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ARTICLE INFO ABSTRACT
Keywords: Following the recommendations of COP28 and Sustainable Development Goal —13 (Climate
Green innovation Action), the present study examines the role of financial depth and green technology innovation
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Carbon neutrality, SGD-13
ARDL

USA

in carbon neutrality and climate change. This study measures the relationship between green
innovation, technological innovation, ICT, financial depth, economic growth, carbon emission,
and ecological footprint from 1990 to 2021 in the USA. The autoregressive distributed lag (ARDL)
model examines the relationship between the above-mentioned variables and their impacts on
each other. Results reveal that green innovation, technological innovation, ICT, and financial
depth significantly negatively impact ecological footprint and carbon emissions in both the short
and long run. In contrast, economic growth positively impacts carbon emissions and ecological
footprint. Green and financial innovation-centric policies are suggested to the USA to attain net
zero emission and SDG-13.

1. Introduction

As one of the most relevant inputs in producing goods and services, energy increases output by triggering the finance and industry
sectors. However, while it enhances economic activities, it also affects ecological integrity (Song and Wang, 2018) since it is mainly
based on fossil fuel resources, accounting for 82 % of the global primary energy usage (Ritchie et al., 2022). Thus, many studies have
confirmed that energy consumption is a significant driver of environmental degradation. The international community has been trying
to take measures against climate change and environmental degradation since the 1980s. The aim is to achieve sustainable devel-
opment with green growth policies. In this context, countries are trying to establish low-carbon and climate-resistant economies. Green
finance and technology innovation are essential strategies to enhance environmental sustainability and reduce carbon emissions (Su
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et al., 2024). Climate change resilience and mitigation policies have created several bi-directional impacts between the environment
and the financial sector. The impact of financial depth has a crucial role in promoting green investments and eco-innovation. It refers to
the extent of productivity in domestic financial sectors (Alshubiri et al., 2021) and a multilateral process in financial markets that links
financial instruments and financial stakeholders. In brief, financial depth is the size and liquidity of financial markets. As the financial
asset supplies increase in the economy, asset diversification increases, new participants join the market, and financial markets develop
further (Shaw, 1973). This progress undoubtedly contributes to economic growth and affects environmental sustainability in two
ways. First, it can enhance environmental sustainability by effectively using financial resources and sound green investments required
to ensure environmental quality. Green bonds are effective strategies for lowering CO2 emissions, environmental regeneration, and
realizing the commitments of the Paris Agreement, according to Gianfrate and Peri (2019). In addition, financial depth might ease
access to affordable loans, creating the premises for inclusivity and promoting green technologies (Kahia et al., 2017), thus improving
environmental sustainability (Tamazian et al., 2009). Financial development can also promote renewable energy (Kim and Park, 2016;
Kutan et al., 2018; Shahbaz et al., 2021), the most crucial part of tackling environmental degradation and climate change. This way,
the financial depth can promote eco-innovations and green investments in the energy and environmental sectors (Ramzan et al., 2023).
However, financial depth might also be a depressing factor for environmental protection.

Three effects of financial depth on the energy demand are i) direct, ii) business, and iii) wealth effects (Sadorsky, 2011). According
to the direct effect, the financial sector facilitates loans, enables people to make physical investments, and increases energy demand,
primarily based on fossil sources. Under such circumstances, energy-related pollution and environmental degradation will increase
(Sadorsky, 2010). The positive effect of technological developments on energy efficiency enhances the environmental quality by
reducing the carbon intensity of the products. To this end, national efforts promote environmental technologies (De Jong et al., 2016).
In the literature, several studies confirm the positive impact of green technology innovations on environmental sustainability (Obobisa
et al., 2022). These contradictory results prove that the debate is still open about the benefits of technological advancements, the
economic context, and the meaning of implementation.

Nevertheless, another important feature of green technology innovation is its positive contribution to economic growth. Green
technology innovations ensure environmental sustainability and trigger economic development. Thus, green technology innovations
ease the decoupling between economic growth and environmental pollution, which is the ultimate aim of sustainable development
goals. In addition, it provides solutions for recycling, waste control, and lower CO2 emissions while the industry performs (Sharif et al.,
2022). However, the human capital stock must be high for green technology innovations to improve environmental quality (Lin and
Ma, 2022).

Despite the recommendation of COP26 and commitments of various organizations, recent data reflect no visible change in the
reduction of CO, emissions and climate change impacts, with global carbon emissions increasing daily (EIA., 2020). Even after the
most significant economic power, the United States is the second highest contributor to total emissions worldwide—one-quarter of the
world’s GDP shared by the USA (WDI, 2019). In 2021, 1551 million metric tonnes of carbon were emitted by the USA, and 32 % belong
to the energy sector. In this direction, the USA has become the focal point of discussion worldwide because of carbon emission, climate
change, and environmental sustainability. Therefore, the scholarly community is very interested in understanding the source of CO2
emissions in the USA and how green technological and financial innovation help mitigate the impacts of carbon emissions and climate
change impacts. In this regard, the present study is a serious attempt to examine the carbon emission phenomenon and how it relates to
ecological footprint, economic development, green innovation, technological innovation, information, communication and technology
(ICT), and financial depth. Recently, green innovation and environmentally friendly technologies have been a matter of serious dis-
cussions and scholars exploring them in different ways to reduce carbon emissions and facilitate environmental sustainability. In this
view, the impacts of economic, financial, and energy-related innovations on environmental degradation in USA studies by Abbasi et al.
(2022) and Xu et al. (2023). In light of previous works, the current study explores green innovation in the context of carbon emission
and climate change more comprehensively and deeply. This study is the first-ever work investigating carbon emission and climate
change in the USA, discussing ecological footprint, economic development, green innovation, technological innovation, information,
communication and technology (ICT), and financial depth. It is a worthy choice to select the USA for conducting this uncommon
research and studying the world’s second-highest greenhouse emitter and largest economy.

With this motivation, the present study makes the following contributions to the existing literature (theoretically and practically).
First, this study performed two empirical models using CO2 emissions and ecological footprint as independent variables. As it is known,
while CO5 emissions provide insight into air pollution, ecological footprint considers human pressure on the ecosystem by focusing on
lands, oceans, forests, and infrastructure. In this way, we separately observe the impacts of dependent variables (financial depth and
GTIs) on carbon emissions and EFP to compare the empirical findings. Second, to the best of our knowledge, this is the first study
combining the effects of financial depth and green technology innovation on the environment in the United States. In this way, we
suggest specific policy recommendations for the USA. Lastly, the study performs the Bootstrap (ARDL) method developed by McNown
et al. (2018). This approach considers three tests (F, t dependent, and F independent) to determine the cointegration nexus explained
by Pesaran et al. (2001). We also employ the Bootstrap ARDL analysis for the empirical analysis since it gives robust results in small
samples.

This study consists of five main chapters. The first part provides a theoretical background on financial depth, green technology
innovation, and environmental quality. The second part presents a thorough literature review. The third part introduces the meth-
odology and reports on empirical modeling. The fourth part entails data estimations and discusses empirical findings. The final section
concludes the study and suggests several policy recommendations for American policymakers based on the original findings described
previously.
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2. Literature
2.1. Financial depth and environmental sustainability

Recently, many researchers have been researching environmental economics and contributing to the literature on specific issues.
Various studies focus on the determinants of environmental pollution. This section examines studies discussing the nexus between
environmental degradation and financial depth.

The financial system has a crucial role in financing investments and promoting technologies. One of the essential effects of green
investment is enhancing sustainable development and mitigating CO2 emissions (Priyan, 2023; Sun et al., 2024; Hua et al., 2024). To
realize green and sustainable investments and increase their carbon performance (Du et al., 2024), firms need financial resources.
Thus, a sound financial system is required to realize green investments and stimulate economic growth. Although green financing does
not directly affect the environment, it improves it through funding green businesses and programs (Chen et al., 2020). In this context,
financial development can affect the environment positively and negatively since it can provide cheap loans to dirty or clean in-
vestments. Due to this reason, there needs to be clear proof of the link between financial development and the environment. While
some studies found that financial development could be an essential tool to mitigate environmental pollution and tackle climate
change (Jiakui et al., 2023), the negative impacts were also determined (Ahmad et al., 2022). Ozkan et al. (2023) estimated the
financial development, trade openness, and green technological innovation given environmental degradation in China. Outcomes
demonstrated that green technological and financial innovation positively impacts carbon efficiency and reduces carbon emission and
climate change impacts. In the same vein, Tao et al. (2023) concluded that financial deepening significantly diminish the carbon
emissions intensity in OECD countries, while identifying a moderating effect from information technologies. The findings in the
current literature still need to be clarified to establish the role of financial development features under different macroeconomic
conditions. For instance, Acheampong et al. (2020) substantiate an improvement in environmental quality for financially advanced
and emerging economies and contrary effects for less developed countries. The arguments are that less financially developed countries
did not reach the level of efficiency that ensures financial resources to promote green technologies and push innovation. Similar results
were documented by Yu et al. (2023), reaching to the conclusion that financial depth affects differently developed and developing
economies.

Numerous studies refer to financial development while examining the impact of financial depth in the literature review (Ramzan
et al.,, 2023; Yuan et al., 2022). These terms have different meanings. Financial development indicates advances in the quantity,
quality, and efficiency of financial intermediation services. In contrast, financial depth means that all segments of society utilize
financial service options in a broader sense. As an essential component of financial development, financial depth also has specific
impacts on environmental quality. A recent paper by Ramzan et al. (2023) found that GTIs and financial depth positively impact
environmental quality. The authors employed the quantile approach and causality test for the top ten greenest economies covering
1980-2019. They also capture the same findings for EFP and carbon emissions. The study suggests that policymakers should improve
financial development, which will provide resources for green innovation technologies. Yuan et al. (2022) examined how financial
depth may help to achieve green growth in China. They determined that financial depth contributes to the greening of China’s
economy. In addition, there is a U-shaped linkage between the variables, meaning that while financial depth initially hinders green
growth, it stimulates it after a certain period. Finally, they argue that a decoupling between environmental pollution and economic
growth could be achieved by developing stock and debt markets in China. Chen et al. (2020) seek an answer to whether financial depth
or financial breadth matters for the environment in China. They found an important finding. Accordingly, the depth of national
financial development could increase environmental sustainability by prompting the inflection point of the inverted U-shaped EKC.

Additionally, proxy variables of green innovation (Green energy and green patents) and financial development (Circular economy
and Linear economy) were recently examined by Tiwari and Mohammed (2024) in the context of environmental sustainability in
OECD nations. Findings confirmed that green patents and green energy reduce carbon emissions and positively impact environmental
sustainability in the short and long run. Conversely, circular and linear economies have negative impacts initially, and later, both
facilitate eco-innovation and environmental well-being. Hence, it is a new contribution to financial development and environmental
sustainability literature. Both are crucial for green innovation that mitigates carbon emissions, and climate change impacts worldwide.

Furthermore, the nexus between technological progress and ecological efficiency is also negatively influenced by financial depth.
Based on the empirical findings, they suggest policymakers combine financial and ecological policies. Specifically, they recommend
green financing policies for the micro, meso, and macro dimensions. Financial markets and institutions must allocate more credits and
resources to green projects to protect the ecosystem for future generations.

2.2. Green technology innovations and environmental sustainability

Green technology innovations are essential to combating environmental degradation since they can lower emissions and envi-
ronmental pollution through energy efficiency and renewable energy expansion (Abban et al., 2022; Cheng et al., 2024). Hashmi and
Alam (2019) examine the linkage among environmental regulations, green technology, and environmental quality in OECD countries
by using the STIRPAT model. Results show that environmental patents mitigate environmental degradation. They also found a similar
finding between environmental tax and CO2 emissions. They recommend that policymakers better encourage environmental tech-
nologies to tackle CO2 emissions. Li et al. (2021) determined an inverted U-shaped link between patents and CO2 emissions. As an
essential component of green technology innovations, several studies capture a positive nexus between environmental patents and
environmental sustainability (Yii and Geetha, 2017). However, carbon risk inhibits the firms’ willingness to invest in innovation (Li
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etal., 2024). Cho & Sun (2018) and Wang et al. (2012) claim that the key factor triggering green patents is R&D investment. Therefore,
R&D activities also play an essential role in mitigating environmental degradation by promoting green technology innovations.
Petrovi¢ and Lobanov (2020) confirm that R&D spending lowers CO2 emissions. Safi et al. (2021) examined the association between
environmental taxes, environmental R&D, and CO2 emissions in G7 countries by using the Dumitrescu and Hurlin causality test
covering the period 1990-2019. Findings depict that environmental taxes and R&D positively impact environmental sustainability.
Therefore, the authors suggest that environmental taxation and R&D have excellent potential as a strategy to achieve a carbon-neutral
economy.

Su and Moaniba (2017) found that green technology innovation strongly impacts climate change and moderates environmental
pollution. Lin and Ma (2022) conducted a study in China from 2006 to 2017 and investigated the impact of green technology inno-
vation on CO2 emissions. They found that green technology innovation could mitigate CO2 emissions through the industrial structure
as the output of linear functional-coefficient models. However, human capital must be high to see green technology innovation’s
positive impact on emissions. Kuang et al. (2022) examined a similar issue for China over the period 1990-2018 by using AMG and
CCEMG tests. According to the findings, green technology innovation and renewable energy inhibit environmental pollution (El
Khoury et al., 2025). Referring to the positive externalities of green technology innovations, the authors recommended applying
long-term policies to fight against environmental degradation. These innovations lower emissions, particularly in developed countries
(Du et al., 2019), since they have better financial and industrial conditions. Based on these findings, Du and Li (2019) measured the
association between green technology advances and CO2 emissions in 76 countries from 1996 to 2012, with countries considered as
high-income and low-income economies. While the findings demonstrate an insignificant association in terms of low-income countries,
the impact of the nexus is statistically significant for high-income countries. Shao et al. (2021) captured an adverse nexus between
green innovation and environmental pollution in N11 countries from 1980 to 2018, employing the CS-ARDL test. They suggest pol-
icymakers combine renewable energy and green technology innovation policies to enhance environmental quality.

Sharif et al. (2023) investigated the impact of economic development, renewable energy, and environmental tax on green tech-
nology innovation in ASEAN countries. Results reported that green investment, green energy, environmental tax, and economic
growth have significant positive impacts on green technology innovation, and these impacts are getting more robust over the higher
quantiles.

Ramzan (2023) recently examined the ten greenest countries with a similar research question. They observe the impacts of
financial depth and green technology innovation on CO2 emissions and ecological footprint. In this study, we focus on the US, the
world’s largest polluter, and suggest specific policy recommendations through individual results. Therefore, we contribute to filling
this gap in the literature since no paper has explored the linkage among financial depth, green technology innovation, and environ-
mental sustainability with time series for the USA.

3. Data, methodology, and empirical modeling

In order to investigate the role of green innovations, technological innovations, ICT, financial depth, and economic growth for
carbon emissions and EFP in the USA, a data set of the variables was taken from 1990 to 2021 (Table 1). Data for ecological footprint
and carbon emissions are measured in terms of EFP per capita (total) and Carbon emissions per capita (metric tons) and collected from
GFN and WDI websites, respectively. Furthermore, for green innovation, the study uses the number of reported patents on environ-
mental technologies as a proxy collected from the OECD. At the same time, the financial depth is described by the financial institutions’
depth index collected from the IMF. Technological innovation, ICT, and Economic growth are measured through resident patent
applications, subscriptions of telephone, and GDP per capita (current US$), data collected from World Development Indicators (WDI).
Finally, from per capita values, all data sets are converted into a natural logarithmic form to receive a more efficient estimation.

For examining the co-integrating link among the selected variables (Ecological footprint, Carbon emissions, Green innovation,
Technological innovation, ICT, Financial depth, and Economic growth), we employ “ARDL cointegration approach” suggested by
McNown et al. (2018). Additionally, one of the significant advantages of utilizing the bootstrapping ARDL approach is the ability to
cope with low side and power properties (Pesaran et al., 2001 &Pesaran et al., 1999). The strength of both the “T-test” and “F-test”
increases due to the bootstrapping of ARDL cointegration, its potential, and the latest integration. There are two criteria suggested by
Pesaran et al. (2001) for the integration of bootstrapping ARDL. The first is based on the coefficient of error-correction term with their
key results. The second crucial pre-requite condition is that the lagged values of explanatory variables must be significant along with
their coefficients.

For this reason, both the bottom and top limits (the critical limits) should be specified clearly (Pesaran et al., 2001). Perhaps the

Table 1

Description of variables.
Variable Name Symbol Description Source
Ecological Footprint EFP EFP per capita (Total) GFN
Carbon Emission CE Carbon emission per capita (metric tons) WDI
Green Innovation GIN Number of reported patents on environmental technologies OECD
Technological Innovation TIN Number of patent applications by residents WDI
Information, Communication and Technology ICT Fixed telephone subscription (per 100 people) WDI
Financial Depth FDT Financial Institution Depth Index IMF
Economic Development GDP GDP per capita (Current US $) WDI
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critical limits and bound test are unnecessary for fulfilling the first condition when the research variables are incorporated with the
coefficient for error-correction terms and essential findings in the model of dimension. Because of reduced power characteristics and
explanatory, traditional ‘unit root’ tests are uncomfortable and in use (Goh et al., 2017). Later on, the problem of the ARDL bound test
was fairly handled by McNown et al. (2018) while offering bootstrap.

The integration- properties, and vulnerability according to the parameters are core and unique groundings of bound ARDL test
while bootstrapping. In case of issues related to traditional bound ARDL evaluation, like inclusive instances and complex time series
analysis, the bound ARDL test is applicable (McNown et al., 2018). Another advantage of implementing the ARDL bound analysis is
removing the uncertain areas and cases in the measured production values. Based on the research variable, the procedure for tradi-
tional bootstrapping ARDL bound testing equation is reported in Eq. 1.

P . . q . . r s .
Yt= Zi:l aiyt —i+ ijo Pixt— j+ Zk:ayth - k + Zj:l +gDt,l  +put (€))]
In the above model Eq. (1), lag-terms are specified by the symbols like “i", “j”, “k”, and “I” for example, “i" = “1,2.p”; *j” = “0,1,2,...
q”; “k” =“0,1,2,...r"; “1” = “0,1,2, and time is reflected by s”; and “t”. In addition, the study’s explanatory and response variables are

shown as xt, zt, and yt, respectively. Moreover, Dt, a dummy variable, is indicated by Dt,], based on the unit root test showing the yearly
brakes (Carrion-i-Silvestre et al., 2009). The coefficient of the dummy variable and variables that are lagged and explanatory in nature
in the model shown by f and y in the equation. With the finite variance, zero mean error-term indicated by pt. In the above model, the
error correction form is represented in equation —3.
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The associated functions are symbolized by Ai,§j, 7k, and wi in Eq. 2. While using a constant term, this equation can be estimated
through the below listed model (equation 3).
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With the help of the ARDL approach, a bound test value is generated in both T and F1 tests, which is a crucial notation. Moreover,
the test score for the F2 test gets denied due to lagging explanatory variables. We can have critical values of all research variables by
applying the BARDL method McNown et al. (2018). To get robust empirical findings, we used critical values during the tabulation.
Additionally, stationary testing is a prerequisite for every cointegration test. Whenever significant structural breaks in time-series
properties influence the findings of other studies, it is not good to apply the ADF unit root test as done by some previous works. In
this sense, Zivot and Andrews (2002) contributed significantly and measurably without defining the breakpoint time and allowed
different breaks of structural modeling of time series data. Therefore, leaving the issue related to selecting the breakpoint, the
endogenous breakpoint in the structural modeling is possibly determined. This proves that the selection of breakpoints endogenously
has a significant impact on the output of the unit root. Hence, we utilized ADF and ZA to make effective use of them. With the help of
the unit root test and stationarity, the stationary property of the data is measured. It is said that, data is suitable to perform the ARDL
model and selected variables are following the prerequisites of the model.

4. Empirical findings and discussion

Descriptive statistics of selected variables is presented in Table 2 in the form of means scores where FDT has shown the highest
mean value, followed by the GIN, TIN, CE, ICT, EFP, and GDP. This means that the financial depth is substantially higher than eco-
nomic growth, while green innovations remain higher than technological innovations, information communication, and technology.
Moreover, carbon trends are more than an ecological footprint. Additionally, it has been noticed that the ecological footprint is more
volatile than any other variable, with carbon emissions reflecting more deviation compared to GIN, TIN, ICT, GDP, and FDT.

Table 2

Results of Descriptive statistics.
Variables EFP; CE; GIN, TIN, ICT, FDT; GDP;
Mean 2.364 2.562 2.660 2.583 2.449 2.655 2.252
Maximum 3.718 2.949 3.317 2.836 3.306 3.323 3.267
Minimum 1.843 1.829 1.810 1.887 1.863 1.815 1.875
Std. Dev. 0.866 0.861 0.801 0.576 0.791 0.685 0.802
Jarque-Bera 0.379 0.896 0.385 0.318 1.878 0.588 1.399
Probability 0.421 0.489 0.578 0.470 0.321 0.551 0.377

Source: Author Estimation



S. Tiwari et al. Research in International Business and Finance 73 (2025) 102631

Furthermore, Jarque-Bera is the key to determining the normal distribution of data and measuring goodness of fit, which is possible
with the help of skewness and kurtosis. Here, values of Jarque- Bera are far from zero and non-negative to each studied variable. That
means the distribution of data varies from variable to variable under ranges. The findings of Jarque-Bera show that each variable, EFP,
CE, GIN, TIN, ICT, FDT, and GDP, is normally distributed.

A pair-wise correlation among the selected constructs is reported in Table 3, which shows a positive correlation between ecological
footprint economic growth and carbon emissions. Likewise, carbon emissions with economic growth, green innovations with tech-
nological innovations, ICT with financial depth and economic growth, technological innovations with ICT, financial depth and eco-
nomic growth, ICT with financial depth and economic growth, and financial depth with economic growth. However, ecological
footprint is negatively associated with green innovations, technological innovations, ICT, and financial depth. Interestingly, carbon
emission also negatively correlates with the same variables: green innovations, technological innovations, ICT, and financial depth.
Furthermore, a significant correlation is found between “information communication and technology and technology innovation” in
the United States of America. This shows that green innovation and technological innovation are closely related and interchangeable.
Both can work in the same direction, in line with reducing carbon emissions and climate change impacts. However, information,
communication, and technology are working toward green innovation, but it is a generalized and common technology for commu-
nication. Therefore, it facilitates green and technological innovation toward carbon reduction and attaining environmental sustai-
nability—Ilastly, economic growth and development cause carbon emissions and climate change.

"Source: Author Estimation"

In the next step, we need to measure the stationarity of ecological footprint, carbon emissions, green innovations, technological
innovations, information communication and technology, financial depth, and economic development. The stationarity of the above
variables helps us determine the most suitable cointegration approach for investigating the cointegration nexus between carbon
neutrality and its determinants. Inappropriate cointegration order of studied variables leads to unclear results and incorrect findings
and implications. However, we used the ADF test for the unit root. This is most useful and impactful in the case of managing un-
specified single breaks in the structure of data series and solving data sequencing errors (Carrion-i-Silvestre et al., 2009). ADF test is
utilized to see what kind of integration variables are showing: stationary, first difference, and mixed.

Furthermore, ADF is the best-suited approach for dealing with a small sample size. Similarly, these tests pertaining to unit root can
resolve the problem of low explanatory power by rejecting the null hypothesis, as explained by Dickey and Fuller (1981) and later by
(Phillips and Perron (1988). ADF test also provides higher explanatory powers for the time series structural breaks and consistent
empirical facts. Table 4 presents the measures of structural breaks with the help of the ADF method. Ecological footprint, carbon
emissions, green innovations, technological innovations, information communication and technology, financial depth, and economic
development contain unit root issues at the ADF level. As highlighted earlier, these standardized tests for unit root tests can reflect
some deceptive results, mainly in time-series data. Therefore, we applied the ZA test to resolve this problem by considering one
structural break (Zivot and Andrews, 2002). Table 4 also contains the results of ZA test. With the help of ZA (A) and ADF (A) we come
all variables (EFP, CE, GIN, TIN, ICT, FDT, and GDP) are stationary and show differences in their structural breaks.

The results of the ARDL cointegration analysis are predicted in Table 5. The F-test and T-test results reject the null hypothesis
between the studied variables by bootstrapping the ARDL approach. We reject the null hypothesis, which states that carbon emission
and ecological footprint are dependent variables. To highlight the existence of cointegration vectors in carbon emission and the
ecological footprint system of the USA, mostly on lagged independent and lagged dependent, the T-test and F-test were collectively and
respectively used. It is also observed that ecological footprint and carbon emission have a long-term nexus with green innovations,
technological innovations, information communication and technology, financial depth, and economic development in the United
States of America. Moreover, values of R 0.526 and 0.682 depict that all the explanatory variables (green innovations, technological
innovations, information communication and technology, financial depth, and economic development) explain the carbon emissions
and ecological footprint. Lastly, the findings of JB test confirm the normalcy of the data distribution of research variables.

Estimations of long-run analysis are depicted in Table 6. We observe green technology innovations’ significant and negative impact
on carbon emissions. This negative nexus means a 1 % increase in carbon emissions, which leads to a 0.70.5 % decline in green
technology innovation by keeping other variables constant. This finding supports the study of Paramati et al. (2020), who said green
technology innovations reduce carbon emissions in OECD economies. The same has been reported by Jordaan et al. (2017) in the case
of Canada.

Moreover, the nexus between technology innovations and carbon emissions is also significantly negative and higher than green
technology innovations. The results show that technological innovations reduce carbon emissions, and a 1 % increase in technology
innovations causes a 0.76.6 % decline in CO; emissions. This empirical finding aligns with a recent study by Sharif et al. (2023), where

Table 3
Results of Pair-wise Correlation.
Variables EFP; CE; GIN, TIN¢ ICT, FDT, GDP,
EFP, 1.000
CE, 0.250 1.000
GIN¢ —0.370 —0.283 1.000
TIN, —0.237 —0.306 0.335 1.000
ICT, —0.366 —0.241 0.362 0.235 1.000
FDT, —0.234 —0.350 0.251 0.314 0.364 1.000
GDP; 0.355 0.308 0.287 0.238 0.325 0.300 1.000
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Table-4

Results of Traditional and Structural Break Unit root test.
Variables ADF ADF ZA Break ZA Break

(Level) (A) (Level) Year A) Year

EFP, 0.304 0.009 2009 Q3 —8.472* 2020 Q3
CE; 1.842 —0.486 2008 Q4 —5.736* 2020 Q2
GIN; —0.752 —5.887%** 1.814 2006 Q1 —6.472%%* 2007 Q3
TIN, —1.223 —6.164%** —1.508 2008 Q1 —7.940%** 2009 Q2
ICT, 0.916 —5.554%** —1.806 2005 Q4 —8.403*** 2011 Q1
FDT, —0.336 —7.680%** 0.178 2009 Q4 —7.092%** 2017 Q4
GDP; 0.148 —3.330%** —0.722 2008 Q3 —6.708%** 2014 Q4

Source: Author Estimation

Table 5

Results of ARDL Analysis.
ARDL Bootstrapped Diagnostic tests
Designed Models Lag Break Fpss Tpv T r Q- LM JB

length Year stat 2)

CO2; = f (GIN,, TINt, ICT,, FDT,, GDP,, INT1,, 1,2,2,2,3 2009 Q1 8.843%** —5.730%** —5.315%** 0.526 2.837 1.861 0.547
INT2,)
EFP; = f (GIN,, TINt, ICT,, FDT;, GDP;, INT1,, 1,2,1,2,2 2005 Q3 9.648%** —6.086%** —6.739%** 0.682 3.558 1.885 0.616
INT2)

INT1=GIN*FDT and INT2=TIN*FDT

Table 6

ARDL Analysis (Long Run).
DV = CO2, DV = EFP,
Variable Coefficient T-Statistics P. Value Coefficient T-Statistics P. Value
Constant 1.339%** 6.5831 0.000 1.386%** 4.9523 0.000
GIN; —0.705%** —5.394 0.000 —0.660%** —7.083 0.000
TIN; —0.766%** —6.722 0.000 —0.325%** —8.503 0.000
ICT, —0.471* —4.021 0.000 —0.773%%* —4.864 0.000
FDT, —0.525%** —8.384 0.000 —0.317%** —5.842 0.000
GDP; 0.724%** 6.337 0.000 0.519%** 6.647 0.000
INT1, —0.466* —5.044 0.000 —5.741 0.000
INT2, -0.79 —8.883 0.000 —5.847 0.000
Dy 1.142%=** 6.048 0.000 0.957%** 7.201 0.000
R? 0.664 0.877
Adj - R? 0.543 0.872
Durbin Watson 2.028 1.931
Stability analysis
Test F-Statistics P. Value F-Statistics P. Value
x’NORMAL 0.881 0.462 0.537 0.658
x?SERIAL 0.637 0.663 0.548 0.511
x?ARCH 0.741 0.418 0.744 0.434
x?’HETERO 0.710 0.313 0.514 0.625
x’RESET 0.555 0.448 0.529 0.480
CUSUM Stable Stable
CUSUMsq Stable Stable

INT1=GIN*FDT and INT2=TIN*FDT

they highlighted technological innovations as a critical driver of carbon neutralization. The negative and significant nexus of carbon
emissions with information communication technology financial depth is also found with respective percentages of 0.47.1 % and
0.52.5 %. However, carbon emissions have a significantly positive nexus, with only economic development at 0.72.4 %. That means a
one percentage increase in GDP causes a 0.72.4 % increase in CO, emissions in the USA and vice versa.

Similarly, Table 6 also reported the long-run association of ecological footprint with green innovations, technological innovations,
information communication and technology, financial depth, and economic development. Green innovation has a significant and
negative correlation with ecological footprint. If we keep other variables constant, a 1 % increase in ecological footprint leads to a
0.66 % decline in green innovations and vice-versa. Similarly, technological innovations, information communication, technology,
and financial depth show significant negative association with ecological footprints with the following percentages: 0.32.5 %, 0.77.3,
and 0.31.7 %. Only economic growth positively affects the EFP by 0.51.9 %. From the long-run estimations of ARDL, it is concluded
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that technological innovations, information communication, and technology are boons for the United States of America in reducing
carbon emissions and the country’s ecological footprint. At the same time, economic development by keeping other variables constant
or without counterbalance is a curve for ecological footprint and carbon emissions in the USA.

Regarding adjusted carbon emissions and ecological footprint, the explained variations are 0.543 and 0.872, respectively, via all
the selected research variables. Simultaneously, no autocorrelation is confirmed by Durbin Watson’s statistics for both ecological
footprint and CO, emissions in the sample study. Hence, the present estimation is free from any issues related to specification, serial
correlation, autoregressive conditional heteroskedasticity, normality, and heteroskedasticity. Stability parameters for the long run are
analyzed through CUSUM and CUSUMsq, as suggested by Monk and Brown (1975).

The short-run estimations of the ARDL cointegration analysis are reported in Table 7, explaining that green innovations signifi-
cantly decrease the ecological footprint and carbon emissions in the short run. Technological innovations, information communication
and technology, and financial depth are negatively linked to carbon emissions and ecological footprint at a 1 % significance level in the
short run. That means green innovations, technological innovations, information communication and technology, and financial depth
are crucial for carbon neutrality via reducing ecological footprint and carbon emissions in the USA. Interestingly, GDP is negatively
associated with carbon emissions at a 1 % significance level in the short run with 0.32.2 %. This means that economic development
will reduce carbon emissions in the USA in the short run. However, economic growth is positively associated with an ecological
footprint of 0.43.4 % in the short run, which is the opposite of carbon emissions. At this point, policymakers of the USA need to deal
strategically with both carbon emissions and ecological footprint policies differently in the short run. In the case of the short run, there
is an absence of non-specification, non-serial correlation, non-autoregressive conditional heteroskedasticity, non-normality, and non-
heteroskedasticity, and variance is homoscedastic. Stability parameters are also fulfilled by CUSUM and CUSUMsq during the short
run. Additionally, results of short and long-run ARDL estimations are presented with the help of Fig. 1.

Lastly, Table 8 presents the causal nexus between the studied variables examined through the VECM Granger causality approach.
This approach helps forecast another time series by the present one; therefore, the significance of Granger causality cannot be ignored.
In Table 8, all the proposed null hypotheses are rejected ata 1 % significance level as the value of F- statistics is significant. GIN granger
causes carbon emissions, and carbon emissions cause GIN. Hence, the first null hypotheses are rejected with the F- statistics of 22.377
and 13.529.

Similarly, GIN and EFP cause Granger to each other at 1 % significance with F-statistics of 11.709 and 19.521. Likewise, both TIN
and CE, TIN and EPF, ICT and CE, ICT and EFP, FDT and CE, FDT and EFP, GDP and CE, GDP and EFP, INT1 and CE, INT1 and EFP,
INT2 and CE, and INT2 and EFP granger cause to each other at 1 % level of significance. With the help of Granger causality test, all the
proposed hypotheses are empirically tested and predicted by one another. Suggested null hypotheses are rejected at a 0.01 (1 %)
significance level. First, the homogenous cause between green innovation and carbon emission is tested. It is reported that green
innovation can predict reducing carbon emissions and vice-versa. An increased level of CO, determines the demand for green inno-
vation. Hence, the null hypothesis between them is rejected at a 1 % significance level. Likewise, the prediction relationship between
green innovation and ecological footprint, technological innovation and carbon emission, and technological innovation and ecological
footprint is tested. It also reflects the similar trends as shown by green innovation. Technological innovation predicts the reduction
level of carbon and ecological footprint, and vice-versa. Similarly, information, communication, technology, financial depth, and
economic development report the prediction of the relationship between carbon emission and ecological footprint. Increased ICT,

Table 7

ARDL Analysis (Short Run).
DV = CO2, DV= EFP,
Variable Coefficient T-Statistics P. Value Coefficient T-Statistics P. Value
Constant 1.236%** 6.5831 0.000 1.137%%** 4.9523 0.000
GIN; —0.324%** —5.508 0.000 —0.406%** —5.679 0.000
TIN; —0.545%** —3.802 0.000 —0.524* —3.849 0.000
ICT, —0.374%** —3.890 0.000 —0.552%%* —8.483 0.000
FDT, —0.635%** —4.658 0.000 —0.499%** —5.235 0.000
GDP; —0.322%** 7.947 0.000 0.434%** 8.772 0.000
INT1, —0.356%** —7.988 0.000 —0.734%%* —8.892 0.000
INT2, —7.709 0.000 —0.400%** —8.669 0.000
Dy 6.208 0.000 0.628%** 4.580 0.000
R? 0.525 0.851
Adj - R? 0.789 0.684
Durbin Watson 1.974 2.003
Stability analysis
Test F-Statistics P. Value F-Statistics P. Value
x’NORMAL 0.755 0.486 0.808 0.421
Xx?SERIAL 0.844 0.667 0.629 0.565
x?ARCH 0.783 0.427 0.824 0.339
x?HETERO 0.552 0.546 0.732 0.466
Xx’RESET 0.898 0.683 0.513 0.385
CUSUM Stable Stable
CUSUMsq Stable Stable

INT1=GIN*FDT and INT2=TIN*FDT
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& Ecological
Footprint

Economic
Development

Fig. 1. Association of CO2 emission and Ecological footprint with selected variables.

Table-8
Results of Granger Causality.
Null Hypothesis F-Statistic Prob.
GIN does not homogenously cause CE 22.377%%* 0.000
CE does not homogenously cause GIN 13.529%** 0.000
GIN does not homogenously cause EPF 11.709%** 0.000
EPF does not homogenously cause GIN 19.521%** 0.000
TIN does not homogenously cause CE 15.318%** 0.000
CE does not homogenously cause TIN 16.649%** 0.000
TIN does not homogenously cause EPF 17.281%** 0.000
EPF does not homogenously cause TIN 19.196%** 0.000
ICT does not homogenously cause CE 23.448%** 0.000
CE does not homogenously cause ICT 18.132%** 0.000
ICT does not homogenously cause EPF 15.112%** 0.000
EPF does not homogenously cause ICT 17.954%** 0.000
FDT does not homogenously cause CE 9.471%%* 0.000
CE does not homogenously cause FDT 11.229%** 0.000
FDT does not homogenously cause EPF 8.235%** 0.000
EPF does not homogenously cause FDT 24.492%** 0.000
GDP does not homogenously cause CE 23.178*** 0.000
CE does not homogenously cause GDP 14.956%** 0.000
GDP does not homogenously cause EPF 10.070%** 0.000
EPF does not homogenously cause GDP 11.730%** 0.000
INT1 does not homogenously cause CE 19.028%** 0.000
CE does not homogenously cause INT1 10.948%** 0.000
INT1 does not homogenously cause EPF 16.289%** 0.000
EPF does not homogenously cause INT1 13.119%** 0.000
INT2 does not homogenously cause CE 13.334%** 0.000
CE does not homogenously cause INT2 17.663%** 0.000
INT2 does not homogenously cause EPF 16.623%** 0.000
EPF does not homogenously cause INT2 22.640%* 0.000

Source: Author Estimation;
INT1=GIN*FDT and INT2=TIN*FDT
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economic development, and financial depth levels will produce the potential predictability of reducing carbon emissions, climate
impacts, and ecological footprint across the different levels and quantiles. Conversely, carbon emission and ecological footprint can
also confirm the necessity of ICT, as well as financial depth and economic development.

5. Conclusion and policy implications

Soon after the COP28, the USA is working on a carbon neutrality target. This study is a sincere attempt towards attaining carbon
neutrality and sustainable development goal-13 (Climate Action) by investigating the nexus between ecological footprint, carbon
emission, green innovation, technological innovation, ICT, financial depth, and economic development in the American economy. A
significant cointegration amid ecological footprint, carbon emission, green innovation, technological innovation, ICT, financial depth,
and economic development is confirmed through the empirical investigation. Green innovation, technological innovation, ICT, and
financial depth negatively impact ecological footprint and carbon emissions in the long run. At the same time, the impact of economic
growth is positively significant on both carbon emissions and ecological footprint in the long run.

Additionally, in the short run, green innovation, technological innovation, information communication and technology, financial
depth, and economic development negatively impact carbon emissions. Besides economic growth, green innovations, technological
innovations, information communication and technology, and financial depth have significant negative impacts on the ecological
footprint, and economic growth positively impacts EFP. Moreover, a two-way causality among ecological footprint, carbon emission,
green innovation, technological innovation, information communication and technology, financial depth, and economic development
has been traced through empirical results of the causality test. Therefore, it is concluded that green technological innovation, financial
depth, and ICT are the core indicators for environmental well-being and are crucial in reducing carbon emissions, ecological footprint,
and climate change impacts. Conversely, economic development, CO, emission, and ecological footprint go hand in hand and cause
adverse effects on the environment, economy, and societies.

In the sense of policy consequences, green innovation, technological innovation, information communication and technology, and
financial depth have detrimental influences on the neutralization of ecological footprint and carbon emission. Therefore, the US
government and policymakers must focus more on green technological innovation, ICT, and financial depth to achieve the carbon
neutrality target and sustainable development goal-13. For energy production purposes, the USA should replace fossil fuels and non-
renewable energy resources with green and renewable energy sources that decrease carbon emissions at a larger scale. This will also
help other sectors like agriculture and manufacturing reduce greenhouse gas emissions, particularly carbon emissions. Green inno-
vation should be a top priority for policymakers and government authorities, which was previously ignored. Findings show that
economic growth fosters ecological footprint and carbon emissions in the long run. In this sense, a balancing and sustainable economic
model should be designed to counterbalance the economic development without causing CO5 and EFP.

Furthermore, results also highlight that in both the long and short run, green innovation, technological innovation, ICT, and
financial depth negatively impact carbon emission and the ecological footprint. In this regard, the central government of the USA seeks
active support from state and local communities to plan and promote green technological innovation, ICT, and financial depth for
reducing CO5 emissions and EFP at all levels. Results confirm that green and technological innovation significantly reduces carbon
emissions and climate impacts. Hence, the environmental effect of green and technology-oriented innovations should be measured,
maintained, and implemented. Additionally, the government should prepare green strategies and green innovation policies to
strengthen the digital and circular economy. Initiatives of green innovation, environmentally friendly technologies, and financial
depth will address the environmental and climate issues in both the short and long run. At the same time, uncertainties and risks
related to developing and implementing strategic frameworks and green innovation models should be lessened via technological
breakthroughs and sustainable innovation without halting economic development. A good amount of financial support must be
provided for the research and developmental activities, technological innovations and financial technologies (Fintech) that help
mitigate carbon emissions and climate change.

Because of economic development in the short run, findings concerning carbon emissions and ecological footprint are mixed. Since
economic development positively impacts the ecological footprint and negatively impacts the carbon emissions in the short run,
governments, and associated stakeholders at different levels must formulate separate policies for both carbon emissions and ecological
footprint and deal with them differently in the short run. In addition to the above empirical findings, the government needs to work on
some other supportable policies and strategies to control carbon emissions and ecological footprint in both the short and long run.
Moreover, the empirical findings of our study cleared the fact that several challenges still stand before the government and policy-
makers of the USA in line with controlling the carbon emissions and ecological footprint and reducing emissions to zero. Based on these
challenges, our study emphasizes the need for standing strategies and plans for green innovations, technological innovations, ICT,
financial depth, and economic development to reduce carbon emissions and ecological footprint.

Moreover, higher economic growth leads to carbon emissions and ecological footprint. Therefore, economists need to propose some
mitigation measures for sustainable economic development and tax subsidies to facilitate the circular and linear economy in the
economic system of the USA. Policymakers should remember ecological well-being while planning budgets and economic policies that
reduce pollution and environmental degradation. The USA’s economic programs must be reviewed and re-implemented in more
sustainable and innovative ways to constrain carbon emissions and environmental destruction. In place of economic policy uncer-
tainty, it is reported that high economic policy uncertainty causes environmental degradation and carbon emissions. Additionally,
financial depth in association with green and advanced technologies offers a comprehensive model of environmental development,
carbon neutralization, and diminishing the impacts of climate change without disturbing economic development. Financial depth also
provides stability to the economic system during economic crises like COVID-19 and the Russian invasion in Ukraine and regulates
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economic activities, environmental well-being, and societal welfare during these challenging times (Nuta et al., 2024).

Lastly, the present study is conducted with several limitations. Firstly, this work is limited to the USA only, where we attempt
toward attainment of carbon neutrality through investigating the nexus between ecological footprint, carbon emissions, green in-
novations, technological innovations, information communication and technology, financial depth, and economic development in the
American economy and no other country included in this study. Secondly, our study is limited to the following research variables:
ecological footprint, carbon emissions, green innovations, technological innovations, information communication and technology,
financial depth, and economic development, with ecological footprint and carbon emissions as dependent variables. Thirdly, the role
of financial depth and green technological innovations on environmental sustainability is widely discussed and observed in the present
literature, and the theoretical groundings of our study are set up accordingly. However, trends of any other framework, like the
Environmental Kuznets Curve (EKC) and Load Capacity Curve (LCC), are missing in this work. For better policy implications and
generation, we highly recommend that future studies consider this study’s limitations.
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