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Abstract
This study aims to investigate the dynamic linkage between renewable energy, technological innovations, carbon emission, financial development and economic in the context of India. The study used annual time series data spanning from 1990 to 2022. By employing ARDL model the findings reveals that patent right has positive and statistical significant impact on total natural resources. Increase in patent rights increases the efficiency and optimum utilization of natural resources. The test result also found that per capita energy consumption has negative and statistical significant impact on natural resources. Domestic Credit to private sector has a positive and statistical significant impact on natural resources. Gross domestic product has a negative and statistical significant effect on natural resources. Furthermore, Urbanization has a positive and statistical significant effect on natural resources. This result suggests India should give more importance for patent application, rapid urbanization and boost its energy consumption for achieving higher rates of growth.  In Addition, India has to improve the state of its financial infrastructure so that business can use cutting edge technologies to the preservation of the environment. It is possible to improve environmental performance by utilizing the financial system as a tool that encourage and compensate enterprises that utilizes environmentally friendly technologies.
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1. Introduction 
India faces the ongoing challenge of balancing economic growth with environmental sustainability and efficient resource management. This highlights the importance of examining the dynamic relationship between energy consumption, financial development, and technological innovation. While energy consumption is a key driver of economic development, it also contributes to environmental degradation.At the same time, India has made significant progress in advancing technology within its energy sector, particularly in renewable energy and clean technologies. These innovations have the potential to reduce environmental impact while supporting economic growth. This study aims to investigate how technological innovation influences the link between energy use and economic performance. Understanding these interactions is essential for shaping effective strategies that promote sustainable development in emerging economies like India. Understanding the complex relationship between natural resources, financial development, technological innovation, and energy consumption is essential for promoting sustainable economic growth in today’s world. As nations strive to balance economic advancement with environmental preservation, the effective use of natural resources and the role of technological progress have gained increased importance.
The long-standing notion that resource abundance hinders economic growth—commonly known as the “resource curse”—is now being re-evaluated, with emerging research suggesting that sound resource management and well-designed financial policies can help offset its negative effects. Technological innovation, a key driver of modern economic systems, exerts a dual influence by simultaneously fostering economic growth and contributing to environmental degradation. This makes it crucial to understand its interaction with both energy consumption and natural resource use. With rapid developments in energy technologies and the global shift toward renewable energy, it becomes increasingly important to explore how energy consumption impacts economic performance and technological progress. Gaining insights into these interconnections is vital for crafting effective policies that support long-term, sustainable development.The growing concern over climate change and frequent natural ecosystem disasters has emerged as a serious threat to achieving inclusive and sustainable development goals. While global economies have experienced rapid industrial growth, this has often been accompanied by deepening socioeconomic inequalities and escalating environmental challenges that endanger human survival. A significant contributor to these issues is the alarming rise in industrial waste, heavy reliance on fossil fuels, overexploitation of finite natural resources such as petroleum, gas, and timber, and the continued adoption of financially unsustainable and environmentally harmful technologies. These challenges have profound implications for critical areas such as access to clean water, public health, food security, land use, and environmental conservation. Rising global temperatures—driven by unsustainable energy practices, excessive resource extraction, and growing waste generation—further exacerbate these threats. Although energy consumption is vital for economic growth and industrial productivity, it also leads to severe environmental degradation and increased greenhouse gas emissions.
In this context, technological innovation emerges as a key solution. Advancements in clean and efficient technologies are essential for mitigating the effects of climate change and promoting sustainable energy use. Current evidence suggests that technology plays a pivotal role in enabling the transition to eco-friendly energy alternatives and enhancing the efficient use of scarce non-renewable resources. By embracing innovation, societies can reduce their environmental footprint while supporting long-term economic development.Every country is expected to establish a cost-effective financial system that efficiently allocates natural resources, fosters meaningful technological advancement, and directs investment toward environmentally sustainable energy sources. The Natural Patrimony Hypothesis underscores the importance of integrating financial development, biodiversity, technological progress, and energy consumption as core components in the global dialogue on ecological sustainability.
To preserve ecosystems for future generations, it is essential to critically assess, monitor, and manage human activities that impact the environment. This study centers on the dual pursuit of economic resilience and international recognition while addressing potential ecological risks. Specifically, it investigates the interrelationships among technological innovation, financial growth, energy consumption, natural resource rent, urbanization, and economic development. The aim is to provide insights that support the formulation of strategies for achieving inclusive and sustainable economic growth.
This study makes a valuable contribution to the existing literature by offering a comprehensive analysis of the interrelationships between environmental rents, financial development, technological innovation, energy consumption, urbanization, and economic growth within the context of India. Unlike earlier research that primarily emphasized the resource curse or isolated elements of economic growth, this study challenges conventional perspectives by demonstrating a positive impact of environmental rents on financial development, thereby revising the widely accepted notion that natural resource abundance hinders economic progress. Furthermore, the study uncovers the nuanced role of technological innovation. Interestingly, it reveals a negative correlation between technological innovation and both economic growth and environmental sustainability, despite a positive association with natural resource use and energy consumption. These findings suggest that while innovation may support energy and resource exploitation, it does not always translate into sustainable or inclusive economic outcomes.
The structure of the study is as follows; section 2 presents review of literature, section 3 outlines data, variable and period of the study. Section 4 discuss methodology of the study. Section 5 analyses empirical results while section 6 offers concluding remarks and policy suggestions. 
2. Review of Literature 
The environmental growth-energy model has recently been updated to include various factors related to financial development. Researchers have explored the relationship between financial growth and environmental sustainability across different countries and regions, employing diverse proxies and methods, yielding conflicting results (Bibi & Sumaira, 2022). Dogan and Seker (2016) argue that including measures of financial development in discussions about the links between environmental concerns, economic growth, and energy consumption is not unreasonable. They note that foreign direct investment, specialized knowledge, research, and new innovations can all help reduce energy consumption while promoting economic growth, which in turn can improve environmental quality. Saud et al. (2019b) examined the impact of CO2 emissions on economies, financial development, energy use, and international trade from 1980 to 2016, finding that while energy consumption and economic growth harm the environment, trade and financial development have a positive impact by reducing pollution. Similarly, Zafar et al. (2019) studied the effects of financial development and globalization on carbon emissions, concluding that these factors significantly improve environmental performance by lowering pollution. Kahouli (2017), using data from 1995 to 2015 across six South Mediterranean countries, found a long-term correlation between economic growth, energy efficiency, and financial development, suggesting that financial development is crucial for improving energy consumption efficiency. However, some studies argue that the energy demand driven by economic growth negatively impacts the environment due to rising carbon emissions. 
Guo et al. (2019) analyzed provincial data from China between 1997 and 2015 to investigate how financial development affects carbon emissions. They found that the level of carbon emissions increased due to higher stock trading volumes and the stability of financial development. In Iran, Moghadam and Dehbashi (2018) examined the relationship between economic growth, exports, and the ecological footprint, concluding that economic growth has accelerated environmental degradation.
Renewable energy sources such as wind, hydro, and solar have emerged as eco-friendly alternatives to traditional carbon-based fuels like coal, oil, and gas. These sources offer the potential for non-carbon-based clean energy at levels comparable to conventional energy, while reducing greenhouse gas concentrations in the atmosphere. Recent research has sought to understand the extent to which renewable energy use can reduce CO2 emissions. Zoundi (2017), for example, examined the relationship between CO2 emissions and renewable energy use in 25 African nations from 1980 to 2012, while Cherni and Essaber Jouini (2017) found that renewable energy reduced CO2 emissions as Tunisia’s economy grew, despite increased fossil fuel consumption. Chen et al. (2019), analyzing data from 1980 to 2014, demonstrated that renewable energy use is inversely related to carbon emissions in China. In contrast, Charfeddine and Kahia (2019), investigating the Middle East and North Africa (MENA) region from 1980 to 2015, found that both renewable energy consumption and financial development had a negligible effect on CO2 emissions.
Using a panel quantile regression model, Azam et al. (2022) examined data from the five largest CO2-emitting countries between 1995 and 2017 and found a positive relationship between economic growth and CO2 emissions, but a negative relationship between renewable energy use and CO2 emissions. Similarly, Raihan and Tuspekova (2022a) found a negative relationship between renewable energy use and CO2 emissions in Peru from 1990 to 2018, alongside a positive relationship between economic growth and CO2 emissions. Liu et al. (2017a) also established a negative relationship between renewable energy use and CO2 emissions in the BRICS countries between 1992 and 2013. Moreover, Liu et al. (2017b), using data from 1970 to 2013, revealed a positive relationship between economic growth and CO2 emissions and a negative relationship between renewable energy use and CO2 emissions in Indonesia, Malaysia, the Philippines, and Thailand. The linkage between energy consumption and economic growth in the context of India supported by Behera. J (2015), Behera, J (2015), Behera, J (201), Behera, J (2017), Behera and Mishra (2019), Behera, J (2023). 
There has been considerable research into the role of technological innovation in reducing CO2 emissions, as higher research and development (R&D) spending can improve production efficiency and resource usage. Technological advancements, particularly those aimed at environmental protection, have been instrumental in reducing CO2 emissions in many countries. Studies have shown that technological innovations, especially in high-income nations, can effectively reduce CO2 emissions. Chen and Lee (2020) suggested that technological innovation in these countries is a key factor in reducing carbon emissions, contributing to the development of environmentally friendly technologies. Shahbaz et al. (2020) found that China’s technological innovation significantly improved environmental performance. Rahman et al. (2019) reported that adopting clean technologies in international businesses could help improve environmental quality in Pakistan by reducing CO2 emissions. Similarly, Ahmed et al. (2016) found that technological innovation led to reduced CO2 emissions in 24 European countries. Raihan et al. (2022b), analyzing data from 1990 to 2019, established a positive relationship between economic growth and CO2 emissions, but a negative association between renewable energy use, technological innovation, and CO2 emissions in Malaysia. Raihan and Tuspekova (2022b), studying data from 1996 to 2018, revealed similar findings for Kazakhstan, with technological innovation and renewable energy use negatively affecting CO2 emissions.
Technological innovations have a significant role in reducing emissions while promoting economic growth. Further understanding of this process can help identify additional ways to mitigate environmental damage (Raihan et al., 2022b). Recent studies have also explored the connection between urbanization, economic growth, and CO2 emissions. Zhang et al. (2021) found that both economic growth and urbanization positively influence CO2 emissions in Malaysia. Nondo and Kahsai (2020) reported a positive relationship between economic growth, urbanization, and CO2 emissions in South Africa from 1970 to 2016. Kirikkaleli and Kalmaz (2020) discovered that urbanization and economic growth in Turkey (1960-2016) also increased CO2 emissions. Liu and Bae (2018) found similar results in China (1970-2015), as did Ahmed et al. (2019) in Indonesia (1971-2014), confirming the role of economic growth and urbanization in driving CO2 emissions. Al-Mulali et al. (2013) examined MENA countries using time-series data from 1980 to 2009 and found a positive relationship between urbanization and CO2 emissions. Similarly, Raheem and Ogebe (2017), using data from 20 African countries between 1985 and 2013, found that urbanization and economic growth increased CO2 emissions. Irfan and Shaw (2017), using data from South Asia between 1978 and 2011, also found a positive impact of urbanization on CO2 emissions.
Despite the optimistic outlook for India’s economic and financial development, there remains a gap in understanding the mechanisms of knowledge accumulation. The actual potential of renewable energy use and technological innovation in reducing CO2 emissions in India has not yet been fully explored. This study aims to fill this gap by examining the dynamic impacts of financial development, renewable energy consumption, technological innovation, economic growth, and urbanization on CO2 emissions, utilizing various econometric techniques
3. Data, Variable and Period of the Study 
The analysis used annual data spanning from the period 1990 to 2022. The variable names and their measurement units are presented in table 1. All Variables were logged to ensure conformity to normality. 
Table 1: Variable Descriptions
	Variables 
	Descriptions 
	Units of Measurement 
	Data Sources 

	lngdppc
	Gross Domestic Product
	Per capital constant prices 2015
	World Development Indicators (WDI) Database 

	lndcps
	Domestic Credit to Private Sector 
	% of GDP 
	World Development Indicators (WDI) Database

	lnpcec
	Energy use 
	k.g. oil equivalent per capital 
	World Development Indicators (WDI) Database

	lnpr
	Patent application 
	Residents 
	World Development Indicators (WDI) Database

	lntnr
	Total Natural Resources 
	% to GDP 
	World Development Indicators (WDI) Database

	lnurb
	Population 
	Urban Population 
	World Development Indicators (WDI) Database



4. Methodology
Unit Root Test  
In the time series analysis, the stationary test plays a very significant role. To examine the stationary properties of the variable our study employed the ADF and PP tests. This stationary test helps to avoid specious and biased results. To eradicate such problems this study used unit root tests. 

Here the choice variables are Y; the first difference operator is ∆,  are constant parameters;  is the error term. The Akaike Information Criteria (AIC) is chosen to select the lags. To examine the order of integration the equation includes the second difference on lagged first. The second difference lags p follows as 


Where the second difference operator is   , and are constant parameters;  is the stochastic process for stationary. To test the stationarity ADF and PP models are applied to equations 1 and 2. The null hypothesis H0:   against H1:  and H0: =0 against H1: 0 correspondingly, which indicates non-stationary of both and. 

To explore the long-run linkage among the variables the analysis employed the following linear logarithmic form. 

Where t = time period =1, 2,..n. 
ARDL Bound Testing Cointegration Approach 
In time series analysis to estimate the long-run linkage between the variables we have to check the order of integration among the variables. Generally, in the long-run analysis, the variables should be integrated of order one i.e. I (1). Then only the long-run analysis can be estimated. Whereas the autoregressive distributed lag model is independent of the order of integration. That means it can be applied in both cases when the variables are both I (0) and I (1). The ARDL model has several advantages (i) It can be applied irrespective of whether the underlying variables are I (0), I (I), or a combination of both. (ii) The ARDL model takes a sufficient number of lags to capture the data-generating process in general to specific frameworks. (iii) The model helps to derive the error correction model through simple linear transformation, which integrates short-run adjustments with long-run equilibrium without losing long-run information. (iv) The small sample properties of the ARDL approach are far superior to those of Johansen and Juselius's cointegration technique. (v) The model is free from endogeneity because it is free of residual correlation. As Pesaran and Shin (1999) demonstrate, the appropriate lags in the ARDL model are correlated for both serial correlation and endogeneity problems. (vi) This model helps to distinguish between dependent and explanatory variables. 
The ARDL model estimates the unrestricted error correction model. The model representation is shown in Equation 2. 

F-test is employed to test whether a co-integration linkage exists between the variables. The null hypothesis of no co-integration among the variables in Eq- (2) is  against, which is signified as F lntnr (lnpr, lnpcec, lndcps, lngdppc and lnurb ).
4. 5 Unrestricted Error Correction Test 
To know the short-run dynamics we have estimated the error correction model (ECM), the equation as follows 

5. Empirical Result, Analysis & Discussion

Unit Root Test 
Table 2 reports the unit root test results. The unit root test result reveals that the null hypothesis can be rejected for all variables at their levels and first difference hence, it is observed that all the variables are integrated of different order that is I (1) and I (0).  Thus, the unit root test result helps to investigate the long-run relationship between the variables by using the ARDL bound testing method which is autonomous of the order of integration. 

Table 2: Unit Root Test
	Variables
	ADF Test
	DF-GLS Test
	PP Test

	
	Level
	F.D
	Level
	F.D
	Level
	F.D

	lngdppc
	0.80
(0.99)
	-6.15*
(0.00)
	0.31
	-6.11*
	0.81
(0.99)
	-6.15*
(0.00)

	lndcpc
	-0.61
(0.85)

	-2.81*
(0.06)
	-0.05
	-2.81*
	-0.78
(0.81)
	-6.44*
(0.00)

	lnpcec
	1.64
(0.99)

	-5.29*
(0.00
	0.39
	-5.32*
	1.25
(0.99)
	-5.50*
(0.00)

	lnpr
	2.87
(1.00)
	-5.29*
(0.00)
	-0.05

	-0.96
	2.54
(1.00)
	-5.30*
(0.00)

	lntnr
	-2.58
(0.10)
	-7.21*
(0.00)
	-2.61
	-5.60*
	-2.60
(0.09)
	-7.22*
(0.00)

	lnurb
	-2.70
(0.08)
	-0.58
(0.86)
	0.45
	0.85
	-13.03*
(0.00)
	-2.24
(0.19)


Note: * Indicates significance level at 1% and Parenthesis ( ) shows the p-values 

Structural Break Result 
Table 3 reports the structural break unit root test. The test result revels that the study finds structural break for GDP in the year 2004, structural break for domestic credit to private sector in the year 2004, structural break for per capital energy consumption for the year 2008 and structural break for total natural resources for the year 2004. 
Table 3: Structural Break Unit Root Test  
	Variables 
	Structural Break Test Zivot-Andrews
	Break Year 

	lngdppc
	-3.01
(0.07)
	2004

	lndcpc
	-4.52*
(0.00)
	2004

	lnpcec
	-4.28*
(0.00)
	2008

	lnpr
	-4.15**
(0.02)
	2004

	lntnr
	-3.76**
(0.02)
	2004

	lnurb
	-3.57
(1.16)
	2004


                          Note: ( ) Shows P values and *, ** Indicates significance level at 1% and 5% 

ARDL Test Result 
Table 4 reports the ARDL test result for long-run and short-run. The long-run test result reveals that patent right has positive and statistical significant impact on total natural resources. Increase in patent rights increases the efficiency and optimum utilization of natural resources. The test result also found that per capita energy consumption has negative and statistical significant impact on natural resources. Domestic Credit to private sector has a positive and statistical significant impact on natural resources. Gross domestic product has a negative and statistical significant effect on natural resources. Furthermore, Urbanization has a positive and statistical significant effect on natural resources. This result suggests India should give more importance for patent application, rapid urbanization and boost its energy consumption for achieving higher rates of growth.  
The short-run result of the following tables indicates per capital energy consumption has positive and statistical significant impact on total natural resources. The statistical significance of the error correction term ECTt-1 with a negative sign indicates the speed of adjustment towards the long-run equilibrium after disequilibrium in the short run. This indicates that any unconventionality from the long-run equilibrium between the variables is corrected in each period and restored to the long-run equilibrium and subsequently disequilibrium in the short run.   
Table 4: ARDL Test 
	Short-Run Test 

	Variables
 Dep.Var. LNTNR
	Co-efficient 
	T-statistics 
	Prob. 

	D(LNTNR(-1))
	2.25
	5.15**
	0.00

	D(LNPR)
	-0.89
	-1.86
	0.08

	D(LNPR(-1))
	-1.80
	-2.69*
	0.01

	D(LNPCEC)
	10.38
	2.27*
	0.04

	D(LNDCPCS)
	-1.78
	-1.96
	0.07

	D(LNGDPPC)
	-5.79
	-2.92*
	0.01

	D(LNURB)
	-93.02
	-1.13
	0.27

	D(DUM2008)
	0.45
	1.84
	0.08

	D(DUM2008(-1))
	-1.94
	-4.87**
	0.00

	Cointeq(-1)
	-3.14
	-5.33**
	0.00

	Long-run Test 

	LNPR
	1.39
	8.96**
	0.00

	LNPCEC
	-7.56
	-7.55**
	0.00

	LNDCPS
	0.62
	2.57*
	0.02

	LNGDPPC
	-3.46
	-6.38**
	0.00

	LNURB
	5.47
	9.46**
	0.00

	DUM2008
	0.71
	5.34**
	0.00

	C 
	-58.85
	-5.75**
	0.00


Note: * and ** indicates the level of significance at 5% and 1% respectively. 
ARDL Bound Test 
The findings of the ARDL bound testing result are reported in Table 5. The ARDL result shows that the estimated F-statistics are higher than the critical values of both upper bound and lower bound. This ARDL result confirms that there is a long-run equilibrium relationship between the variables.   
Table 5: ARDL Bounds Test
	Test Statistics
	Value
	K

	F-Stat
	6.49
	6

	Critical Value Bounds

	Significance
	Lower Bound
	Upper Bound

	10%
	2.12
	3.23

	5%
	2.45
	3.61

	2.5%
	2.75
	3.99

	1%
	3.15
	4.43



Diagnostic Test 
Table 6 reports the ARDL diagnostic test result. The result of the diagnostic test shows that the ARDL bound testing approach is free from serial correlation, autoregressive conditional heteroscedasticity, and functional form, and the method is highly specified. 
Table 6: Diagnostic Test 
	Diagnostic Test
	F-statistics 
	Prob. 

	Breusch-Godfrey Serial Correlation LM Test 
	0.97
	0.40

	Heteroskedasticity Test Breusch-pagan GodFrey  
	0.87
	0.62

	Ramsey RESET Test 
	0.05
	0.81



Figure 1 presents the CUSUM test which shows that the model is stable and free from instability bias. 
Figure 1: CUSUM Test 



Figure 2 reports the CUSUM Squares test which shows that the model is stable and free from instability bias. 
Figure 2: CUSUM of Squares Test



6. Concluding Remarks and Policy Suggestions 
This study aims to investigate the dynamic linkage between renewable energy, technological innovations, carbon emission, financial development and economic growth in the context of India. The study used annual time series data spanning from 1990 to 2022. By employing ARDL model the findings reveals that patent right has positive and statistical significant impact on total natural resources. Increase in patent rights increases the efficiency and optimum utilization of natural resources. The test result also found that per capita energy consumption has negative and statistical significant impact on natural resources. Domestic Credit to private sector has a positive and statistical significant impact on natural resources. Gross domestic product has a negative and statistical significant effect on natural resources. Furthermore, Urbanization has a positive and statistical significant effect on natural resources. This result suggests India should give more importance for patent application, rapid urbanization and boost its energy consumption for achieving higher rates of growth.  
In Addition, India has to improve the state of its financial infrastructure so that business can use cutting edge technologies to the preservation of the environment. It is possible to improve environmental performance by utilizing the financial system as a tool that encourage and compensate enterprises that utilizes environmentally friendly technologies. The findings also suggest use of current technology and renewable forms of energy leads to a reduction in the amount of carbon dioxide that is released into the environment.    
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