşdemir (2020), who emphasize that the transition toward advanced technological 

infrastructures and the improvement of energy efficiency are critical determinants for sustainable 

industrial performance, often facilitating the displacement of inefficient, high-emission traditional 

methods. 

The significance of the cross-sectional average factor (M_ANOE) at the 5% level (p=0.019) 

confirms the presence of common shocks and interdependence among the countries. The CCEMG 

method effectively accounts for these common factors, providing more robust estimates by filtering 

out complex interactions within the emission processes. 

In the AME Model, the Wald test (6.29) shows overall significance at the 10% level (p=0.09). 

While the GDP and GDP² coefficients are statistically insignificant in this model, the Renewable 

energy use share(RC) is significant at the 10% level (p=0.05) with a negative coefficient, 

demonstrating that an increase in renewable energy consumption reduces agricultural methane 

pollution. Notably, the lagged renewable energy variable (L_RC) is highly significant (p=0.004) 

with a positive coefficient. This suggests that the impacts of the energy transition on emissions are 

distributed over time, indicating a dynamic structural shift in the relationship between energy use 

and agricultural methane emissions. 

Table 8. Common Correlated Effects Mean Group (CCEMG) results for ANOE and AME  
 Variables Coefficient Z P 

ANOE Model 

GDP 3.25x10-08 3.22 0.001 

(GDP)2 -1.18x10-20 -1.98 0.047 

RC -44.57804 -0.43 0.671 

FC -103.3579 -1.98 0.048 

M_ANOE 0.1728054 2.34 0.019 

 L_GDP 3.85x10-09 0.42 0.671 

L_(GDP)2 3.23x10-23 0.09 0.931 

L_RC 1024.685 1.88 0.060 

L_FC -118.1717 -0.28 0.778 

_cons -249.8974 -1.10 0.270 

Wald χ2=14.48     (p=0.0023) 

 

 

 

 

AME Model 

GDP 6.05x10-09 0.94 0.346 

(GDP)2 -2.67x10-21 -1.21 0.225 

RC -149.502 -1.96 0.050 

FC 96.80957 1.25 0.210 

M_AME 0.0143596 0.70 0.485 
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L_GDP 3.87x10-09 0.70 0.483 

L_(GDP)2 7.84x10-23 0.34 0.731 

L_RC 643.8153 2.91 0.004 

L_FC -370.3728 -2.05 0.041 

_cons -394.5206 -1.53 0.126 

Wald χ2=6.29       (p=0.09) 

author' own calculations 

Based on the Granger causality test results shown in Table 9, the null hypothesis of 'no causality' 

is rejected at the 1% significance level for all independent variables, following the methodology of 

Dumitrescu and Hurlin (2012). These findings indicate that all independent variables in both the 

ANOE and AME models serve as a cause of their respective dependent variables. Specifically, the 

analysis reveals a unidirectional causality from the independent variables to the dependent 

variables; however, it is important to note that the dependent variables are Granger-causes only for 

FC (Fossil Fuel Consumption) and RC (Renewable Energy Consumption). In contrast, no causal 

relationship was observed from the dependent variables to GDP or GDP2. 

Table 9. Causality test 
 H0: no causality W-bar Z-bar Z-bar tilde Decision for H0 

 

 

 

 

 

 

 

ANOE Model 

 

 

GDP↛ ANOE 5.147 12.784* 

(0.0000) 

10.984* 

(0.0000) 

Reject 

ANOE↛ GDP - - - Accept 

(GDP)2↛ ANOE 4.841 11.838* 

(0.0000) 

10.095* 

(0.0000) 

Reject 

ANOE ↛ (GDP)2 - - - Accept 

RC↛ ANOE 2.623 5.001* 

(0.0000) 

4.140* 

(0.0000) 

Reject 

ANOE ↛ RC 1.709 2.437** 

(0,0148) 

1.9083*** 

(0.0564) 

Reject 

FC↛ ANOE 2.176 3.626* 

(0.0000) 

2.943* 

(0.0000) 

Reject 

 ANOE ↛ FC 1.7584 2.3377** 

(0.0194) 

1.8211*** 

(0.0686) 

Reject 

 

 

 

 

 

AME Model 

GDP↛ AME 3.823 8.702* 

(0.0000) 

7.364* 

(0.0000) 

Reject 

AME ↛ GDP - - - Accept 

(GDP)2↛ AME 3.550 7.861* 

(0.0000) 

6.632* 

(0.0000) 

Reject 

AME ↛ (GDP)2  - - Accept 
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RC↛ AME 3.404 7.409* 

(0.0000) 

6.238* 

(0.0000) 

Reject 

AME ↛ RC 2.8550 5.7174* 

(0.0000) 

4.7644* 

(0.0000) 

Reject 

FC↛ AME 1.923 2.873* 

(0.0000) 

2.287* 

(0.0000) 

Reject 

 AME ↛ FC 2.9000 5.8563* 

(0.0000) 

4.8853* 

(0.0000) 

Reject 

author' own calculations. *, **, and *** indicate statistical significance at the 1%, 5%, and 10% levels, respectively. 

 

Conclusion 

 Based on the analysis, the relationship between nitrous oxide (N2O) emission and GDP 

confirms the inverted U-shaped EKC hypothesis (Panayotou, 1993; Grossman and Krueger, 1991; 

Grossman and Krueger, 1995; Selden and Song, 1994). This indicates that pollution increases 

during the initial stages of economic development due to the intensification of agricultural 

production, but as income levels rise, pollution decreases with greater environmental awareness 

and the use of green technologies. 

 The analysis conducted for the ANOE (agricultural nitrous oxide) and AME (agricultural 

methane) models in this study has revealed the nature of the relationships between the variables 

and the environmental impacts of economic growth. The analyses were performed using 

homogeneity, cross-section dependency, unit root, and cointegration tests, in addition to the Panel 

Common Correlated Effects Mean Group (CCEMG) method. 

 The homogeneity test results showed that the slope coefficients for both the ANOE and 

AME models are heterogeneous. This suggests that each of the G20 countries examined has its 

own unique dynamics. The cross-section dependency test confirmed a dependency among all 

variables, indicating that common factors or shocks are interacting across the countries. 

 To account for cross-section dependency, second-generation unit root tests were used. The 

CIPS unit root test showed that all variables were initially non-stationary (had a unit root) at their 

levels. However, it was determined that all variables became stationary at the I(1) level after their 

first differences were taken. This finding points to the possibility of a long-term relationship 

between the variables. The ECM (Error Correction Model) cointegration tests confirmed the 

existence of a long-term relationship for both the ANOE and AME models, showing that even if 

the variables show short-term deviations, they move toward a common equilibrium in the long run. 

CCEMG analysis in the ANOE model clearly revealed the relationships between pollution factors 

and GDP and energy use (Shafiei and Salim, 2014; Sharif et al., 2020; Anwar et al., 2021; Yang et 

al., 2021; Sugiawan and Managi, 2016; Aslan et al., 2018). 

 In the ANOE model, the GDP coefficient was positive, while the GDP squared coefficient 

was negative. This indicates that economic growth increases agricultural emissions during its initial 

stages but emissions begin to decrease after a certain income level is reached. According to the 

ANOE model, agricultural nitrous oxide (N2O) emissions in G20 countries will peak and start to 

decrease when the average annual income level reaches $1.377 trillion.  
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In contrast, the findings do not support the EKC hypothesis for agricultural methane (CH4) 

emissions. These results demonstrate that N2O and CH4 emissions require different policy 

mechanisms to effectively combat agricultural pollution. 

The study concluded that increasing the proportional use of renewable energy sources would 

reduce environmental pollution. To create a more sustainable environment, policies should be 

developed to encourage investment in renewable energy sectors. 

 The Granger causality tests showed that GDP, renewable energy, and fossil energy rates 

cause agricultural pollution. This finding indicates that these variables play a decisive role in 

pollution within the agricultural sector. 

 This study shows that the agricultural sector, like industry, is also affected by the 

environmental impacts of economic growth processes, and these impacts can be examined within 

the EKC framework. The findings for G20 countries provide an important roadmap for creating 

sustainable agricultural policies and controlling environmental pollution. Although the study 

demonstrates that economic growth can reduce environmental pollution after a certain point, this 

transition needs to be accelerated. Governments should offer incentives for green technologies and 

environmentally friendly agricultural practices. For example, supporting the use of fertilizers that 

emit fewer emissions, financing agricultural waste management projects, and organizing 

environmental education programs for farmers could be effective. This will help minimize the 

polluting effects of economic growth. 

 In conclusion, while G20 countries continue to pursue economic growth, they should 

accelerate the transition to renewable energy, promote environmentally friendly technologies, and 

adopt more efficient agricultural practices to reduce agricultural pollution. By doing so, these 

nations can effectively navigate the transition beyond the identified $1.377 trillion economic 

turning point, ensuring that economic development aligns with environmental sustainability and 

secures a resilient future for agricultural production. 
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Appendix  

Data Scope and Country Selection 

This study analyzes a balanced panel dataset comprising 19 G20 member countries over the period 

1990–2020, resulting in a total of 589 observations (19 x 31 = 589). The countries included in the 

analysis are Argentina, Australia, Brazil, Canada, China, France, Germany, India, Indonesia, Italy, 

Japan, Mexico, Russia, Saudi Arabia, South Africa, South Korea, Turkey, the United Kingdom, 

and the United States. It should be noted that the European Union (EU) is excluded from the sample 

as an aggregate entity, primarily because the EU is a supranational political and economic union 

rather than a sovereign country; thus, its inclusion would lead to significant double-counting bias, 

as several EU member states are already individually represented in the dataset. 
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