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Introduction: This study investigates the relationship between economic growth, clean fuel utilization, trade, and environmental pollution. By focusing on the potential of clean fuels and trade in reducing pollution, this research aims to understand their role in promoting environmental sustainability in China from 1990 to 2020.Methods: The study employs the Nonlinear Autoregressive Distributed Lags (NARDL) approach to analyze time series data. This method enables the decomposition of impacts from clean fuels and trade on pollution levels, facilitating an understanding of their distinct contributions to environmental outcomes.Results: Findings indicate that economic growth is associated with an increase in pollution levels, while clean fuel usage exhibits a modest but significant reduction effect. Nonetheless, the relatively small coefficients highlight the need for a greater share of clean fuels in China’s energy mix. Additionally, trade shows a significant negative relationship with pollution emissions, with data reflecting a gradual decline in pollution over time.Discussion: These results underscore the benefits of clean fuel adoption and trade promotion as effective measures for mitigating pollution. However, they also highlight the necessity for stronger regulatory policies, public awareness initiatives, and investments in sustainable technologies to ensure China’s long-term environmental sustainability.[image: Graphical Abstract]Keywords: clean fuels, trade openness, GDP, environmental degradation, nonlinear ARDL
1 INTRODUCTION
The Environmental Kuznets Curve (EKC) is a hypothetical idea that proposes that environmental degradation at the start rises with output growth; nonetheless, it will fall when a specific level of output has been reached. The EKC is similar to that of environmental degradation. The introduction of clean fuel is one of the ways to reduce environmental degradation and improve the air quality index. The use of clean fuels as an alternative to traditional fuels has been suggested as a practical solution to reduce air pollution and greenhouse gas emissions.
Clean energy reduces environmental degradation and improves air quality by minimizing the harmful emissions produced by traditional fossil fuels. Sources like solar, wind, and hydropower generate electricity without releasing pollutants such as carbon dioxide (CO₂), sulfur dioxide (SO₂), and nitrogen oxides (NOx), which are major contributors to air pollution and climate change. Clean fuels, such as biofuels and hydrogen, offer alternatives to gasoline and diesel in transportation, cutting down on particulate matter and greenhouse gases.
By replacing fossil fuels with these cleaner alternatives, clean energy helps mitigate the health risks associated with poor air quality and slows the pace of global warming (Wang et al., 2018; Zhang et al., 2019). Renewable energy sources could decarbonize 90% of the electricity industry by 2050, drastically reducing carbon emissions, and contributing to climate change mitigation (Osman et al., 2023). Life cycle assessment revealed that 2.68 CO2e are embodied per ton of biochar. The Carbon removal quantification was calculated, and it showed that a total of 2.879 tCO2e is embodied per tonne of biochar which highlights the role of these renewable for carbon emissions (Fawzy et al., 2022; Lefebvr et al., 2023 among others).
Notwithstanding, China is the world’s largest consumer of energy, and its dependence on fossil fuels such as coal, oil, and gas has led to significant environmental problems, including air pollution, water pollution, and greenhouse gas emissions (Rehman et al., 2021; Ahmad et al., 2021; Zeshan and Shakeel 2020). In recent years, China has taken steps to shift towards cleaner energy sources, but it still faces significant challenges in reducing its dependence on fossil fuels and curbing pollution. Clean fuels, such as renewable energy sources like wind, solar, hydroelectric, and biomass, can play a crucial role in reducing China’s reliance on fossil fuels and decreasing pollution.
The Chinese government has decided to achieve optimal goals by increasing the clean energy resources in the country’s energy mix, with a direction of reaching 20% by 2025 (Internation Energy Agency, 2021). China still relies heavily on fossil fuels, particularly coal, which accounts for more than 50% of the country’s energy consumption. Coal-fired power plants are a significant source of air pollution in China, and the country’s air quality is a major public health concern. The Chinese government has implemented measures to reduce coal consumption, such as implementing stricter environmental regulations and promoting the use of natural gas; however, progress has been slow (World Bank, 2022).
Globalization has had a significant impact on trade between developing countries, leading to various effects on pollution. The trade has three major effects on pollution: size, composition, and technology (Antweiler et al., 2001). This size impact suggests that expanding trade often causes an increase in energy use, which can contribute to environmental damage. The composition effect is based on the idea that a country’s production composition, determined by its comparative advantages, can affect pollution levels, with capital-intensive industries being more polluting than labor-intensive sectors (Bekun et al., 2019). Finally, the technology impact highlights how trade facilitates the transfer of technology between trading partners, promoting the adoption of cleaner and more efficient practices (Rehman et al., 2021; Nadeem et al., 2023).
Aligned with the United Nations’ sustainable development goals (SDGs), nations are actively pursuing strategies to achieve their carbon reduction objectives. Given the constraints on financial resources, it is imperative that carbon reduction policies optimize public fund utilization. However, existing research has largely overlooked a comprehensive examination of China’s environmental situation, neglecting crucial aspects, like the uptake of renewable energy. This study addresses this gap by delving into the environmental landscape of China, considering both financial commitment to environmental protection and the adoption of renewable energy sources. Moreover, this research goes beyond conventional approaches by exploring the influence of clean energy consumption and trade dynamics on the overall environmental paradigm. Through these endeavors, this study makes a significant contribution to advancing the objectives outlined in SDG 7 (ensuring access to affordable and clean energy) and SDG 13 (taking urgent action to combat climate change and its impact) within the context of China.
The main aim of the existing work is to assess the long-run relationship between environmental pollution, GDP, fossil fuels, clean fuels, and trade openness in China. The novelty of this study lies in employing carbon dioxide equivalents (CO2e) instead of carbon dioxide (CO2), as well as segregating energy into fossil fuels and clean fuels to measure their independent role in controlling pollution. The use of CO2 equivalents will provide a better estimate of environmental degradation owing to the presence of other gases in the environment including CO2. The independent role of clean fuels in total energy will lead to an assessment of the potential of clean energy in China’s economy. Clean fuels include both renewable and nonrenewable clean energy use in the economy; therefore, they provide a broader estimate of clean energy (Nadeem et al., 2023).
Several studies have assessed the association between economic growth, environmental degradation, and renewable energy, and some have supported the EKC hypothesis. Therefore, we can conclude that the studies corroborate the evidence for many regions, as the pollution level reduces after a certain level of output. Clean fuel introduction can be one way to reduce environmental degradation and improve air quality, as shown in various studies (e.g., Degirmenci and Aydin 2024). There are relatively few studies which incorporate trade variable and employ nonlinear ARDL approach specifically for China. Also using CO2 equivalents will cover other pollutants mentioned earlier (SO2, NOx) to measure pollution level therein a broader measure of environmental quality with clean energy and other economic variables.
The untapped potential of clean fuel with trade and GDP could be insightful considering China’s SDG targets. Existing studies on this topic ignore these dimensions. The model estimates are calculated using fully modified ordinary least squares (OLS) methods and nonlinear autoregressive distributed lag models (NARDL). Notwithstanding, the NARDL model is considered superior to the fully modified and ordinary OLS because it accounts for nonlinear relations and allows the capture of more complex patterns and dynamics that may be missed by linear models such as OLS. These findings of the study will underscore the need for and importance of clean fuels, GDP, and trade openness in controlling pollution-related policies in China.
The rest of the paper is being tracked as follows; 2nd section discusses the review of literature related to the topic, 3rd section discusses the analytical framework and data description, 4th section presents the methodology employed, 5th section contains the findings and discussion and last section have concluding remarks of the paper.
2 REVIEW OF LITERATURE
Several studies have explored the relationship between environmental degradation, income, and clean fuel. This review examines major studies that provide insights into the EKC theory and clean fuel. It is nevertheless clear that the present section will discuss the existing gap and help to guide the development of methods and models.
Barbier (2002) provides a comprehensive review of the literature on the EKC theory, including the evidence for and against it. The study highlighted different methodology used and different variables taken for many regions and countries. They concluded that further research with using robust methods could unleash the pathways to control pollution in the world.
Stern, (2004) examined the rise and fall of environmental Kuznets curve. This study examines the empirical evidence for the EKC theory and discusses the challenges in testing it. The authors discuss the need to introduce other variables like trade openness etc., in the understanding of pollution-related dynamics.
Bhattarai et al. (2012) uses panel data from 58 countries between 1990 and 2008 to test the EKC hypothesis for forestry sector CO2 emissions and investigates the role of FDI in this relationship. The authors find that while the EKC hypothesis is supported for the forestry sector, FDI does not have a significant impact on CO2 emissions. Additionally, the authors find that income, population, and forest area are important determinants of forestry sector CO2 emissions. The study’s findings suggest that economic development alone may not be enough to reduce environmental degradation, and that targeted policies and regulations may be necessary to address forestry sector CO2 emissions. The study left the gap for employing trade variable and CO2 equivalents.
Rahman and Shahari (2018) examines the EKC theory in Malaysia, focusing on the role of renewable energy consumption and trade. The EKC hypothesis suggests that environmental degradation increases with economic growth up to a certain point, after which it starts to decline as the economy becomes more developed and better able to afford and implement environmentally-friendly technologies and policies. The authors use a time-series analysis from 1971 to 2014 to examine the relationship between CO2 emissions, renewable energy consumption, economic growth, and trade. However, employment of nonlinear ARDL approach may consider nonlinear patterns in the analysis.
Adom and Insaidoo (2016) examines the relationship between renewable energy consumption, trade, and greenhouse gas emissions in selected African countries. The study uses data from 13 African countries over the period 1990–2011. The authors employ panel data analysis techniques to estimate the relationship between renewable energy consumption, trade, and greenhouse gas emissions. They find that renewable energy consumption has a negative and statistically significant impact on greenhouse gas emissions in the selected African countries. The authors also find that trade has a significant positive effect on greenhouse gas emissions, which suggests that international trade may be contributing to an increase in emissions in these countries. It is nevertheless clear that country specific findings are much insightful for development of policy framework for clean energy.
Jiang et al. (2022) explores the relationship between economic growth, coal consumption, and environmental degradation in China. The study uses provincial panel data from 1995 to 2015 and applies the Environmental Kuznets Curve (EKC) framework to examine whether economic development leads to an improvement in environmental quality, as measured by air pollution. The authors find evidence of an inverted U-shaped relationship between economic growth and environmental degradation in China. However, the authors also find that coal consumption, which is a major contributor to air pollution in China, plays a significant role in the EKC relationship.
Creutzig et al. (2021) assessed the feasibility of achieving a rapid transition away from fossil fuels. The authors analyzed the current state of renewable energy technologies and discussed the policy changes needed to accelerate the transition.
Shafiee and Topal (2021) reviewed the use of hydrogen as a clean fuel in the transportation sector. The authors highlighted the advantages and disadvantages of using hydrogen and discussed the current state of the technology.
Shakeel (2021) noted that fossil fuels, non-fossil fuels, exports have a long run relationship with GDP in south Asia region. They employed structural break models with Hansen co-integration approach. The findings revealed that fossil fuels and exports are granger causing GDP in the long run while non fossil fuels and exports are not significant in the long run.
Menegaki and Tugcu (2018) notes that energy use proxies with renewable and non-renewable and GDP have a two-way causality with other variables using the data from 1990 to 2015. They corroborate that energy conservation will harm the sustainable economic GDP in Asia. The study contributes significantly but confines itself in the direction of not providing country specific results.
Shakeel and Ahmed (2021) notes that there exists a long run panel co-integration amid the GDP, energy, trade, in production function of South Asian economies. They used annual data of five countries in a panel approach. They find out a causal association two way affiliation betwixt energy and trade. Also, trade has been causing energy consumption implying that there is much need to understand the dynamics of energy with further studies. The study leaves the gap for clean energy in China and other regions.
Bhuiyan et al. (2022) noted that adopting renewable energy will lead to improve output of both developed and developing nations. They concluded the finding with systematic review of peer reviewed journal-based articles which were collected from SCI and SSCI indexing. They also noted that there is relatively less significance of using renewable energy with output at a specific threshold. They provided important results but leave the gap for other clean fuels which this study attempts to cover.
Awan et al. (2022) examined the association among renewable energy, urbanization and FDI for ten emerging economies over the years 1996–2015. They used the methods of moments quintile regression and found that renewable energy reduces the pollution at all levels of quintile, ceteris paribus. The study contributes significantly but leaves the gap between clean fuels and output for other regions.
Abbasi et al. (2022) examined the environmental factors with fossil fuel, renewable energy, and GDP among others. They used the method of dynamic ARDL simulation and frequency domain causality to find the potential relationships. They noted that fossil fuel sources increase CO2 emission while renewable energy reveals vice versa. The authors contribute significantly but does not provide the dynamic association among clean fuels and GDP in China.
Abbasi et al. (2022) examined the asymmetric links of renewable, non-renewable energy and terrorism in Pakistan. They used nonlinear ARDL methods and found that there is positive and negative changes which affect the renewable energy and terrorism link in the country. They provided novel finding but lack in the direction of clean energy and GDP. Ahmad et al. (2020) explores the heterogeneous links among urbanization, the intensity of electric power consumption, water-based emissions, and economic progress in regional China. The empirical analysis provides valuable insights into the complex relationship between these factors and their implications for sustainable development in urban areas. The study employs robust methodology and utilizes a rich dataset to investigate the specific dynamics at play. The findings highlight the need for targeted policies and strategies to address the environmental challenges associated with urbanization while promoting economic growth.
Ahmad et al. (2020) focused on modeling the heterogeneous dynamic interactions among energy investment, SO2 emissions, and economic performance in regional China. The study contributes to the understanding of the complex relationships between energy investments, environmental pollution, and economic development. The research methodology is rigorous, incorporating advanced modeling techniques to capture the dynamics over time. The findings shed light on the effectiveness of different energy investment strategies in reducing SO2 emissions and their impact on economic performance.
Batool and Rehman (2023) examines the mediating role of green technology innovations in the relationship between environmental regulations and Chinese energy sustainability at the provincial level. The research contributes to the understanding of the mechanisms through which environmental regulations affect energy sustainability outcomes.
Sue et al. (2023) investigated the intricate interplay among renewable energy, economic freedom, and economic policy uncertainty across G7 and BRIC countries. Employing dynamic panel threshold analysis, their study enhances comprehension of these multifaceted interactions. Their findings offer valuable insights into the optimal conditions for effective renewable energy policies, fostering both economic growth and stability.
Işık et al., 2023 delved into the asymmetric repercussions of foreign direct investment inflows, financial development, and social globalization on environmental pollution. This study adds to the existing literature on the environmental consequences of globalization and foreign direct investment. Through empirical analysis, the research provides significant insights into the divergent effects of these factors on environmental pollution within distinct contexts. The research underscores the necessity of tailored environmental policies considering these heterogeneous impacts.
Deng et al. (2022) investigated the influence of social globalization, foreign direct investment inflows, and financial development on environmental pollution, utilizing a globally representative sample of 107 countries. Their empirical exploration sheds light on the intricate dynamics connecting CO2 emissions, economic growth, and employment. The results hold implications for policymakers striving to shape sustainable development strategies on a regional scale.
Rehman et al. (2023) investigates the asymmetrical influence of foreign direct investment, remittances, reserves, and information and communication technology on Pakistan’s economic development. The research contributes to the understanding of the multifaceted drivers of economic development in Pakistan.
Rehman et al. (2022) examined the intricate balance between renewable energy, urbanization, fossil fuel consumption, and economic growth in Romania, assessing short- and long-term implications. Their work advances our understanding of the trade-offs and synergies inherent in this context.
Cagler and Askin (2023) delved into two pivotal environmental quality metrics: CO2 emissions and load capacity factor. While co-integration was not observed in the emissions model, it surfaced in the load capacity factor model. The outcomes suggest that economic growth and competitive industrial performance exert adverse effects on environmental quality. On the contrary, renewable energy consumption and human capital were identified as enhancers of the load capacity factor. This research advocates for human capital and renewable energy consumption as potent instruments for bolstering the load capacity factor.
Degirmenci and Aydin (2024) makes a significant contribution to the study of environmental sustainability, particularly by addressing the role of Annex II countries under the Kyoto Protocol. The authors present a compelling case for testing the load capacity curve (LCC) hypothesis, which relates economic growth to environmental degradation. Their focus on green innovation, green tax, green energy, and technological diffusion as key factors in driving sustainability adds an important dimension to existing environmental economics literature. The study’s limitation to Annex II countries narrows the generalizability of its findings. While this focus is justifiable given the research context, expanding the analysis to include non-Annex countries could offer more comprehensive insights into the global effort to meet Kyoto Protocol targets.
Aydin and Degirmenci (2024) provides a significant contribution to the ongoing discourse on environmental sustainability by examining the effects of clean energy consumption, green innovation, and technological diffusion on sustainability across 10 European Union countries. The novelty of this research lies in its focus on the Load Capacity Curve (LCC) hypothesis, which has been underexplored in comparison to the more frequently studied Environmental Kuznets Curve (EKC) hypothesis. Their findings underscore the importance of technological diffusion and innovation in addressing environmental challenges, while also highlighting the need for country-specific strategies to achieve sustainability goals.
In summary, the EKC framework suggests that the relationship between economic development, energy use, trade, and environmental degradation is complex and nonlinear. While initial increases in energy use and trade may lead to increased environmental degradation, beyond a certain threshold of economic development, environmental degradation may begin to decrease even as energy use and trade continue to grow. The specific shape and functional form of this relationship may vary depending on the context and the specific environmental indicator of interest. Therefore employing nonlinear ARDL may guide us further in this regard.
Overall, these reviews and studies suggest that the EKC hypothesis is a complex and context-specific relationship that varies across countries, regions, and pollutants. While the relationship between economic development and environmental degradation may eventually turn positive, this turning point is influenced by many factors, including government policies, technological advancements, public awareness, and cultural norms. Further research is needed to better understand the EKC relationship and identify effective policies and interventions to achieve environmental sustainability. According to Jiang et al. (2022), China will be a major consumer of energy, including fossil fuels. However, the country has set a double carbon target to control pollution. Despite a reduction in domestic subsidies by 2020, China’s local market structure has demonstrated resilience. China has increased its use of clean energy, including solar panels, by 15.7% compared with 2019 (Bhuiyan et al., 2022). To support its destination of limiting carbon dioxide release before 2,030 and accomplishing carbon neutrality by 2,060, China has set a target of reaching 1,200 gigawatts (GW) of installed wind and solar power capacity by 2,030, which is almost double the current 635 GW capacity. Thus, it will be interesting to assess the clean energy with trade and output for environmental degradation in China.
Therefore, the present work attempts to cover the literature gap for China using CO2 equivalents, GDP, clean fuels, fossil fuel and trade.
3 ANALYTICAL FRAMEWORK AND DATA DESCRIPTION
Initially, as a country’s energy use and trade activity increase with economic development, environmental degradation may also increase. However, beyond a certain threshold, as the country becomes more economically advanced, environmental degradation may begin to decrease even as energy use and trade continue to grow.
Mathematically, the EKC can be represented by the following equation:
[image: image]
where E represents environmental degradation (e.g., pollution), Y represents GDP or economic development, and f() represents some function of the relationship between the two variables. In the case of energy and trade, the equation could be extended to include additional variables such as energy consumption (EC) and trade openness (TO):
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The specific functional form of f () is not well established and may vary depending on the context and the environmental indicator of interest. However, some studies have suggested that the EKC relationship may be characterized by a quadratic or cubic polynomial function, suggesting that the relationship between economic development, energy use, trade, and environmental degradation may not be linear.
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In this equation, E represents the dependent variable (pollution measure with CO2 equivalents), while Y, EC, and TO represent the independent variables of GDP, energy (fossil and clean fuels) and trade openness. The β₀, β₁, β₂, β₃, β₄ are the coefficients that represent the effect of each predictor on the response variable. Finally, ε represents the random error term that accounts for the variability in the response variable that cannot be explained by the predictors. The squared terms capture the potential non-linear relationship between the independent variables and environmental degradation.
3.1 Theoretical connection with asymmetric effects
In the NARDL framework, by incorporating the concepts of asymmetric effects, we can examine how the relationship between trade, clean energy, and the outcome variable changes concerning positive and negative changes in these variables. For example:
3.1.1 Positive shock in trade
A positive shock in trade could lead to increased economic activity, which might benefit the outcome variable positively. However, it could also introduce challenges such as heightened competition or exposure to external market fluctuations, which might have a negative impact on the outcome variable.
3.1.2 Negative shock in trade
Conversely, a negative shock in trade could temporarily reduce economic activity, potentially affecting the outcome variable negatively. However, this might also lead to the implementation of policy measures or increased domestic focus, which could have positive effects in the long run.
3.1.3 Positive shock in clean energy
An increase in the use of clean energy might have positive impacts on the outcome variable, such as reduced environmental degradation or increased investments in sustainable technologies. However, the initial costs of clean energy adoption could temporarily affect the outcome variable negatively.
3.1.4 Negative shock in clean energy
A negative shock in clean energy might hinder progress in sustainability efforts and negatively affect the outcome variable. However, this could also prompt the exploration of alternative clean energy solutions or policy interventions to incentivize clean energy usage, leading to positive effects in the long term.
The study used annual time series of data of carbon dioxide equivalents to measure pollution, GDP at constant dollar prices to measure production, fossil fuel and clean fuels in kilotons of oil equivalents and merchandise trade to GDP ratio at constant US dollar prices to measure trade openness from the period 1990–2020 for China (Table 1). The data for these variables have been obtained from World Development Indicator (2023). We have selected this period considering the Kyoto Protocol of 1987 to reduce environmental degradation as well as the availability of all the variables for this time frame. The technical contribution of the present works rests in the adoption of EKC function with using CO2 equivalents and clean energy with other variables employing NARDL model.
TABLE 1 | XXX.
[image: Table 1]Clean energy refers to forms of energy that are not derived from carbohydrates and do not release carbon dioxide during their generation. This category encompasses various sources such as hydroelectric power, nuclear power, geothermal energy, and solar power, among others. The indicator used to assess the proportion of clean energy in relation to total energy consumption is termed “Alternative and nuclear energy (% of total energy use)” according to the World Bank as the data source.
4 METHODOLOGY
The present section discusses the econometric method employed in the paper. The steps of unit root, co-integration and NARDL have been used to find the dynamics relationship among the model. Equations 1–6 are applied to estimate the model in next section.
4.1 Unit root
As a first step, it is recommended to test the non-stationarity of the times series of the model. For series having deterministic elements in the shape of a constant or a linear trend; Elliott et al. (1992) a.k.a ERS formulated an asymptotically point optimum test to discover a unit root. The test is an asymptotically point-optimal test for the presence of a unit root in a time series. A unit root refers to a characteristic of a time series in which the mean and variance of the series are not constant over time, but instead grow at a rate that is proportional to the time index. The ERS test is based on the idea of testing a linear time trend against a stationary alternative hypothesis. So we used this ERS test reported in Table 2.
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TABLE 2 | Descriptive statistics.
[image: Table 2]In this equation, the variable yt represents the time series being analyzed, Δyt represents the first difference of yt (i.e., the difference between consecutive observations), α is the intercept term, β is the coefficient on the lagged level of yt, γ represents the coefficient on the lagged first difference of yt, δ1, δ2, δp-1 are the coefficients on the lagged levels of yt, and εt is the error term at time t.
4.2 Co-integration test
The second place in the journey of examination is the potential estimation of the long run connection among the time series of the model presented in previous section. The study employs the test of Hansen (1995) parameter instability as well. The Hansen co-integration test is an extension of the standard Johansen co-integration test, which is a widely used method to test for co-integration. The Hansen test is considered more powerful than the Johansen test in certain cases, particularly when there is a small sample size. We have used the nonlinear ARDL bound test to test the potential long run relationship amid variable as well.
5 FULLY MODIFIED OLS AND NON-LINEAR ARDL
The equation for FMOLS is as follows:
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where: yt is the dependent variable at time t. x1t +. + xkt are k independent variables at time t. Β’s are the parameters to be estimated. εt is the error term at time t.
The FMOLS estimator modifies the OLS estimator by including lagged values of the dependent variable and the independent variables as regressors. The equation for the FMOLS estimator is as follows:
[image: image]
where: α is the coefficient on the lagged dependent variable in natural log, lnyt-1. γ is the coefficient on the lagged independent variable in natural log, lnxᵢt-1.
The FMOLS estimator uses instrumental variables to address endogeneity and adjusts the error term for autocorrelation. It is commonly used in time series analysis to estimate the long-run relationships between variables.
Equation 7 is a Nonlinear Auto-regressive Distributed Lag (NARDL) model. It relates the natural logarithm of CO2 equivalent emissions [ln(CO2eqv)] to various explanatory variables, such as the natural logarithm of energy consumption [ln(CE)], the natural logarithm of GDP [ln(GDP)], and the natural logarithm of trade [ln(t)]. The equation includes several interaction terms and squared terms to capture potential nonlinear relationships between the variables. The coefficients (b1, b2, …, b9) represent the estimated effects of the corresponding variables on ln (CO2e), while “a” represents the intercept term. The error term “e” captures the unexplained variability in the model.
Overall, the equation aims to quantify the relationship between ln(CO2e) and the explanatory variables, accounting for potential nonlinear effects and the dynamics of the relationship over time. The NARDL model allows for asymmetry, meaning it can capture different effects of the explanatory variables during periods of increasing or decreasing CO2e emissions.
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The terms with squared logarithms (powers of 2). These terms allow for non-linearity and potential interactions among the variables in the model. Equation 7 allows for capturing potential nonlinear effects through the squared terms and interactions, and the dynamics of the relationship over time due to the inclusion of lagged variables.
The NARDL model is valuable because it allows for the exploration of asymmetry, meaning it can capture different effects of the explanatory variables during periods of increasing or decreasing CO2e emissions. This feature is particularly important when studying environmental phenomena, as the relationships between variables may not always be symmetric over time. NARDL allows for separate estimation of positive and negative changes in explanatory variables, offering insights into how upward and downward movements in environmental factors (e.g., trade) differently impact environmental degradation, which the linear ARDL cannot capture. This provides a more realistic and nuanced understanding of the EKC dynamics.
The estimated coefficients and their significance provide insights into the strength and direction of the relationships between the variables in the model.
8 RESULTS AND DISCUSSION
The present section discusses the findings of the estimated model. The steps involved has been followed as per methodology section. Firstly Table 2 discusses the descriptive statistics of the selected variables. It is clear that mean value of each series are closely associated. Also, it is evident that there is no issue of outlier in the data as per median, minimum and maximum values of the variables.
The value of Jarque-Bera test of normality accepts the null hypothesis that CO equivalents, GDP(Y), clean fuel (CF), fossil fuel (FF) and trade openness (To) are normally distributed. This means that sample of these variables comes from a normal distributed data of the population.
In the next step, a unit test has been applied to calculate the order of integration of the variables. The results of the ERS test are present in Table 3. The results reveal that COE, GDP, fossil fuel, clean fuel and trade openness are non-stationary at levels at 5% or 10% level of significance. It is however clear that at first difference, these variables are found stationary or integrated of order zero. Thus, it is found that these variables are integrated of order one or I (1) process.
TABLE 3 | ERS/ADF-GLS unit root test.
[image: Table 3]Before applying regression models, it is essential to assess whether the data series exhibits linearity or non-linearity. To ascertain the non-linear patterns within the variables under consideration, we employ the BDS (Brock, Dechert, and Scheinman) test for independence, as proposed in the work by Brock et al. (1996). The three dimensions in the BDS test refer to time-series data: (1) m2 the embedding dimension, representing the number of past observations used to predict future values, (2) m3 the distance metric, which measures the closeness between points in phase space, and (3) m4 the length of the series, which affects the accuracy of the test. These dimensions help detect non-linear dependencies in the data. The results, which are presented in Table 4, demonstrate that all the underlying variables exhibit non-linear dependence across all embedding dimensions.
TABLE 4 | Results of BDS test.
[image: Table 4]Likely, in the next step, we estimated the Hansen co-integration test for the potential long run equilibrium relationship among the selected variables in Table 4.
We employ a methodology of moving from a broader-to-narrower approach when choosing the appropriate Nonlinear Autoregressive Distributed Lag (NARDL) model. Our initial exploration involves setting the maximum lag lengths as p = q = 4. This procedure allows us to systematically investigate potential asymmetric long-term co-integration connections within the series. To accomplish this, we utilize the Fpss test introduced by Banerjee et al. (1998), as well as the tBDM test developed by Pesaran et al. (2001), as recommended by Shin et al. (2014).
The outcome outlined in Table 5 demonstrates that there is indication of co-integration among the selected series of the model at 5% level of significance. Therefore, we conclude the existence of a valid asymmetric long-run relationship between pollution, trade, clean energy, and GDP.
TABLE 5 | Results of hansen co-integration test and NARDL bound test.
[image: Table 5]In Table 6, clean energy (CE) variable represents the first difference of the logarithm of CE (clean energy). It has a coefficient of 0.0250, indicating that a one-percent increase in CE is associated with a 0.0102 percent decrease in the dependent variable environmental degradation. This is also evident that one percent decrease of clean energy will lead to increase the pollution by 0.015 percent. Therefore, positive and negative values have different effects on pollution in the model. It is however interesting that taking the CE square will lead to reduce the environmental degradation at latter stages when economy adapts and indigenize the clean energy into the economy. This also means there is nonlinear relationship among the clean energy and environmental degradation. The affiliation between a positive/negative shock to the environmental condition and CE corroborates a negative/positive, less elastic, and significant link at the 1% significance level. It is inferred that more clean energy will reduce the pollution in China. Consequently, any strategy in China intending to grow the level of clean energy will contribute to control pollution. This is because at lower level of clean energy share, pollution cannot be reduced significantly and therefore, country should increase the energy share of these clean fuels, ceteris paribus.
TABLE 6 | Results of NARDL model.
[image: Table 6]GDP variable represents the first difference of the logarithm of GDP. It has a coefficient of 0.2259, suggesting that a one-percent increase in GDP is associated with a 0.2259 percent increase in the dependent variable. The value of GDP square is −0.15 but insignificant indicating the at higher level of economic prosperity, the country needs to adopt clean technologies to reduce pollution, ceteris paribus.
diff_log_t: This variable represents the first difference of the logarithm of t (trade openness). It has a coefficient of −0.312 when positive values considered, indicating that a one-unit increase in t is associated with a −0.31 percent decrease in the dependent variable (pollution). This implies that as trade increases, it could reduce environmental pollution. This is because of the composition effect of trade which suggests that labor intensive economies will emit less pollution, ceteris paribus (Shakeel and Ahmed, 2021). However, the negative value of trade shows that a one percent decrease in trade will increase the pollution by 0.124 percent. Therefore, positive and negative values of trade have asymmetric effect on pollution with a different magnitude. These estimates are helpful in policy guidelines for environmental degradation.
The affiliation between a positive/negative shock to the pollution and trade indicates a negative/positive, elastic, and significant link at the 1% significance level. It can be inferred that any rise in trade will reduce the pollution in China. Thus, any policy in China targeting at growing the level of trade will contribute to control pollution. This is because trade could impact the environmental condition by scale effect, composition effect and technique effect. The existing estimate supports the technique effect as using clean technology is indicative of improving environmental degradation.
log_CE_squared, log_GDP_squared, log_t_squared: These variables represent the squared terms of CE, GDP, and t, respectively. Their coefficients are −0.3356, −0.1580, and 0.3860, respectively. These coefficients indicate the relationship between the squared terms and the dependent variable, considering potential non-linearities.
The coefficient (−0.51) represents the error correction term. It indicates the speed at which the dependent variable adjusts towards its long-run equilibrium relationship with the independent variables. In this case, a value of −0.51 suggests that environmental pollution corrects about 51% of the disequilibrium in each period. This means that in the long run, all the variables are significant to contribute towards the equilibrium level of pollution, ceteris paribus.
Clean energy and trade openness are also significant to improve the environmental degradation. Thus, it is clear the clean energy which is among the SDG 7 and climate which is SDG 13 targets can be achieved using clean energy and promoting trade of the economy. Also, there are forward and backward linkages of trade through which a country can enhance economic activity and environment through technology spillover (Cagler, 2023; Rehman et al., 2023).
The use of cleaner fuel sources is associated with reduced pollution, while international trade are also associated with better environmental quality as per NARDL estimates. The magnitude of clean fuel is not as per expectation as country is cultivating the culture of clean fuel recently while share of fossil fuels is huge.
In the last step, we estimated that long run estimates using the fully modified OLS methods as per methodology section (Table 7). The dependent variable in this model is likely to be a measure of environmental quality (carbon emissions), while the independent variables are GDP, Clean fuel, Fossil fuel, Trade, and a time trend (@TREND).
TABLE 7 | Results of Fully modified OLS.
[image: Table 7]The coefficient estimates of the independent variables suggest the following: GDP has a negative coefficient (−8.211914), implying that environmental quality decreases with economic growth initially. GDP^2 has a positive coefficient (0.157951), indicating that there is an inverted U-shaped relationship between economic growth and environmental quality, consistent with the EKC hypothesis. The coefficient estimate suggests that environmental quality improves after a certain level of economic development is reached. Clean fuel has a positive coefficient (0.040428), implying that the use of cleaner fuel sources is associated with increased Coe emission. This could be due to the higher initial cost of clean fuel and use of pollution related process in the development of clean fuels (see Shakeel and Iqbal, 2014; Shakeel, 2021a; Shakeel, 2021b). The value of the clean fuel is smaller implying for the smaller share in the economy of China relative to fossil fuels. Likely, Fossil fuel has a positive coefficient (3.174775), suggesting that the use of fossil fuels is associated with worse environmental quality. Trade has a positive coefficient (3.880556), indicating that international trade is associated with worse environmental quality. The time trend variable (@TREND) has a negative coefficient (−0.072674), implying that environmental quality has been improving over time. The standard errors, t-statistics, and p-values provide information on the statistical significance of the coefficient estimates. All the independent variables have statistically significant coefficients at the 5% level of significance.
The co-integration-based graph of residuals from the estimated NARDL model also confirms the existence of long run relationship as there is a stationary pattern of the residuals (see Figures 1, 2). We have employed both the cumulative sum (CUSUM) and cumulative sum of squares (CUSUMSQ) tests to assess the consistency of the regression. The outcomes presented in Figure 2, indicate that the blue line remains within the 5% critical threshold. This implies that the estimated NARDL model demonstrates stability.
[image: Figure 1]FIGURE 1 | Estimated residual.
[image: Figure 2]FIGURE 2 | CUSUM and CUSUMQ PLOT of estimated residuals.
9 CONCLUSION AND IMPLICATIONS
This research investigates the effects of various factors, including GDP, clean and fossil fuels, and trade, on CO2e emissions in China. Specifically, it explores the potential for clean fuel to mitigate pollution and promote sustainability. The study utilizes time series data from 1990 to 2020 and employs NARDL AND FMOLS methods. Based on the NARDL regression results, we can conclude that GDP have a significant postive impact on CO2e emissions. This suggests that economic growth and development are associated with higher levels of pollution. Additionally, the use of clean fuels has a small but significant negative effect on CO2e emissions, while the negative values of clean fuels haave a significant positive impact on emissions. The variable for trade also corroborated the same patterns on CO2e emissions, indicating that countries that engage in more trade may have lower levels of pollution in the long run. Finally, the trend variable indicates a decreasing trend in CO2e emissions over time.
Clean fuel is a type of fuel that produces fewer harmful emissions when burned compared to traditional fossil fuels like coal, oil, and natural gas. The use of clean fuels can potentially contribute to reducing environmental degradation and pollution. However, the effectiveness of clean fuels in reducing pollution levels largely depends on the type of fuel used and the way it is produced and transported. For example, biodiesel can reduce emissions of carbon monoxide and particulate matter, but it can also lead to increased emissions of nitrogen oxides and other harmful substances. Thus, the smaller value of coefficients implies that country still need to increase the share of these clean fuels in China.
When it comes to the EKC hypothesis, the use of clean fuels could potentially accelerate the process of reaching the turning point where environmental degradation begins to decline. However, it is important to note that clean fuels alone are unlikely to be sufficient to address the underlying causes of environmental degradation. Other measures, such as regulatory policies, public awareness campaigns, and investments in sustainable technologies, will also be necessary to achieve long-term environmental sustainability.
The findings highlight the importance of considering the interplay between economic growth, clean energy, trade openness, and environmental degradation. By adopting targeted policies and sustainable practices, countries can achieve the Sustainable Development Goals related to clean energy (SDG 7) and climate action (SDG 13), while promoting economic growth and environmental sustainability.
The policy implications of this analysis are as follows:
• Promoting clean energy adoption: Governments should prioritize policies that encourage the use of clean energy sources. This can include subsidies, tax incentives, and research and development funding for renewable energy technologies. By indigenizing clean energy into the economy, countries can reduce environmental degradation and move towards sustainable development.
• Implementing sustainable economic policies: As countries strive for economic growth, it is crucial to adopt sustainable economic policies that consider environmental implications. This can involve promoting resource efficiency, circular economy practices, and sustainable consumption and production patterns. Balancing economic growth with environmental sustainability is essential for achieving long-term environmental quality.
• Enhancing trade policies: Governments should aim to create trade policies that promote environmentally friendly practices. This can involve integrating environmental standards and regulations into trade agreements, encouraging eco-friendly industries, and supporting sustainable supply chains. By leveraging trade openness, countries can benefit from technology spillovers and improve environmental quality.
• Continued monitoring and research: Environmental policies should be based on robust monitoring and research. Regular assessment of environmental indicators and their relationship with economic variables is crucial for informed policy decision-making. Ongoing research should focus on understanding the non-linear dynamics between economic growth, clean energy adoption, trade openness, and environmental degradation.
The present study is limited in the context of not using other economic and environmental variables like biodiversity, water quality etc. These variables could be of much help in understanding the complex nature of economic-environmental dynamics in China and other regions of the world. Additionally, considering sector-specific analyses could provide more granular insights into how different industries contribute to or detract from environmental sustainability. Notwithstanding, this is a future direction of the present work.
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