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Abstract
Rapid urbanisation has become a defining feature of economic transformation in developing countries, raising growing concerns about its environmental consequences. Using yearly time-series data from 1974 to 2023 from the World Bank's World Development Indicators, this research investigates the long-term link between urban population growth, energy consumption, trade openness, and carbon dioxide (CO₂) emissions in India. The Augmented Dickey–Fuller (ADF) test is used to analyse the stationarity qualities of the variables. The results show a mixed order of integration, which supports the use of the Autoregressive Distributed Lag (ARDL) bounds testing method. A stable long-term equilibrium connection between the variables is confirmed by the empirical findings. According to the projected long-run coefficients, the most significant factor influencing CO2 emissions is urban population expansion, which is followed by energy consumption. Trade openness also has a positive but relatively little impact on environmental deterioration. A quick transition from short-run disequilibrium to long-run equilibrium is confirmed by the statistically significant and negative error correction term. Furthermore, the stability and diagnostic tests show that the estimated model is stable and statistically sound throughout the sample duration. The results indicate that in order to lower carbon emissions and promote India's long-term sustainable development goals, sustainable urban design, increased dependence on renewable energy, improvements in energy efficiency, and environmentally conscious trade policies are crucial.
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1. Introduction
[bookmark: _Hlk232674414]The rapid economic growth of the global economy has driven improvements in living standards, industrial productivity, and global trade. Over the last three decades, the global economy has grown considerably, with GDP nearly tripling from 38.49 trillion U.S. dollars in 1991 to approximately 117.2 trillion U.S. dollars in 2025. However, alongside these economic gains, structural transformations in population distribution have also reshaped the global development landscape.
[bookmark: _Hlk232674485]The rapid growth of the urban population is a defining feature of the global economy, driven by both natural population growth and rural-to-urban migration and this trend is expected to continue, with significant implications for economic development, infrastructure, and social dynamics. As of 2020, over 56% of the world’s population resides in urban areas, and it is projected to increase by 2.5 billion in 2050, reaching 66% of the global population (Floater et al., 2014; Hallegatte & Corfee-Morlot, 2011). 
Urban areas contribute more than 80 per cent of global GDP, making them crucial drivers of economic growth. (Xu, 2022; Basole & Bhattacharya, 2017; Al-Jebouri et al., 2020) and functioning as engines of economic innovation, productivity, and development. However, this demographic and spatial concentration of people and economic activity has also exacerbated environmental challenges, particularly climate change and global warming. Urbanisation leads to increased greenhouse gas emissions, as cities are often reliant on fossil fuels for energy, which directly contributes to climate change (Liu & Chen, 2022). Furthermore, cities are considered more vulnerable to climate change, as rapid urban population growth intensifies resource demand and environmental pressures (Wang & Moriarty, 2018). Increased energy demand, transport expansion, construction activities, and lifestyle changes associated with urban living contribute to rising greenhouse gas (GHG) emissions, resource depletion, and ecological degradation (Seto et al., 2012). The environmental implications of urban population growth are particularly profound due to the interplay between land use, energy consumption, and waste generation. Urban expansion leads to the conversion of natural land into impervious surfaces, disrupting hydrological cycles and increasing surface temperatures. Thus, while urbanisation continues to drive global economic growth, it also significantly intensifies environmental pressures and policymakers worldwide face the urgent task of designing and implementing effective strategies to mitigate the impact of global warming.
India is also not immune to the challenges posed by climate change and global warming. As one of the fastest-growing economies, the country has witnessed rapid urbanisation. The urban population growth in India has been accompanied by sprawling settlements, increased vehicular traffic, soaring energy demands, and haphazard land conversion, all of which strain local ecosystems and contribute to rising carbon footprints. Therefore, understanding and addressing the causal links between climate change and urban population growth in India is thus a policy imperative and demands integrated approaches spanning urban planning, environmental governance, and climate resilience. 
This research objectively investigates the correlation between carbon dioxide (CO2) emissions and population increase, considering India's substantial contribution to global carbon emissions. The work is organised into three sections: Review of Empirical Literature, Data and Model Specification, and Empirical Results. The Conclusion and Policy Implications section is an overview of the policy implications associated with the primary results.
[bookmark: _Hlk232674672]2. Review of Empirical Literature 
The correlation between urbanisation and carbon emissions has garnered considerable focus in the environmental economics literature. Rapid urban expansion is acknowledged as a significant structural catalyst of environmental change, especially in developing nations where urban growth frequently correlates with heightened industrial activity, infrastructure development, and energy demand. Nevertheless, scientific evidence about the environmental impacts of urbanisation is inconsistent, indicating variations in economic frameworks, technology advancement, and policy contexts among nations.
A large number of empirical research indicates that urbanisation leads to elevated carbon emissions, chiefly due to heightened energy consumption and intensified economic activity. Ngong et al. (2022) investigated the correlation between urbanisation and environmental deterioration in CEMAC nations through cointegration methods and discovered that urban expansion markedly elevates CO₂ emissions. Their findings also reveal feedback effects in which emissions influence urbanization and economic variables. Similarly, Dutta and Hazarika (2023), analysing a panel of low- and lower-middle-income countries across multiple regions, reported that urbanization acts as a key driver of CO₂ emissions, largely due to rising energy demand associated with economic development and population concentration in urban areas. Evidence from Pakistan presented by Ahmad et al. (2022) also indicates that urban population growth and energy consumption significantly increase environmental degradation. Similarly, Akorede and Rafia (2020) found that urbanisation, energy consumption, economic growth, and CO₂ emissions are closely linked in Nigeria, suggesting that rapid urban expansion in developing economies contributes significantly to environmental degradation.
Other studies highlight energy expenditure as the primary mechanism by which urbanisation influences environmental quality. Khan et al. (2019) employed the ARDL limits testing methodology for Pakistan and discovered that both energy consumption and urbanisation substantially elevate CO₂ emissions, hence corroborating the Environmental Kuznets Curve (EKC) hypothesis. Siddique et al. (2020) established a long-term correlation among urbanisation, energy consumption, and CO₂ emissions in South Asia, indicating that increasing energy demand linked to economic growth exacerbates environmental strain. The idea that rising energy demand continues to be a major cause of environmental deterioration is further supported by a more recent study by Awais et al. (2024), which found that economic growth and energy consumption are significant predictors of CO2 emissions. Afridi et al. (2019) conducted research on the SAARC region, confirming that urbanisation and energy consumption positively influence emissions, but trade openness may somewhat alleviate environmental deterioration. Similarly, Shabani et al. (2022) discovered that energy use and urbanisation significantly reduce CO2 emissions in ECO member nations, highlighting the negative environmental implications of fast urban growth. According to Rahman (2020), energy consumption and population density significantly increase carbon emissions in India over the long and short terms. Pachiyappan et al. (2021) similarly discovered that energy consumption and population growth considerably increase CO2 emissions in India using both the ARDL and Vector Error Correction Model (VECM), demonstrating the existence of both long-run and short-run correlations.
Although numerous studies indicate a positive correlation between urbanisation and emissions, other research emphasises nonlinear or heterogeneous impacts. Gierałtowska et al. (2022), in their analysis of data from 163 nations, identified an inverted U-shaped correlation between urbanisation and CO₂ emissions. Their findings indicate that emissions first rise with urban expansion but subsequently decrease as urbanisation attains a specific threshold, demonstrating advancements in efficiency, technological innovation, and environmental regulation. Xu et al. (2024) describe analogous findings, having analysed eight of the most populous nations and established a nonlinear relationship that aligns with the Environmental Kuznets Curve concept. The findings suggest that the environmental consequences of urbanisation may differ depending on the stages of economic development.
Alongside demographic effects, numerous studies emphasise the significance of economic and structural elements in influencing the urbanization-emissions relationship. Farhani and Ozturk (2015) examined the factors influencing carbon emissions in Tunisia and determined that financial development and economic growth substantially elevate emissions. Dogan and Turkekul (2015) indicated analogous findings for the United States, demonstrating that energy use and urbanisation lead to environmental degradation, although financial development does not exert a major influence. Research from the Visegrad countries, as presented by Myszczyszyn and Supron (2022), substantiates that urbanisation affects emissions both directly and indirectly via heightened energy demand.
Regional analyses indicate significant variability in the correlation between urbanisation and environmental results. Zhai and Kong (2024) examined county-level data from Jiangsu Province, China, and discovered that both population and economic urbanisation substantially elevate CO₂ emissions, but with varying degrees of impact across different locations. Conversely, Ma and Ogata (2024) discovered that urbanisation may diminish emissions across a substantial sample of OECD and non-OECD nations, indicating that sophisticated urban systems might attain environmental enhancements via technology advancement and improved governance. According to Kongkuah et al. (2021), urbanisation may eventually help reduce emissions through improved efficiency and structural change, even while economic growth and energy use raise emissions in China.
Several studies have investigated the overarching causes of emissions by integrating trade, economic growth, and technical variables. Using the ARDL approach, Nadeem et al. (2020) also demonstrated the usefulness of time-series econometric techniques for examining the long-run determinants of environmental degradation in developing countries. Jan (2020) found that while trade openness typically lessens environmental strain, economic development, energy consumption, and urban population add to CO2 emissions in Belt and Road Initiative nations. Szymczyk et al. (2021) reported similar results for OECD countries, showing that while financial development reduces environmental degradation, economic growth, energy consumption, and urban population all favourably impact emissions. Osman (2024) shown that urbanisation, energy use, and trade liberalisation considerably elevate emissions in Saudi Arabia, especially over the long term.
Notwithstanding the substantial scientific literature, the correlation between urban population expansion and environmental degradation remains ambiguous. Certain research indicate significant positive impacts, whilst others reveal nonlinear or even adverse associations contingent upon the degree of economic development and the quality of institutions. These divergent results underscore the necessity for country-specific assessments that take into account the structural attributes of distinct economies. In India, fast urbanisation coupled with a significant dependence on fossil fuel energy sources may create distinct environmental dynamics that require additional examination.
The empirical data for India on the long-term relationship between urban population increase, energy consumption, trade openness, and CO2 emissions is still ambiguous, despite the expanding body of research on urbanisation and environmental degradation. Due to variations in sample periods, model parameters, and econometric techniques, previous research reports conflicting results. Thus, this study uses the Autoregressive Distributed Lag (ARDL) bounds testing method to investigate the long-term and short-term correlations between urban population growth, energy consumption, trade openness, and CO2 emissions in India. The study postulates that while trade openness has a statistically significant link with emissions, urban population growth and energy use are positively correlated with CO2 emissions based on the theoretical and empirical literature. This study offers current empirical evidence and adds to the literature by providing policy insights for ecologically sustainable urban development in India using yearly time-series data for the years 1974–2023.
Data and Methodology
Data
[bookmark: _GoBack]This research used annual time-series data for India from 1974 to 2023, sourced from the World Bank's World Development Indicators (WDI) database. Carbon dioxide (CO₂) emissions (metric tonnes per capita), or LNCO2, serve as the principal indicator of environmental degradation resulting from energy production and consumption, therefore categorising them as the dependent variable. The explanatory variables include urban population (LNUPOP), which acts as a surrogate for urbanisation and indicates the density of people in urban regions, along with its ramifications for energy consumption, transportation, and infrastructure advancement. Energy consumption (LNENUSE), quantified in kilos of oil equivalent per capita, reflects the extent of energy utilisation in the residential, industrial, and transportation sectors. Finally, trade openness (LNTRADE), quantified as trade (% of GDP), signifies the extent of economic integration with global markets and its possible impact on carbon emissions via manufacturing, transportation, and technology diffusion. To enhance comparability and reduce heteroscedasticity, all variables are converted into their natural logarithms, enabling the interpretation of calculated coefficients as elasticities.
Methodology
This study examines the dynamic relationships among the selected variables using a systematic econometric methodology. The integration order of the variables is first determined by the Augmented Dickey–Fuller (ADF) test. To use the ARDL bounds testing method, it is essential to ensure that no variable is integrated of order two [I(2)]. The Akaike Information Criterion (AIC) is used to ascertain the optimal lag length, ensuring appropriate model selection.

The Autoregressive Distributed Lag (ARDL) limits testing methodology established by Pesaran et al. (2001) is used to examine long-term cointegration where the integration order is verified as either I(0) or I(1). The ARDL model is particularly suitable in this context because to its flexibility with mixed orders of integration and its robustness in small sample numbers. The optimal lag structure is determined by the AIC to ascertain the appropriate dynamic lags in the model.The comprehensive long-term ARDL model is articulated as:

Where  is the dependent variable,  represent the explanatory variables, p and qj ​denote the lag lengths, and  is the error term. 
Critical values proposed by Pesaran et al. (2001) are compared with the F-statistic obtained via the ARDL bounds test. The null hypothesis of no long-term association is rejected if the calculated F-statistic exceeds the upper critical threshold, signifying cointegration among the variables. The unconstrained error correction representation of the estimated ARDL model is delineated in the following equation.

The first-difference operator, which captures short-term changes in the corresponding variables, is represented here by the symbol Δ. The symbol α0 represents the constant term. The long-run values associated with the lagged level variables are denoted by λ, whilst the short-run dynamic coefficients are indicated by β. Finally, the stochastic error term, represented by μt, is considered to be white noise with a constant variance and a mean of zero. 
The prefix LN signifies the conversion of all variables into natural logarithms, allowing the coefficients obtained to be interpreted as elasticities.

The Error Correction Model (ECM) is used to forecast short-term dynamics after the validation of cointegration. The coefficient of the error correction term quantifies the rate of convergence of short-run fluctuations to the long-run equilibrium. A consistent long-term relationship is validated by a negative and statistically significant error correction coefficient.
Ultimately, to verify that the calculated coefficients exhibit stability during the specified sample time, the study used the Cumulative Sum (CUSUM) and Cumulative Sum of Squares (CUSUMSQ) tests. These diagnostic instruments aid in identifying structural failures or parameter instability by displaying the recursive residuals in relation to the 5% significance criteria. If the plots remain inside the critical limits, it indicates that the model coefficients are stable and the inferred relationships are precise.
A set of diagnostic tests is ultimately performed to assess the sufficiency of the estimated ARDL model. The Breusch-Godfrey LM test is used to detect serial correlation in the residuals, the Breusch-Pagan-Godfrey test is applied to examine probable heteroscedasticity in the model, and the Jarque-Bera test is utilised to check the normality assumption of the residuals' distribution.
Empirical Findings
Descriptive Analysis
Table 1. Descriptive Analysis of the Variables
	
	LNCO2
	LNENUSE
	LNTRADE
	LNUPOP

	Mean
	 6.795639
	 5.949379
	 3.245520
	 19.44436

	Median
	 6.835860
	 5.921515
	 3.211472
	 19.46808

	Maximum
	 7.991315
	 6.443308
	 4.021661
	 20.07498

	Minimum
	 5.470761
	 5.627930
	 2.503014
	 18.68615

	Std. Dev.
	 0.776124
	 0.236877
	 0.538403
	 0.408220

	Skewness
	-0.124898
	 0.466698
	-0.007195
	-0.184864

	Kurtosis
	 1.776074
	 2.224552
	 1.421411
	 1.866097

	Jarque-Bera
	 3.250816
	 2.515599
	 5.088140
	 2.904139

	Probability
	 0.196831
	 0.284279
	 0.078546
	 0.234085

	Sum
	 339.7820
	 243.9246
	 159.0305
	 952.7737

	Sum Sq. Dev.
	 29.51606
	 2.244428
	 13.91414
	 7.998902


Source: Author
Table 1 presents the descriptive statistics of the variables used in the study. All variables are expressed in natural logarithms to improve comparability and reduce heteroscedasticity. The results indicate moderate variation across the variables, with no evidence of extreme dispersion that could adversely affect the subsequent econometric analysis.
Figure 1.  Line Graph of the Variables 
[image: ]
Source: Author
Figure 1 illustrates the trends in the study variables over the sample period. Carbon dioxide emissions, urban population, and energy use exhibit a steady upward trend, reflecting India's rapid urbanisation and increasing energy demand. Trade openness also displays an overall increasing trend, although with noticeable fluctuations over time.
Unit Root Test
Table 2. Augmented Dickey Fuller Test
	Variable
	At Level (Intercept) t-statistic
	p-value
	At First Difference (Intercept) t-statistic
	p-value
	Order of Integration

	LNCO₂
	-1.0951
	0.7106
	-6.1263***
	0.0000
	I(1)

	LNENUSE
	3.2082
	1.0000
	-4.6768***
	0.0005
	I(1)

	LNTRADE
	-0.8669
	0.7902
	-5.7759***
	0.0000
	I(1)

	LNUPOP
	-2.6995**
	0.0292
	—
	—
	I(0)


Source: Author’s Calculations (Note: *** corresponds 1% and ** of 5% level of significance).
The Augmented Dickey–Fuller (ADF) test unit root analysis indicates a heterogeneous order of integration among the variables. LNCO2, LNENUSE, and LNTRADE exhibit non-stationarity at levels but attain stationarity upon first differencing, indicating that they are integrated of order one [I(1)]. Conversely, LNUPOP remains stable at a constant level, indicating that it is integrated of order zero [I(0)]. Given that none of the variables is integrated of order two [I(2)], the ARDL limits testing methodology is suitable for investigating the long-term connection among the variables.
ARDL Bound Test and Long run coefficients
The variables under examination are integrated in mixed order, and no variables are stationary at the second difference, according to the Augmented Dickey-Fuller test for stationarity. The ARDL model's precondition is satisfied by the stationary tests. Consequently, the ARDL model is appropriate for our research. The ARDL bound test ascertains the existence of a long-run equilibrium connection by comparing the computed F-statistic against established upper and lower thresholds. The null hypothesis of no long-term association is rejected if the calculated f-statistics exceed the upper critical value, indicating that the variables are cointegrated. The lack of a steady long-term link suggests that the null hypothesis remains valid when the statistic falls below the lower threshold. The test produces no definitive answer when the F-statistic is inside the range specified by these two important values, requiring more data to establish cointegration.
The requirement for using the ARDL bounds testing method is satisfied by the mixed order of integration verified by the ADF test.
Table 3. ARDL Bound Test
	ARDL Bound Test

	F-statistics
	39.521034
	10%
	5%
	1%

	Critical Values
	Lower Bound
	2.37
	2.79
	3.65

	
	Upper Bound
	3.02
	3.67
	4.66


Source: Author
The value of the computed f-statistic (39.521034) substantially exceeds the upper critical bounds at 10%, 5% and 1% significance levels.  The findings imply that the null of no long-term relationship is unequivocally rejected, thereby supporting cointegration among the variables in the bounds-testing framework.
Table 4. Long-run Estimates
	Variables
	Coefficient
	t-stat
	p-value

	LNUPOP
	1.175019
	18.91374
	0.0000

	LNENUSE
	1.022993
	20.35678
	0.0000

	LNTRADE
	0.098939
	5.291736
	0.0000

	C
	-21.48911
	-19.80720
	0.0000


Source: Author
[bookmark: _Toc183050132]Table 4 depicts the computed long-term coefficients derived from the employed ARDL model. The findings demonstrate that urban population increase is the primary factor driving environmental degradation in India. The coefficient for urban population (LNUPOP) is positive and statistically significant (1.175019), indicating 1% rise in the urban population leads to approximate 1.17% rise in CO₂ emission over the long term. The result aligns with previous research indicating a robust positive correlation between urbanisation and carbon emissions (Abbasi et al., 2020; Franco et al., 2017; Itoo & Ali, 2022). Accelerated urbanisation heightens the demand for housing, infrastructure, and transportation services, thus elevating energy consumption and exacerbating emissions. The expansion of urban areas significantly elevates energy consumption in both residential and transportation sectors. A substantial share of this energy demand arises from household electricity consumption and cooking fuels such as liquefied petroleum gas (LPG), coal, dung cake, and gobar gas. In addition, the growing reliance on private transportation further intensifies fossil fuel consumption, particularly in rapidly expanding urban areas where energy-efficient transport systems are still developing (Ahmad et al., 2015).
The measure for energy use (LNENUSE) is also positive and statistically significant. The findings show that, when all other variables are held equal, a 1% increase in energy consumption results in a roughly 1.02% rise in CO2 emissions. This demonstrates that energy use continues to be a significant contributor to emissions in India. The positive relationship between energy use and emissions can largely be explained by the structure of energy consumption across major economic sectors. The energy sector represents the largest source of emissions due to the dominance of coal in electricity generation and the use of natural gas in power production (Philip & Kuriakose, 2025; Jóźwik et al., 2025; Mukhopadhyay & Chakraborty, 2003). The manufacturing sector also contributes significantly to emissions, as industrial production processes require substantial energy inputs derived mainly from coal, petroleum, and natural gas (Sahu & Mehta, 2016). Furthermore, rapid economic expansion, industrial development, and the expansion of road infrastructure have increased transportation demand, thereby intensifying fuel consumption and carbon emissions.
Lastly, with an estimated elasticity of around 0.09, the coefficient of trade openness (LNTRADE) is positive and statistically significant. This shows that CO2 emissions rise by 0.09% for every 1% growth in commerce (as a percentage of GDP). The positive correlation implies that increasing production, transportation, and energy consumption linked to international trade flows might lead to greater emissions.
Overall, the empirical results are in line with earlier research showing that energy consumption and urbanisation are the primary causes of carbon emission in emerging nations. Rahman (2020), Khan et al. (2019), and Ahmad et al. (2022) all support the beneficial effects of urban population expansion. Similarly, the results of Siddique et al. (2020) and Afridi et al. (2019) are supported by the large impact of energy usage. According to Osman (2024), growing trade activities may result in higher emissions unless they are backed by cleaner technology and more stringent environmental restrictions. This is also supported by the positive coefficient of trade openness.
Error Correction Term
Table 5. Error Correction Term (ECT)
	Variables
	Coefficient
	t-stat
	p-value

	CointEq(-1)*
	-0.994573
	-6.825039
	0.0000


Source: Author
[bookmark: _Toc183050133]The error correction term (ECT) coefficient, denoted as CointEq(-1), measures the speed of adjustment towards the long-run equilibrium after a short-run deviation. This negative sign indicates that any short-run disequilibrium in CO₂ emissions is gradually corrected over time. The estimated speed of adjustment suggests that approximately 99.46% of deviations from the long-run equilibrium level of CO₂ emissions are eliminated within the following period, indicating a rapid convergence of the system back to its long-run path.
CUSUM and CUSUM Square
Finally, to examine the stability of the estimated parameters, the CUSUM and CUSUMSQ tests are applied. These diagnostic procedures evaluate whether the model’s coefficients remain stable throughout the sample period. The graphical results show that the cumulative sums remain within the 5% critical boundaries, indicating that the estimated parameters do not exhibit structural instability over time. This outcome confirms the overall stability and reliability of the model specification.



Source: Author
Residual Diagnostic
To evaluate the adequacy and dependability of the estimated ARDL model, many post-estimation diagnostic tests are conducted. These tests evaluate how well the basic presumptions of the traditional regression framework hold up. The Jarque–Bera test establishes if the residuals follow a normal distribution, the Breusch–Pagan–Godfrey test evaluates heteroskedasticity, and the Breusch–Godfrey LM test finds serial correlation in residuals. The results of these diagnostic tests show that the suggested model complies with the fundamental statistical presumptions required for reliable inference. The residuals show continuous variance, a regular distribution, and no serial correlation. These results imply that the calculated coefficients may be regarded as statistically robust and that the ARDL specification is well-behaved.
Table 6. Test for Normality, Autocorrelation and Heteroscadaticity
	Tests
	f-stat
	p-value

	Normality
	
	0.9977

	Autocorrelation
	1.507660
	0.2434

	Heteroscadasticity
	0.454104
	0.9223


Source: Author’s Calculations
The results of the residual diagnostic tests indicate that the estimated model meets the essential statistical assumptions necessary for valid inference. The results specifically indicate that the residuals are normally distributed, devoid of serial correlation, and demonstrate constant variance, suggesting the lack of heteroskedasticity.
Limitation of the Study
It is critical to acknowledge the research's shortcomings. First, since the study is restricted to India, the findings could not be instantly transferable to other developing or developed countries with different demographic, economic, and energy systems. Second, the study, which sees urban population growth, energy consumption, and trade openness as the main determinants of CO2 emissions, does not specifically include other potentially important factors like the adoption of renewable energy, technological innovation, institutional quality, and environmental policy due to data and model considerations. Finally, even if the ARDL limits testing method well captures both short-run and long-run dynamics, future research may use nonlinear or structural break models to explore potential asymmetric linkages and evolving policy impacts over time.
Conclusion and Policy Implications
[bookmark: _Hlk232755622]This research used yearly data for the years 1974–2023 within the Autoregressive Distributed Lag (ARDL) bounds testing framework to examine the long-term link between urban population growth, energy consumption, trade openness, and carbon dioxide (CO₂) emissions in India. A stable long-term equilibrium connection between the chosen variables is confirmed by the empirical data. Urban population expansion is the primary factor determining carbon emissions, according to the projected long-run coefficients. The findings show that a 1% increase in the urban population is linked to a roughly 1.17% increase in CO2 emissions, indicating that the demand for housing, public services, transportation infrastructure, and energy has increased due to rapid urban expansion.
The analysis further demonstrates that energy consumption is a significant contributor to environmental degradation. Specifically, a 1% rise in energy use increases CO₂ emissions by approximately 1.02%, reflecting India's continued dependence on fossil-fuel-based energy sources to support economic and industrial activities. Trade openness also exhibits a positive and statistically significant association with carbon emissions, although its estimated effect is comparatively smaller, with a 1% increase in trade raising emissions by about 0.09%. This finding implies that expanding trade activities may increase environmental pressures when production and transportation continue to rely on carbon-intensive technologies.
Any short-term deviations from the long-term equilibrium are quickly rectified, according to the predicted error correction term, which is negative and extremely significant. Furthermore, the diagnostic and stability tests provide confidence in the robustness of the estimated connections by confirming that the estimated ARDL model meets the required econometric assumptions and is stable throughout the course of the research.
Overall, the findings indicate that urbanisation, rising energy demand, and increasing trade integration jointly contribute to environmental degradation in India, with urban population growth exerting the strongest long-run influence. These results highlight the importance of incorporating environmental considerations into urban development and economic planning.
The results point to a number of crucial concerns from a policy standpoint. First, a key element of India's climate plan should continue to be quickening the shift to renewable energy sources and lowering reliance on fossil fuels. Second, in order to accommodate urban growth while minimising environmental effects, urban development policies should promote compact city design, the expansion of effective public transportation networks, energy-efficient buildings, and green infrastructure. Third, reducing emissions without sacrificing economic advancement requires increased industrial energy efficiency and broader use of cleaner manufacturing methods. Lastly, encouraging producers and consumers to adopt more sustainable practices and supporting India's shift to low-carbon growth may be achieved by bolstering environmental legislation and supporting market-based tools like carbon pricing and emissions trading schemes.
In summary, achieving sustainable urban and economic development in India requires an integrated policy approach that combines clean energy adoption, sustainable urban planning, technological advancement, and effective environmental governance. Such coordinated efforts will be essential for reducing carbon emissions while ensuring long-term economic growth and environmental sustainability.
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