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ABSTRACT 

	This study examines the Environmental Kuznets Curve (EKC) hypothesis for India employing a novel consumption-based metric for CO₂ emissions from 1990 to 2021. Utilizing the ARDL bounds testing approach, it analyses the roles of renewable energy consumption and globalization alongside economic growth. The results validate an inverted U-shaped EKC relationship, indicating that environmental degradation initially increases with economic growth but eventually declines after a certain income threshold is surpassed. Renewable energy consumption is found to significantly reduce emissions, whereas globalization exhibits an insignificant negative impact. Robustness checks using DOLS and Johansen cointegration confirm these findings. The findings underscore the importance of promoting renewable energy and strategically managing economic growth to achieve environmental sustainability. Policy recommendations include accelerating green energy adoption and enforcing stringent environmental standards for foreign investment.
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1. INTRODUCTION 

The relentless pursuit of economic growth has been instrumental in alleviating poverty. It has also been crucial for raising living standards. However, this pursuit has precipitated an unprecedented environmental crisis. This crisis is epitomized by climate change. Climate change is driven largely by anthropogenic greenhouse gas emissions. Navigating the complex interplay between economic development and environmental sustainability has thus emerged as a paramount challenge for global policymakers, particularly in rapidly growing emerging economies. The Environmental Kuznets Curve (EKC) hypothesis provides a seminal framework for understanding this dynamic. It postulates an inverted U-shaped relationship between economic growth and environmental degradation. This suggests that environmental quality initially deteriorates in the early stages of economic development. However, it eventually improves after a certain income threshold is reached. This improvement occurs due to structural changes, technological innovation, and heightened environmental awareness (Grossman & Krueger, 1995).
India, as the world's fifth-largest economy by nominal GDP (International Monetary Fund, 2023) and third-largest emitter of carbon dioxide in absolute terms (Global Carbon Project, 2023), represents a critical case study for examining the EKC hypothesis. Its remarkable economic expansion over the past three decades has been accompanied by a surge in energy consumption and CO₂ emissions, placing immense strain on its ecological systems. The country thus faces a formidable challenge: to maintain its growth trajectory while honouring its international commitments under the Paris Agreement and pursuing the United Nations Sustainable Development Goals (SDGs).
To provide a comprehensive analysis, this paper is structured into five sections: following this introduction, section 2 reviews the relevant theoretical and empirical literature, section 3 outlines the data and methodology employed, section 4 presents and discusses the empirical results and section 5 concludes with the key findings and their policy.


2. LITERATURE REVIEW ON THE ENVIRONMENTAL KUZNETS CURVE (EKC) HYPOTHESIS
	2.1 Evidence from India

	Author(s)
	Study period
	Major findings
	EKC (inverted-U)

	Tiwari et al. (2013)
	1966–2011
	Coal consumption and trade openness contribute to CO₂ emissions. Bidirectional causality exists between economic growth and CO₂ emissions, and between coal consumption and CO₂ emissions. Trade openness Granger-causes economic growth, coal consumption, and CO₂ emissions.
	supported

	Yang & Zhao (2014)
	1970-2008
	A two-way causal link exists between emissions and growth. Trade openness significantly influences energy use and emissions.
	Not supported

	Murthy & Gambhir (2018)
	1991–2014
	the Pollution Haven Hypothesis, showing FDI significantly increases CO₂ emissions. Policy must target both consumption patterns and screen polluting
	Not supported

	Sinha & Shahbaz (2018)
	1971-2015
	Renewable energy and Trade openness had a significant negative impact on CO2 emissions. Energy consumption and total factor productivity had positive effects.
	supported

	Alam & Adil (2019)
	1971–2016
	Energy supply has a significant positive effect on CO₂ emissions. Economic growth and financial development have insignificant effects. Trade openness has a negative long-run effect.
	Not supported

	Usman et al. (2019)
	1971–2014
	Energy consumption increases environmental degradation in both the long and short run. Democracy has a weak (insignificant) effect on reducing degradation in the long run but a strong (significant) effect in the short run.
	supported

	Behera (2021)
	1971-2016
	Found a long-run equilibrium relationship between CO2 emissions, energy consumption, and economic growth.
	supported

	Villanthenkodath et al. (2021)
	1971–2014
	Population and energy structure (fossil fuel share) increased emissions, while urbanization reduced them. Causality runs from energy structure to economic growth.
	Not supported

	Uche et al. (2022)
	1980–2018
	Environmental-control technology had only short-term insignificant effects. Energy consumption and urbanization significantly increased CO₂ emissions.
	supported

	Qayoom & Altaf (2024)
	1965-2022
	Found an inverted N-shaped EKC in the long run for both the basic and interaction models. Energy consumption had a detrimental effect on environmental quality, while trade openness had a positive effect.
	Not supported

	2.2 Global Evidence and Divergent Perspectives

	Author(s)
	Country
	Study period
	Major findings
	EKC (inverted-U)

	Ahmed et al. (2014)
	Pakistan
	1980-2013
	Growth, energy use, and population raise deforestation short run; effects decline long run; trade openness reduces deforestation.
	supported

	Farhani & Abdelaziz, (2014)
	Tunisia
	1971–2012
	Energy consumption and trade openness increase CO₂ emissions; income has nonlinear effect
	supported

	Al-Mulali, et al. (2015)
	Kenya
	1990–2012
	Found positive link between growth and CO₂, validated EKC hypothesis using ARDL.
	supported

	Shahbaz et al. (2015)
	India
	1970-2012
	Social & political globalization and energy consumption increase CO₂; economic globalization shows a negative association; economic growth and financial development raise emissions
	supported

	Haq et al. (2016)
	Morocco
	1971–2011
	Growth worsens environment. Moroccan economy is still in its early stage of development
	Not supported

		Och (2017)



	



	Mongolia
	1981–2012
	Tested EKC with nitrous oxide emissions
	Not supported

	Danish et al. (2020)
	Pakistan
	1971–2014
	Urbanization, income, and energy use raise CO₂ emissions; renewable energy reduces emissions; long-run cointegration confirmed.
	supported

	Asongu et al. (2020)
	Sub-Saharan Africa
	1981–2014
	Economic growth and energy use increase CO₂ emissions; renewable energy and institutional quality mitigate emissions.
	supported

	Murshed et al. (2021)
	South Asia
	1995–2015
	Renewable electricity output reduce carbon footprint; Financial development, urbanization, and trade openness increase environmental degradation
	Supported (Except Pakistan)

	Warsame et al. (2024)
	Kenya
	1990–2018
	Globalization improves environmental quality; renewable energy is insignificant in the long run; growth raises emissions while squared growth reduces them
	supported




2.3 Research Gap
The extant literature on the EKC in India is vast yet characterized by inconsistent findings, with studies validating (e.g., Sinha & Shahbaz, 2018; Uche et al., 2022), rejecting (e.g., Alam & Adil, 2019; Villanthenkodath et al., 2021), or identifying more complex shapes (Qayoom & Altaf, 2024) for the hypothesis. A critical limitation pervading this body of work is the predominant reliance on production-based CO₂ emissions, which account for emissions generated within a country's territorial boundaries. This approach overlooks the embedded emissions in international trade—a significant factor for a globally integrated economy like India. Consumption-based CO₂ emissions, which adjust for trade by including emissions embedded in imports and excluding those in exports, offer a more comprehensive measure of a nation's carbon footprint and responsibility.
Furthermore, while factors like energy consumption and trade openness have been extensively studied, the roles of renewable energy and globalization—two pivotal forces shaping India's contemporary economic and environmental landscape—remain underexplored within a consumption-based accounting framework. The distinct, interactive effects of shifting towards clean energy and deepening global integration on India's emissions trajectory are not yet fully understood. This study seeks to fill these salient gaps.

2.4 Research Contribution
This research contributes to the literature in several meaningful ways. It is one of the first empirical investigations to test the EKC hypothesis for India using a consumption-based emissions metric, providing a more accurate assessment of the country's carbon footprint. By integrating renewable energy consumption and the KOF Globalization Index into the analytical framework, the study offers fresh insights into the moderating factors that can decouple economic growth from environmental degradation. The study also offers policy-relevant insights to guide sustainable growth strategies that balance economic expansion with environmental quality.

2.5 Research Objectives
1. To test the validity of the Environmental Kuznets Curve (EKC) hypothesis for consumption-based CO₂ emissions in India.
2. To examine the effect of renewable energy consumption on India’s consumption-based CO₂ emissions.
3. To assess the role of globalization in shaping India’s environmental quality.

2.6 Research Hypotheses
Derived from these above objectives, the study tests the following hypotheses:
H1a: There exists an inverted U-shaped relationship between economic growth and consumption-based CO₂ emissions in India, supporting the EKC hypothesis.
H1b: There is no inverted U-shaped relationship between economic growth and consumption-based CO₂ emissions in India (the EKC hypothesis does not hold).

H2a: Renewable energy consumption reduces consumption-based CO₂ emissions in India (negative and significant effect).
H2b: Renewable energy consumption does not significantly reduce consumption-based CO₂ emissions in India or may even increase them due to technological or structural constraints.

H3a: Globalization improves environmental quality by reducing consumption-based CO₂ emissions in India.
H3b: Globalization worsens environmental quality by increasing consumption-based CO₂ emissions in India.


3.DATA AND METHODOLOGY

3.1 Data Source

This study employs annual data for India over the period 1990–2021 to empirically examine the impact of globalization, renewable energy consumption, economic growth, and squared term of GDP per capita on consumption-based CO₂ emissions. The definitions of the variables and the corresponding data sources are provided in Table 1.

Table 1. Variable Definitions, Metrics, and Sources (Periodicity: Annual)
	Variable
	Description
	Units
	Source

	CO
	Consumption-based emissions equal production-based emissions, minus emissions embedded in exports, plus emissions embedded in imports.
	Million tons
	Our World in Data

	GLOB
	The KOF Globalization Index measures the economic, social, and political dimensions of globalization. 42 different variables are used, which are aggregated based on statistically determined weights (principal component analysis)
	The index measures globalization on a scale of 1 to 100.
	KOFF Swiss institute

	RE
	Renewable energy consumption
	(% of total final energy consumption)
	WDI

	GDP
	GDP per capita
	Constant prices (reference year 2015 in USD).
	WDI

	GDP2
	                             The square of GDP per capita




3.2 Methods
This study applies the Autoregressive Distributed Lag (ARDL) framework proposed by Pesaran, Shin, and Smith (2001) to explore both the long- and short-run dynamics among the selected variables. This technique is particularly suitable because it simultaneously estimates both the short- and long-run dynamics, making it well-suited for time series studies that combine variables with different orders of integration, i.e., I(0) and I(1), but not I(2). Another advantage of ARDL is its robustness when dealing with relatively small sample sizes, which is often the case in country-specific studies based on annual data. The general functional form of the model can be expressed as:
LCOt​=α+λ1​LREt​+λ2​LGLOBt​+λ3​LGDPt​+λ4​​+ ut​
LCOt​, LREt​, LGLOBt​, LGDPt, LGDPt,  stand for logarithm of consumption-based CO2 emissions, renewable energy, globalization, economic growth, and squared growth respectively. ut​ represents the error term.
Following earlier works (Adebayo et al., 2021), the ARDL error correction representation can be written as:
 LCOt =  +  LCOt-1 + LGLOBt-1 +  LREt-1 +  LGDPt-1 +  LGDP2t-1 +  LCOt-1 +  LGLOBt-1 +  LREt-1 +  LGDPt-1 +  LGDP2t-1 + ut​

In this specification, Δ signifies the first difference operator. The terms with the summation signs (∑) capture the short-run dynamics of the model. The parameters δ1 to δ5​ capture the long-run coefficients. The optimal lag structure (p,q,r,s,w) for the model is determined using the Akaike Information Criterion (AIC) to ensure a parsimonious specification that is free from serial correlation. ut​ is the error term.
The existence of a long-run association between the dependent and independent variables is examined through the bounds test. The null hypothesis states that no cointegration exists (i.e., the regressors and dependent variable do not move together in the long run), whereas the alternative hypothesis confirms the presence of cointegration. The null hypothesis of no cointegration is defined as:
H0: δ1=δ2=δ3=δ4=δ5=0
against the alternative hypothesis:
H1: δ1≠δ2≠δ3≠δ4≠δ5≠0
Once cointegration is established, the long-run coefficients are derived from the normalized coefficients of the lagged level variables. The short-run effects are inferred from the coefficients of the first-differenced variables, and the error correction term (ECT), which is the one-period lag of the residuals from the estimated long-run relationship, is incorporated to measure the speed of adjustment back to long-run equilibrium following a short-run shock.

4. RESULTS AND DISCUSSION
4.1 Descriptive analysis
Table 2 presents the descriptive statistics for the natural logarithm of all variables used in the empirical analysis, namely consumption-based CO₂ emissions (LCO), globalization index (LGLOB), renewable energy consumption (LRE), GDP per capita (LGDP), and the squared term of GDP per capita (LGDP2). The summary statistics are calculated for the annual time series from 1990 to 2021 (n=32 observations). The mean and median values are closely aligned across all variables. This suggests an absence of significant outliers and indicating a relatively balanced distribution. The range between the maximum and minimum values demonstrates moderate variation in the dataset, with LGDP2 exhibiting the highest dispersion, while LGLOB and LRE remain comparatively stable.
The standard deviations further confirm that CO₂ emissions and economic growth variables (LGDP and LGDP2) show greater variability relative to globalization and renewable energy consumption. Skewness values for all series are near zero.  This confirms that the distributions are approximately symmetric and do not have significant long tails on either side. Kurtosis values are below the normal benchmark of 3, indicates a platykurtic distribution, which means the distribution has flatter peaks and thinner tails than the normal distribution. Moreover, the Jarque–Bera test statistics fail to reject the null hypothesis, confirming that the data do not significantly deviate from the Gaussian distribution. Overall, the descriptive statistics suggest that the dataset is normally distributed, free from extreme irregularities.




Table 2. Descriptive statistics
	
	LCO
	LGLOB
	LRE
	LGDP
	LGDP2

	 Mean
	 20.91915
	 3.913034
	 3.726242
	 6.904280
	 47.84858

	 Median
	 20.85510
	 3.966964
	 3.777283
	 6.885013
	 47.40437

	 Maximum
	 21.62046
	 4.088824
	 3.970292
	 7.583405
	 57.50803

	 Minimum
	 20.17035
	 3.650624
	 3.481240
	 6.276452
	 39.39386

	 Std. Dev.
	 0.475343
	 0.150358
	 0.169696
	 0.430444
	 5.967082

	 Skewness
	 0.060327
	-0.338230
	-0.119041
	 0.117195
	 0.179330

	 Kurtosis
	 1.643588
	 1.546682
	 1.418686
	 1.692385
	 1.707456

	 Jarque-Bera
	 2.472548
	 3.426310
	 3.409650
	 2.353062
	 2.399077

	 Probability
	 0.290464
	 0.180296
	 0.181804
	 0.308347
	 0.301333




4.2 Unit root test
The stationarity properties of the variables were examined using the Augmented Dickey–Fuller (ADF) test alongside the Zivot–Andrews (ZA) test to address the possibility of structural shifts. The results from both test reveal that none of the variables are stationary at levels. However, they become stationary after first differencing. It implies that all series are integrated of order one, I(1).
The ZA test further identifies structural breaks in the series (2001,2003,2004,2005 respectively) that correspond to major global and domestic shocks. For instance, structural breaks identified in this study are consistent with existing literature. Using the Bai–Perron methodology, Roy Choudhury (2011) reported breakpoints in India’s GDP at 2001–02, while GDP and its squared term exhibit breaks in the early 2000s, consistent with the post-liberalization growth surge, globalization and IT boom. The real GDP grew at a sustained annual rate of 8.2% from 2003 to 2008 (Nagaraj, 2013). This outcome justifies the application of cointegration techniques, such as the ARDL bounds approach and Johansen cointegration test, to examine the existence of long-run equilibrium relationships among the variables.
Table 3. Unit Root and Structural Break Tests
	Variables
	ADF
	
	ZA Structural Break Unit Root Test

	
	At Level
	First Difference
	At Level
	Time Break
	First Difference
	Time Break

	LCO
	-0.585
	-6.031***
	 -3.268
	2007
	 -7.027***
	2004 

	LGLOB
	-1.660
	-5.149***
	 -2.820
	2004
	 -6.655***
	2001 

	LRE
	-1.079
	-3.848***
	 -2.908
	2008
	 -2.622**
	 2005

	LGDP
	0.434
	-5.578***
	 -3.576
	2009
	 -6.034**
	2003 

	LGDP2
	0.727
	-5.523***
	 -3.482
	2000
	 -5.979***
	2003 


Notes: *** and ** denote significance at the 1% and 5% levels, respectively. For the ZA test, the model with a break in the intercept is used. Critical values are from Zivot & Andrews (1992).


4.3 Bounds Test for Cointegration
Table 4 reports the outcomes of the F-bounds cointegration test, which was employed to examine the existence of a long-run relationship among the variables. The calculated F-statistic of 8.14323 is substantially higher than the upper critical bound value at the 1% significance level (4.37). This clearly rejects the null hypothesis of no cointegration and confirms the presence of a long-run equilibrium relationship among the variables under investigation. Thus, the ARDL bounds testing approach validates that the model is suitable for estimating both the short-run dynamics and the long-run elasticities.
Table 4. Results of the F-Bounds Cointegration Test
	F-Bounds Test
	Null Hypothesis: No levels relationship

	Test Statistic
	Value
	Signif.
	I(0)
	I(1)

	F-statistic
	8.14323
	10%
	2.2
	3.09

	k
	4
	5%
	2.56
	3.49

	
	2.50%
	2.88
	3.87

	
	1%
	3.29
	4.37



4.4 Long-run Results
Table 5 presents the estimated long-run coefficients from the ARDL model. The coefficient of globalization (LGLOB) is negative (–0.2347) but statistically insignificant (p=0.10). This suggests that globalization tends to improve environmental quality by facilitating the diffusion of cleaner technologies, efficient production processes, and environmentally friendly practices, although the impact is weak in this case. Similar findings were reported by Salahuddin et al. (2019), He et al. (2021), Yameogo et al. (2021), Zafar et al. (2019) and Adebayo et al. (2021), who argued that globalization can reduce carbon emissions by promoting access to green technologies and international best practices. However, some studies, such as Destek (2019), Le and Ozturk (2020) and Warsame et al. (2023), document the opposite effect, highlighting that globalization may also exacerbate emissions in developing countries due to the relocation of pollution-intensive industries.
The coefficient of renewable energy consumption (LRE) is negative (–0.6424) and statistically significant at the 1% level, indicating a strong long-run relationship between renewable energy use and environmental quality. Specifically, a 1% increase in renewable energy consumption is associated with a substantial 64% reduction in environmental degradation. This outcome validates the crucial role of renewable energy in promoting sustainability and is consistent with the results of Ike et al. (2020), Kwakwa (2023), and Warsame et al. (2022), who found that renewable energy adoption mitigates greenhouse gas emissions across both developed and developing economies. The result underscores the importance of policies that encourage investment in renewable energy infrastructure and expand its share in the energy mix to achieve long-term climate objectives.
The coefficient of economic growth (LGDP) exhibits a positive and statistically significant coefficient (2.0193, p=0.00) relationship, indicating that rising income levels aggravate environmental degradation during the early stages of growth. In contrast, the squared term of GDP (LGDP²) is negative (–0.0783) and marginally significant (p=0.06), which suggest the presence of an inverted U-shaped Environmental Kuznets Curve (EKC) relationship. This suggests that while economic growth initially worsens environmental quality, beyond a certain income threshold, further growth contributes to environmental improvements. Similar empirical evidence supporting the EKC hypothesis has been reported in Kenya (Warsame & Sarkodie, 2022), Pakistan (Ahmed et al., 2014), Sub-Saharan Africa (Yameogo et al., 2021), and Germany (Pata et al., 2023). However, the relatively weak significance of the squared term warrants cautious interpretation, as the evidence is suggestive rather than conclusive. Moreover, contrasting findings from Vietnam (Al-Mulali et al., 2015) and Morocco (Haq et al., 2016) highlight the heterogeneous and context-specific nature of the growth–environment nexus.
Table 5. ARDL long-run estimation
	Variable
	Coefficient
	Std. Error
	t-Statistic
	Prob.

	LGLOB
	-0.2347
	0.138081
	-1.699696
	0.1040

	LRE
	-0.6424
	0.079673
	-8.062874
	0.0000

	LGDP
	2.019303
	0.589661
	3.424516
	0.0025

	LGDP2
	-0.07828
	0.03951
	-1.981358
	0.0608

	C
	14.05355
	1.791076
	7.846431
	0.0000




4.5 Short-run Results
The result of the short-run dynamic effect is presented in table 6. Economic growth has a significant positive effect on emissions in the short run. It highlights the environmental costs associated with rapid expansion in output. However, the squared GDP term is negative and statistically significant, thereby validating the Environmental Kuznets Curve (EKC) hypothesis in the short run. This implies that while initial stages of growth intensify environmental degradation, beyond a certain income threshold economic expansion contributes to environmental improvements. Similar short-run EKC dynamics have been confirmed in other developing economies (Culas, 2007; Ahmed et al., 2014; Usman et al., 2019; Behera, 2021; Pata et al., 2023). 
Renewable energy exerts a significant negative impact on emissions, suggesting that an increase in renewable energy use immediately mitigates environmental degradation. This outcome is consistent with the findings of Sinha & Shahbaz(2018), Ike et al. (2020), and Kwakwa (2023), who underscored the environmental sustainability benefits of clean energy adoption in Africa and advanced economies.
The error correction term (ECT) is negative and highly significant, with a magnitude of –0.768, indicating a high speed of adjustment towards long-run equilibrium. It approximately 77% of disequilibrium in consumption-based CO₂ emissions is corrected annually. This confirms the stability and convergence of the ARDL model, in line with the broader literature on dynamic adjustment mechanisms (Warsame et al., 2024).
Table 6. ARDL Error Correction Model (ECM)
	Variable
	Coefficient
	Std. Error
	t-Statistic
	Prob.

	C
	12.94968
	2.622204
	4.938471
	0.0001

	D(LGLOB)
	-0.122447
	0.179415
	-0.68248
	0.50240

	D(LRE)
	-0.807875
	0.177627
	-4.54814
	0.00020

	D(LGDP)
	3.822434
	1.418679
	2.694361
	0.01360

	D(LGDP2)
	-0.214504
	0.097273
	-2.20516
	0.03870

	CointEq(-1)*
	-0.767632
	0.155534
	-4.93547
	0.0001



The robustness of the estimated model was validated through a series of diagnostic tests, the results of which are presented in Table 7. The Breusch–Pagan–Godfrey test confirmed the absence of heteroscedasticity (χ² = 10.156, p = 0.276), while the LM test indicated no evidence of serial correlation (χ² = 0.116, p = 0.963). The Ramsey RESET test further suggested that the model is correctly specified (F = 2.871, p = 0.187). In addition, the Jarque–Bera statistic demonstrated that the residuals are normally distributed (JB = 0.743, p = 0.689). The stability of the model parameters was further corroborated by both the CUSUM and CUSUMSQ tests as shown in Figure 1, which confirmed parameter constancy within the confidence bounds, thereby affirming the overall adequacy and reliability of the econometric specification.

Table 7. Diagnostic and Stability Tests
	Type of Test
	Problem
	Obs * R_square
	Decision

	Breusch Pagan Godfrey
	Heteroscedasticity
	10.156 (Prob. 0.276)
	No heteroscedasticity exist

	LM
	Serial correlation
	0.116(Prob. 0.963)
	No serial correlation exist

	Ramsey RESET test
	Model specification
	2.871(Prob. 0.187)
	Model is correctly specified

	Jarque–Bera
	Normality
	0.743(Prob. 0.689)
	Residuals normally distributed

	CUSUM
	Parameter Stability
	
	Model is stable

	CUSUMSQ
	Parameter Stability
	
	Model is stable












Figure 1: CUSUM and CUSUMSQ Results

4.6 Robust analysis
The Johansen cointegration test results in Table 8 indicate the presence of multiple cointegrating relationships among the variables. Both the trace test and maximum eigenvalue test statistics at each rank (from "None" up to "At most 3") significantly exceed their corresponding critical values, with p-values effectively zero, thereby rejecting the null hypotheses of no cointegration. This outcome suggests that at least four cointegrating vectors exist, implying stable long-run equilibrium relationships among the included time series. Only at "At most 4" do test statistics fail to reject the null, indicating no further cointegration beyond this point. Thus, the results strongly support the existence of long-term associations among the variables.
Table 8. Johansen cointegration test
	Hypothesis
	Test Statistic
	Critical Value
	P-value

	Trace test
	
	
	

	None *
	168.6051
	69.81889
	0.00000

	At most 1 *
	108.3808
	47.85613
	0.00000

	At most 2 *
	56.4658
	29.79707
	0.00000

	At most 3 *
	24.96804
	15.49471
	0.00140

	At most 4
	0.007883
	3.841466
	0.92880

	Maximum eigenvalue
	
	
	

	None *
	60.22436
	33.87687
	0.00000

	At most 1 *
	51.91497
	27.58434
	0.00000

	At most 2 *
	31.49777
	21.13162
	0.00120

	At most 3 *
	24.96015
	14.2646
	0.00070

	At most 4
	0.007883
	3.841466
	0.92880



The Dynamic Ordinary Least Squares (DOLS) estimator is employed as a robustness check to verify the accuracy and reliability of the long-run coefficients obtained from the primary ARDL model. The results in Table 9 strongly corroborate the core findings of the ARDL model. Crucially, DOLS results provide decisive evidence for globalization's significant mitigating effect on emissions and statistically confirming the negative relationship that was inconclusively identified by the ARDL estimator. Most importantly, this estimator reinforces that renewable energy does indeed have a significant and negative impact on emissions. Furthermore, the DOLS estimator provides robust evidence for the validity of the Environmental Kuznets Curve (EKC) hypothesis in India, as indicated by a statistically significant positive coefficient for economic growth and a negative coefficient for its square. This pattern confirms an inverted U-shaped relationship between income and environmental degradation.
Table 9. Dynamic ordinary least square (DOLS)
	Variable
	Coefficient
	Std. Error
	t-Statistic
	Prob.

	LGLOB
	-2.285635
	0.95891
	-2.38358
	0.0486

	LRE
	-1.422172
	0.521976
	-2.72459
	0.0296

	LGDP
	6.326188
	2.14666
	2.946991
	0.0215

	LGDP2
	-0.349159
	0.140971
	-2.47681
	0.0424

	C
	8.227
	3.315762
	2.48118
	0.0421



4.7 Granger causality
The results of the long-run and short-run analyses successfully confirmed the relationships between the variables and validated the EKC hypothesis. They could not determine the direction of influence between them. To address this gap and understand the causal dynamics, a Granger causality test was employed to uncover the direction of causation among the key variables under study.
The outcomes of the Pairwise Granger Causality Tests in Table 10 show limited evidence of causal relationships among the variables. Globalization (LGLOB) is found to Granger cause CO₂ emissions (LCO) at the 5% significance level (p = 0.0414), but the reverse relationship is not significant, indicating a unidirectional causality from globalization to emissions. Similarly, globalization also Granger causes renewable energy (LRE) (p = 0.0135), while the opposite direction is insignificant. This unidirectional result suggest that globalization acts as a driver for changes in renewable energy adoption. For all other pairs, including GDP (LGDP), its squared term (LGDP²), and renewable energy with CO₂, the null hypotheses could not be rejected, meaning no causal relationship exists in either direction. Overall, within this framework, globalization operates as an independent causal driver influencing both CO₂ emissions and renewable energy composition, while economic growth and emissions do not exhibit predictive causality.
Table 10. Pairwise Granger Causality Tests
	 Null Hypothesis:
	F-Statistic
	Prob. 

	 LGLOB does not Granger Cause LCO
	 3.62643
	0.0414

	 LCO does not Granger Cause LGLOB
	 0.54680
	0.5856

	 LRE does not Granger Cause LCO
	 2.04578
	0.1504

	 LCO does not Granger Cause LRE
	 0.77534
	0.4713

	 LGDP does not Granger Cause LCO
	 0.32565
	0.7251

	 LCO does not Granger Cause LGDP
	 0.22108
	0.8032

	 LGDP2 does not Granger Cause LCO
	 0.02492
	0.9754

	 LCO does not Granger Cause LGDP2
	 0.86291
	0.4341

	 LRE does not Granger Cause LGLOB
	 0.35406
	0.7053

	 LGLOB does not Granger Cause LRE
	 5.14173
	0.0135

	 LGDP does not Granger Cause LGLOB
	 1.70970
	0.2014

	 LGLOB does not Granger Cause LGDP
	 1.51515
	0.2393

	 LGDP2 does not Granger Cause LGLOB 
	 1.42096
	0.2603

	 LGLOB does not Granger Cause LGDP2
	 1.58099
	0.2257

	 LGDP does not Granger Cause LRE
	 0.41065
	0.6676

	 LRE does not Granger Cause LGDP
	 0.41475
	0.6650

	 LGDP2 does not Granger Cause LRE
	 0.35215
	0.7066

	 LRE does not Granger Cause LGDP2
	 0.67132
	0.5200

	 LGDP2 does not Granger Cause LGDP
	 1.97304
	0.1601

	 LGDP does not Granger Cause LGDP2
	 1.96646
	0.1610



5. CONCLUSION AND RECOMMENDATIONS
The empirical results for India reveal a nuanced interplay between globalization, renewable energy, and economic growth in shaping environmental outcomes across both the short and long-run horizons. In the long run, globalization exhibits a negative but insignificant effect on emissions. It implies that integrating into the global economy may facilitate diffusion of cleaner technologies and international best practices, but its ability to improve environmental outcomes is inconsistent and highly dependent on a country's specific circumstances. This finding reflects the mixed results seen in previous studies (Salahuddin et al., 2019; Le & Ozturk, 2020; Warsame et al., 2023). The growth–environment nexus further confirms the Environmental Kuznets Curve (EKC) hypothesis. Results show economic expansion significantly elevates emissions in the short run. The negative and significant squared GDP term demonstrates that beyond a certain threshold, higher income levels are linked with environmental improvements, albeit with only marginal evidence of this turning point in the long run. Collectively, these findings suggest that accelerating renewable energy deployment and fostering growth beyond the EKC threshold are critical pathways for India to reconcile its developmental aspirations with long-term environmental sustainability.
Based on the empirical findings of this study, several targeted policy recommendations emerge to guide India's path towards sustainable development. Firstly, it is imperative to accelerate the transition to renewable energy through aggressive policy measures. This should include implementing substantial subsidies, tax incentives, and fostering public-private partnerships to rapidly scale up investment in and deployment of solar, wind, and hydroelectric infrastructure. Concurrently, the government should develop a clear strategy to phase out fossil fuel subsidies, reallocating this capital towards modernizing the national grid to handle a larger share of intermittent renewable sources. Secondly, economic growth must be strategically managed through green industrialization policies that incentivize energy efficiency and the adoption of low-carbon technologies across key sectors like manufacturing and transportation, thereby promoting a circular economy. Finally, the process of globalization must be harnessed responsibly by enacting and enforcing stringent environmental standards for foreign direct investment to avoid becoming a pollution haven, while simultaneously leveraging international partnerships to secure access to advanced green technologies and climate finance.
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