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This study investigates the impact of environmental innovation, de jure trade globalization,
renewable energy consumption and financial development on CO2 emissions in the
United States (US) under the Environment Kuznets Curve hypothesis (EKC). To do
this, yearly data from 1971 to 2018 is employed using the novel Augmented ARDL
(AARDL) and Gradual Shift causality for empirical analysis. The empirical outcomes from
the AARDL test disclosed cointegration between variables. The long-run empirical
estimation revealed that environmental innovation is contributing to CO2 mitigation.
Also, environmental innovation helps to develop the EKC between economic growth
and CO2. Apart from this, environmental innovation Granger causes economic growth and
CO2. Additionally, financial development is positively connected with CO2, while renewable
energy alleviates emissions levels. The study also found a negative association between de
jure trade globalization and CO2 emissions only in the short run. Based on the empirical
results, this study suggests that the US should enhance innovation in environmental
technologies and, at the same time, make policies to accelerate de jure trade globalization
to achieve climate-related goals.
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INTRODUCTION

Undoubtedly, developing and developed countries are concerned about the challenging issue of
global warming, and the shocks of climate change are felt around the world. However, it is also a
recognized fact that some major economies contributed enormously to the increased CO2 emissions
levels and global warming, while some developing countries had only a little contribution. Among
these major economies, the United States is ranked as the second-largest CO2 emitter, which utilizes
16% of global energy production with only 4.3% of the world population compared to India and
China, which accommodate 36% of the world population and consume just about 28% of global
energy production (IEA, 2017). The US has also shown its intention to combat climate change
through the energy transition, and a significant increase in renewables was also observed in the
previous 2 decades; however, with more than 80% share of conventional energy (fossil fuels) in the
energy mix, it is still a long way to achieve a green environment (Ahmad et al., 2022b).

The United States generates over 15% of global anthropogenic emissions which is a by-product of
the enormous economic progress achieved by the country. The US is among the most developed
countries and even in 2019, its total GDP surpassed the GDP of China by 37% (WDI, 2021). In the
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last 2 decades, the US economy experienced tremendous growth
(Khan et al., 2021). In the past literature, scholars used the
concept of the EKC (Environmental Kuznets Curve) to
understand the growth-emissions nexus which emerged after
the revolutionary work of (Grossman and Krueger, 1995,
1991). This hypothesis is based on the notion that
environmental deterioration is the consequence of economic
growth at the early stages of growth where countries intend to
develop more products by ignoring their environmental cost.
Thus, at this stage, the scale effect prevails in the economy, and
substantial production is achieved by consuming an enormous
amount of energy and other resources. This leads to more waste
generation and environmental pollution. However, the next stage
is generally characterized by the structural change which affects
environmental quality. It is believed that during this stage, the
composition effect prevails, and nations develop their economic
structure from primary (agriculture) to secondary (industry) and
lastly, to the service sector with less ecological damage. Likewise,
with more income, technique effect tends to emerge, which plays
an enormous role in environmental quality by building modern
technology and nurturing knowledge and innovation. Hence,
environmental degradation and the progress of the economy
generally follow an inverted U-shaped (EKC) relationship. The
turning point in this relation depends on many factors, such as
innovation, technology, environmental preference, and
environmental regulations, etc.

In this modern world, technological innovation (TEI) brings
numerous environmental and economic changes, such as
increasing fossil fuel consumption, developing economies, and
improving living standards (Guo et al., 2017; Hashmi and Alam,
2019). Besides, it is widely believed that technological innovation
can be used as an effective way to decrease environmental
degradation (Ahmad et al., 2022a), but its role in carbon
emissions mitigation is inconclusive. Because some previous
studies suggested that the impact of TEI on CO2 can be
positive (Danish and Ulucak, 2021; Ahmad et al., 2021), while
some others find the negative or insignificant effect (Wang et al.,
2012; Du et al., 2019). In this context, Ahmad et al. (2020) argue
that countries can meet the needs of the increasing population
and overcome the scarcity of resources through technological
innovation without hurting the environmental quality. However,
Su and Moaniba (2017) demonstrated that climate change-
related innovation responds negatively to carbon emissions
from solid fuel consumption (mainly from coal) and other
greenhouse gas emissions and positively to increases in
emissions from liquid fuels and natural gas. Wang et al.
(2021) suggested that technological innovation significantly
enhances green growth in China.

The previous literature uses total patents in all technologies to
measure technological innovation and this innovation may not
represent technological progress in environment-related
technologies. The study of Adebayo et al. (2021) revealed that
in the context of Chile, technological innovation boosts
emissions. Hence, in recent years, countries around the globe
have been searching for eco-friendly capabilities to lessen
environmental degradation. Hence, the strategy of enhancing
green innovation that is measured by patents in environment-

related technologies can be more relevant for environmental
sustainability. Dramatically rising emissions in the
United States (US) have augmented the demand for
environment-related innovations, which can play an essential
role in decreasing them. It is essential to probe green innovation
and CO2 connection in the US which is the leading country in
environmental technologies with a considerable patent count
(OECD, 2022) and among the top carbon dioxide emitting
countries (IEA, 2020).

The US is actively striving to initiate several strategies related
to trade globalization under the environmental protection law to
protest the environmental quality. In this context, the US has
imposed trade restrictions, new taxes, and customs tariffs on
polluted goods to curb environmental degradation. Moreover, to
achieve the carbon naturality target, the country has cut tariffs on
environmental goods such as solar water heaters, water treatment
plants, wind turbines, etc. According to the estimates, the US
exported $238 billion of environmentally friendly goods in 2015,
and it has been growing at the rate of 6 percent since 2012.1 De
jure trade globalization covers trade components like tariffs, trade
agreements, trade taxes, etc., which are important for conducting
sustainable trade, but previous environmental literature has not
focused on the impact of de jure trade globalization on
environmental quality.

Based on the aforementioned argument, the following are the
main contributions of this study. First, as opposed to the previous
studies which probe the impact of technological innovation on
environmental quality, this study specifically investigates green
innovation (environmental-related patents) and environmental
quality nexus in the context of the US. Second, as per the authors’
knowledge, this is the first study that examines the impact of de
jure trade globalization on environmental quality. Third, the
study uses recent methodologies, such as the Augmented
ARDL technique which solves drawbacks of the ARDL models
and determines cointegration based on three tests instead of using
just the F-statistics. Also, this method not only eliminates the
possible endogeneity issues that may arise in the ARDL method
but also solves issues like serial correlation. This technique
performs well even in the case of a mixed integration level of
variables. Apart from this, the study adopted the Gradual Shift
causality method that can be utilized during mixed integration
levels of variables. This method performs well by accounting for
smooth and gradual shifts during casual analysis. Thus, the study
provides important insights into the relationship between green
innovation, de jure trade globalization, and environmental
degradation using recent econometric techniques.

LITERATURE REVIEW

As the economies around the world are undergoing the Fourth
Industrial Revolution, innovation is often seen as the most
effective means of accomplishing the SDGs (Ahmad et al.,

1See https://ustr.gov/trade-agreements/other-initiatives/environmental-goods-
agreement.
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2021). In this context, some research works disclosed that
technological innovation (TEI) could be a crucial tool to
promote environmental sustainability, while few studies
established that TEI either increases environmental
degradation or does not influence it. Interestingly, scholars
mostly used total patents to measure technological innovation,
and very limited environmental studies used green innovation
(eco or environmental innovation) which is measured by
environment-related patents. Previous studies on technological
and green innovation are discussed below.

Henriques and Borowiecki (2017) used an extended Kaya
decomposition model to study the influence of TEI on carbon
emission in Japan, North America, and Europe. They concluded
that TEI is the main offsetting aspect in emission reduction.
Besides, Yii and Geetha (2017)found that TEI in Malaysia
significantly mitigates CO2 in the short run, but it has an
insignificant impact in the long run. Lin and Zhu (2019)
investigated the linkage between green technologies and
carbon emissions in China. Their results highlighted that
renewable energy technologies have a significant and negative
effect on emissions.

Wang et al. (2021) illustrated that TEI encourages
environmental sustainability by lowering CO2 in G7 countries.
In the context of emerging countries, Ahmad et al. (2020)
evaluated the dynamic linkage between TEI and ecological
footprint (EF). Their results unveiled that technological
innovation helps to mitigate EF.

On the contrary, Chen and Lee (2020) failed to provide a
significant effect of technological innovation on carbon emission
globally. However, Sinha et al. (2020) suggested that TEI can
speed up the advancement towards sustainable development
goals (SDGs). Similarly, Guo et al. (2021) unveiled the
negative relationship between technological innovation and
CO2 emissions in China. Conversely, Adebayo et al. (2021)
provided that TEI is among the major causes of increasing
emissions in the context of Chile. They argued that Chile’s
technological innovation does not concentrate on
environment-related innovation.

Limited studies examined the possible green (eco) innovation
and CO2 connections. For example, Ding et al. (2021) assessed the
influence of green innovation on consumption-based CO2 in G-7.
They concluded that green innovation significantly alleviates
emissions. Likewise, Hashmi and Alam (2019)demonstrated
that environmentally-friendly patents, as well as environmental
taxes, lessen CO2 in OCED countries.

Besides, trade globalization is an important factor that covers
de facto trade including trade volume as well as de jure trade
including trade agreements, trade taxes, tariffs, etc. Ahmed and Le
(2020) scrutinized the influence of trade globalization on CO2 in
ASEAN countries. The panel methodology indicated the negative
relationship between trade globalization and carbon emissions.
Besides, trade globalization is mostly ignored in the previous
literature. However, Pata and Caglar (2021) probed the
connection between trade openness, globalization, economic
growth, and CO2 for China. The test results suggested that
trade openness, globalization, and economic growth drive
environmental pollution. Similarly, Dou et al. (2021) assessed

the trade openness and CO2 connection in the China-Japan-ROK
FTA countries. Their results unveiled that trade openness
significantly promotes CO2 emissions in these countries. In
addition, exports can inhibit domestic CO2 emissions, while
imports induce more national CO2 emissions. Trade
globalization covers de facto and de jure components and
there are studies available either on total trade globalization or
on trade volume.

Summing up, we can say that TEI’s influence on
environmental quality varies. It should also be noted that
previous studies mostly used overall patent application as a
measure of technological innovation. There is a paucity of
research work on the relationship between green innovation
and environmental quality. On the other hand, few studies
assessed the impact of trade globalization on CO2, but the
effect of de jure parts of trade globalization on CO2 is yet to
be apprehended. Moreover, the authors are unaware of any
empirical investigation that probed the impact of green
innovation, de jure trade globalization, and CO2 emissions.
Hence, this study addressed this gap in the literature and
study green innovation, de jure trade globalization, and CO2

emissions nexus in the US. It is expected that green innovation
and de jure trade globalization can affect environmental
sustainability; thus, the results of this research might help the
US to achieve the carbon neutrality targets.

MATERIALS AND METHODS

Data and Model Construction
The study developed the following models to scrutinize the long-
run elasticities for the period 1971 to 2018.

LCO2t � φo + φ1LYt + φ2(LY)2t + φ3LGIt + φ4LREWt + φ5LFDt

+ μt
(1)

LCO2t � λo + λ1LYt + λ2(LY)2t + λ3LGIt + λ4LREWt + λ5LFDt

+ λ6LTGDt + μt
(2)

Where, CO2, Y, Y
2, and GI denote CO2 emissions (tonnes per

capita), economic growth (GDP constant 2010 $ per capita), the
square of GDP, and green innovation (patents on environment-
related technologies as a percentage of the total patents on all
technologies), respectively. REW, FD, and TGD depict renewable
energy (per capital kilowatt-hour), financial development, and de
jure trade globalization (KOF index between 0 and 100),
respectively. Following previous empirical works (Shahbaz
et al., 2016; Ahmed et al., 2021a, 2021b; Pata and Caglar,
2021), the variables’ logarithm form is used.

The study’s duration from 1971 to 2018 is tied with the data
availability of selected variables. The data on Y (economic
growth) and FD (financial development) are sourced
fromWDI (2020). Time series data on CO2 emissions and
REW (renewable energy) are amassed from IEA (2020) and
OWD (2021), respectively. The data series on green
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innovation is collected from OECD (2022), while the KOF index
is accessed to collect data on de jure trade globalization (Dreher
et al., 2008; Gygli et al., 2019).

Methodology
To analyze the association among green innovation (GI), de jure
trade globalization (TGD), renewable energy (REW), economic
growth (Y), and financial development (FD), this study utilized
the Augmented ARDL methodology developed by the recent
study of (Sam et al., 2019). Before using the AARDL, it is essential
to inspect the integration level of the variables selected for the
study by using the unit root tests. Consistent with the previous
literature (Sam et al., 2019; Pata and Caglar, 2021), this study not
only applied the Augmented Dicky-Fuller (ADF) and Phillip-
Perron (PP) tests but also the structural break unit root tests of
Phillip Perron to make sure that variables are stationary at 1 (0)
and/or 1 (1) and the results are not biased due to the presence of
structural breaks. Figure 1 visually shows the estimation strategy.

The recent research of McNown et al. (2018) criticized the
ARDL technique of Pesaran et al. (2001) and disclosed that
F-statistics generated by the ARDL is insufficient to decide the
cointegration and the cointegration should be decided using three
tests rather than using just one F-statistics. The research of Cai
et al. (2018) also supported this view and unfolded that the ARDL
bound test does not provide reliable findings. The study of Sam
et al. (2019) presented a new test on the lagged level of
independent variables and removed the limitations of the

ARDL by accounting for all degenerate cases. Eqs 1 and 2 can
be expressed in the ARDL framework as follows.

Δ(LCO2)t � γo + γ1DMt +∑
p

k�1
δ1kΔ(LCO)t−k +∑

p

k�0
δ2kΔ(LY)t−k

+∑
p

k�0
δ3kΔ(LY2)t−k +∑

p

k�0
δ4kΔ(LGI)t−k

+∑
p

k�0
δ5kΔ(LREW)t−k +∑

p

k�0
δ6kΔ(LFD)t−k

+ φ1(LCO2)t−1 + φ2(LY)t−1 + φ3(LY
2)t−1

+ φ4(LGI)t−1 + φ5(LREW)t−1 + φ6(LFD)t−1 + μt
(3)

Δ(LCO2)t � ϑo + ϑ1DMt +∑
p

k�1
γ1kΔ(LCO)t−k +∑

p

k�0
γ2kΔ(LY)t−k

+∑
p

k�0
γ3kΔ(LY2)t−k +∑

p

k�0
γ4kΔ(LGI)t−k

+∑
p

k�0
γ5kΔ(LREW)t−k +∑

p

k�0
γ6kΔ(LFD)t−k

+∑
p

k�0
γ7kΔ(LTGD)t−k + λ1(LCO2)t−1 + λ2(LY)t−1

+ λ3(LY2)t−1 + λ4(LGI)t−1 + λ5(LREW)t−1
+ λ6(LFD)t−1 + λ7(LTGD)t−1 + μt

(4)
For the model presented in Eq. 3, the long-run part of the

equation is depicted from (φ1 to φ6) while the short-run
parameters are expressed from λ1 to λ6. DM symbolizes the
dummy variable which is added to capture the effect of a
structural break in CO2, and the residual term is denoted by
µt. In the ARDL, the rejection of the following hypothesis for Eq.
3 implies cointegration in the model.

H0: φ1 � φ2 � φ3 � φ4 � φ5 � φ6 � 0 (5)
In order to reject the above hypothesis, the generated

F-statistics must be more than the upper critical bound values
(Pesaran et al., 2001). However, this hypothesis denotes the
combined significance of all coefficients in the long-run part
of Eq. 3; hence, this significance can be caused by the significance
of the regressors or the dependent variable. Accordingly, the
studies of McNown et al. (2018) and Sam et al. (2019) proposed
the F-test for the independent variables (lagged level) and the
t-test for the dependent variable (lagged level) to tackle these
shortcomings. The following are the hypothesis for these two
tests.

H0: φ2 � φ3 � φ4 � φ5 � φ6 � 0 (6)
H0: φ1 � 0 (7)

To reject the hypothesis presented in Eq. 5, the critical values
of (Narayan, 2005) are compared with the overall F-statistics,
while for the next two hypotheses (Eqs 6 and 7), the critical values

FIGURE 1 | Estimation strategy.
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of Sam et al. (2019) and Narayan (2005) are utilized. The presence
of a long-run equilibrium relationship necessitates the rejection of
all three hypotheses (Eqs 5–7). However, the comparison of
computed statistics with the critical values can result in some
degenerate cases depicting false cointegration. For instance, the
t-test for the response variable is insignificant but both F-tests (for
explanatory variables and all variables) are statistically significant.
Likewise, the F-test for the explanatory variable may be
insignificant but the t-test and overall F-test can be significant.

Nevertheless, the use of the Augmented ARDL solves such
issues. Moreover, in the ARDL methodology only one
endogenous variable can be added to the model; however, the
AARDL method also relaxes this assumption and there is no
restriction on adding more endogenous variables (Pata and
Caglar, 2021). Also, the AARDL method can be applied on
small samples and fractionally integrated variables.

Lastly, the study used the Gradual Shift causality test. The
study of Toda and Yamamoto (1995) developed a causality
technique that can be applied on fractionally integrated
variables and its application does not need stationarity testing.
The Toda and Yamamoto (TY) test is based on a vector
autoregression (VAR) framework and adds maximum
integration order of variables (dmax) to the optimal lag length
(k) to set the lag length for its estimation. However, this method
ignores the structural shift which may cause unreliable results;

hence, this study employed the Gradual Shift causality method of
(Nazlioglu et al., 2016), which considers the structural shift in the
causal analysis and accounts for smooth and gradual shifts. This
test is also known as the “Fourier Causality Test” and it is
developed by adding cumulative and single frequencies. Thus,
the modified version of theWALD statistics combines the TY and
Fourier approximation.

TABLE 1 | Descriptive statistics.

CO2 Y GI REW FD TGD

Mean 18.91219 38,974.24 7.788542 4.174823 138.6304 74.94659
Median 19.13800 38,091.46 7.235000 3.919740 125.5816 76.50742
Maximum 22.13400 54,795.45 12.64000 6.873904 206.6707 84.65380
Minimum 14.63200 23,670.35 5.310,000 2.904000 89.23798 60.95146
Std. Dev 1.903,692 9,558.957 2.209432 0.882413 39.95761 8.483142

FIGURE 2 | Box chart of variables with scatterplot and distribution.

FIGURE 3 | Green innovation.
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RESULTS AND DISCUSSION

First, we computed descriptive statistics in Table 1. In Figure 2,
the distribution of panel data in various box plots is presented.
The percentages for every graph are 25, 50, and 75. The upper and
lower lines depict the maximum and minimum. Moreover, the
median is represented in circles, and mean values are given in
squares. CO2 emissions have a mean value of 18.91219 and the
deviation from the mean value is 1.903,692. Green innovation
(patents in environment-related technologies as a share of total
patents) ranges between 5.3100 and 12.6400 from 1971 to 2018.
As shown in Figure 3, most of the increase in green innovation
was noticed after the year 2000 as shown in Figure 4 indicating
that the US has focused on increasing green innovation over the
past 2 decades. Likewise, de jure trade globalization (TGD)
measured by the KOF index ranges between 60 and 84. It
indicates that TGD has increased for the analyzed period
implying that the US has followed the policy of opening up in
terms of trade regulations, tariffs, and trade taxes for most of the
analyzed period (Figure 2). However, in recent years, TGD has
shown a decline. Economic growth per capita (Y) depicts an
impressive growth over the selected period.

After this, it is imperative to probe the integration level of
analyzed variables. The estimates summarized in Table 2 unfold
that GI, CO2, Y, REW, FD, and TGD are stationary at 1 (1) in the
PP and ADF methods.

Intercept Option Is Selected to Compute
Results
However, this basic analysis overlooked a possible break in each
variable. Hence, following (Sam et al., 2019), we analyzed the
integration level of analyzed variables accounting for one
unknown break before estimating the AARDL since the
AARDL can accommodate one structural break. The Perron
test with breaks in Table 3 illustrated 1 (1) integration level
except for TGD which is stationary at 1 (0). In addition, the
breaks in variables are also presented in Table 3. The break in
CO2 is detected in 1982 and to incorporate this break, we
included a dummy variable in the model. There is no major
event related to this break; however, it coincides with the
Environmental Protection Act of19822 in the US. Also, the
United States Environmental Protection Agency strived to
strengthen environmental laws during the 1980s resulting in
an improvement of environmental quality in major cities
(Environmental Protection Agency, 2014); hence, this may
have caused a break in CO2 emissions during 1982.

Intercept is Added to Estimate Results
Critical Values: 10% [-4.92], 5% [-5.23], and 1% [-5.92].

FIGURE 4 | Trade Globalization (de jure).

TABLE 2 | PP and ADF tests.

Variables ADF PP

1 (0) 1 (1) 1 (0) 1 (1)

T-stat T-stat T-stat T-stat

LCO2 −0.0067 [0.9530] −6.1783* [0.0000] −0.0067 [0.9530] −6.1757* [0.0000]
LY −0.9671 [0.7572] −5.1094* [0.0001] −1.6989 [0.4252] −4.9337* [0.0002]
LGI −1.5048 [0.5223] −3.7813* [0.0058] −1.1282 [0.6970] −3.9332* [0.0038]
LREW −0.6722 [0.8437] −7.3004* [0.0000] −0.4292 [0.8954] −7.3869* [0.0000]
LFD −0.8001 [0.8098] −6.5929* [0.0000] −0.8184 [0.8045] −6.6729* [0.0000]
LTGD −1.4914 [0.5292] −7.3885* [0.0000] −1.4944 [0.5277] −7.5019* [0.0000]

* describes 1% significance.

TABLE 3 | Perron test with breaks.

1 (0) 1 (1)

Variables Test-stat Break-Y Test-stat Break-Y

LCO2 −2.9600 2007 −6.6881* 1982
LY −4.2252 2008 −5.7830** 1982
LGI −4.3339 2003 −5.2073*** 2010
LREW −3.3492 2010 −8.5850* 2001
LFD −2.7225 1994 −6.0099* 2007
LTGD −8.7218* 1984 −14.9489* 1985

* and ** denote 1% and % significance.

2For details on environmental protection act please see, https://www.congress.gov/
bill/97th-congress/house-bill/7179?r=42&s=1 (Accessed July, 2021).
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The analysis presented above revealed that the variables’
stationary level is either 1 (1) or 1 (0), Thus, we can perform
the cointegration test in the AARDL framework. In Table 4, the
estimates suggest that in both models, the F-statistics (overall) are
more than the critical values of (Narayan, 2005). Likewise, the
t-statistics for the response variable (CO2) is also significant when
compared against Pesaran et al. (2001) critical values. Lastly, the
F-statistics for regressors in both models are more than the
bootstrapped critical values of (Sam et al., 2019). Hence, all
three tests indicate that LY, LY2, LGI, LREW, LFD, LTGD,
and LCO2 are cointegrated. These findings are unique since
three different statistics are utilized to decide the
cointegration, unlike the ARDL bound method that uses the
F-statistics only. All the diagnostic tests in Table 4 support the
validity of the findings and the reliability of models since there is
no heteroscedasticity, residual correlation, non-normal
distribution, and misspecification in the models. In addition,
the stability of the parameters is also evident from the plots of
CUSUM and CUSUMsq in Figures 5–8.

The variables selected for this research are cointegrated;
therefore, we can estimate the long and short-run coefficients
to understand the impact of explanatory variables on CO2. In
Table 5, Y and Y2 increase and decrease CO2, respectively. A rise
of 12.7737 in CO2 is associated with a 1% increase in Y, while a
similar upsurge of 1% in Y2 reduces CO2 by 0.6444% in the long-
run. These empirical findings postulate that growth and CO2

nexus is in agreement with the EKC hypothesis. This finding
matches many studies that disclosed an inverted U-shaped nexus
between the economies’ growth and their environmental
degradation. For example, Can et al. (2021) for OECD
nations, Kihombo et al. (2021) for WAME nations, Can and
Gozgor (2017) for France, and Nathaniel et al. (2020)for Africa.
This empirical outcome in the context of the United States
suggests that the current growth level is damaging
environmental quality. This judgment is supported by the
views of Ahmed et al. (2021b) who argue that the US energy
mix is largely dependent on fossil energy even in recent years, and
the US has accomplished most of its growth by using fossil energy
that pollutes the environment. Hence, currently, economic

TABLE 4 | Cointegration analysis augmented ARDL test.

Models AIC lags Br. Year F-stat F-stat IV T-stat-DV Decision

LCO2|LY,LY
2,LGI,LREW,LFD 1,0,1,0,0,1 1982 4.1461c 4.9470b -4.7630b Cointegration

LCO2|LY,LY
2,LGI,LREW,LFD, LTGD 1,2,0,0,0,1,2 1982 4.0482c 4.7191b -4.6169b Cointegration

Critical Values %10 %5 %1 Source — —

Model 1 F-Stat 3.6 4.218 5.583 Narayan (2005) — —

F-Stat IV 3.57 4.25 5.81 Sam et al. (2019) — —

T-DV −3.86 −4.19 −4.79 Pesaran et al. (2001) — —

Model 2 F-Stat 3.507 4.057 5.331 — — —

F-Stat IV 3.42 4.03 5.46 — — —

T-DV −4.04 −4.38 −4.99 — — —

Diagnostic Tests Results Model 1 Results Model 2 — — — —

R-Square 0.9788 0.9824 — — — —

Adjusted R-Square 0.9737 0.9753 — — — —

F-statistics 190.5863 [0.0000] 137.9528 [0.0000] — — — —

DW Stat 2.3228 2.3079 — — — —

χ2 LM 2.1209 [0.1540] 1.5859 [0.2173] — — — —

χ2 ARCH 0.6148 [0.4372] 0.0438 [0.8352] — — — —

χ2 RESET 0.1478 [0.7029] 0.1465 [0.7045] — — — —

Normality-JB 1.4690 [0.4797] 0.3234 [0.8506] — — — —

Case III (no trends; unrestricted intercepts) is applied.
c and b indicates 10 and 5% significance.
Sources of critical values for Model 2 are similar to that of Model 1

FIGURE 5 | CUSUM plot (model 1).

2For details on environmental protection act please see, https://www.congress.gov/
bill/97th-congress/house-bill/7179?r=42&s=1 (Accessed July, 2021).
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progress is harmful to environmental quality; however, after
reaching a high level, it is expected that economic progress
will decrease emissions levels. This is because the US is
already expanding the consumption of renewables and the
government is willing to progress towards energy transition
(Ahmed et al., 2021a). Also, environmental awareness,
society’s demand for a green environment, and innovation are
increasing in a developed nation like the US. According to the
EKC hypothesis, all such factors eventually help to decrease the
environmental pollution. Therefore, this result is reasonable in
the context of the US.

Green innovation (GI), which is the focus of this research,
significantly alleviates CO2 i.e., a reduction of 0.1334% in CO2

is linked with a 1% rise in GI. This fresh outcome in the
context of the US is somewhat validated by the panel study of

Khan et al. (2020) who illustrated that environmental
innovation decreases consumption-based emissions in the
context of G7. Our finding is somewhat different as we used
total emissions as the dependent variable and time-series
data. Also, using an EKC-based model, we validated that
the EKC holds in the US when including GI in the model.
Besides, the studies of Murshed et al. (2021b) and Ahmad
et al. (2021) also unfolded that environmental innovation is
negatively connected with the ecological footprint. Thus, this
result is justifiable because green innovation helps to build
modern efficient technology which can play a crucial part in
environmental sustainability. This finding specifies that the
US is on the right track of alleviating its CO2 emissions
through building environment-related technologies. Also,
the presence of such technologies will help to lower the

FIGURE 6 | CUSUMsq plot (model 1).

FIGURE 7 | CUSUM plot (model 2).
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damages caused by economic progress and after a certain
level of progress, the negative association between economic
progress and CO2 emissions can be achieved.

Renewable energy (REW) in the US decreases CO2 and
therefore, improves environmental quality. A 0.1348%
mitigation in CO2 is the consequence of a 1% upsurge in
REW denoting that the country can continue to boost the
level of REW for carbon dioxide reduction. This estimate
coincides with the conclusion of Adebayo et al. (2021) for
Chile, Murshed et al. (2021a)for Bangladesh, Kahia et al.
(2019)for MENA nations, Caglar (2020) for selected nine
nations, and Bekun et al. (2019) for EU nations. It is well
known that most of the environmental problems are caused
by fossil energy while renewables are clean sources of energy
with no CO2 generation; thus, clean energy in the US is helping to
decrease emissions. The US is striving to reduce its share of fossil
energy and increase renewables in recent years. Consequently, the
share of renewables has reached approximately 11% of total
energy consumption (Ahmed et al., 2021b). Our analysis
suggests that this clean energy is playing a positive role in
improving environmental quality in the US.

Next, FD in the US increases CO2 suggesting that FD is
detrimental to environmental quality. This consequence
matches the estimates of Kihombo et al. (2021) for WAME
economies, Adebayo and Odugbesan (2020) for South Africa,
Ahmed et al. (2021b)for J apan, and Shen et al. (2021) for China.
However, this judgment contradicts the conclusions of Ahmed
et al. (2019) forMalaysia. This outcome points out that lending by
the financial sector increases environmental unsustainability.
This makes sense since FD stimulates investments in building
infrastructure that stimulates the utilization of energy. The
financial sector also increases the purchasing power of people
and people purchase automobiles, home appliances, and other
products that raise energy demand. The financial sector also
supports business organizations by lending money, which
increases economic activities leading to more energy usage
Ahmed et al. (2021b). Hence, FD enhances CO2 emissions in
the context of the US. Also, DM (dummy variable) has a negative
connection with the CO2 which validates our existing discussion
that the Environmental Protection Act of 1982 and strengthening
environmental laws during the 1980s have caused this break in
emissions resulting in a reduction in CO2.

FIGURE 8 | CUSUMsq plot (model 2).

TABLE 5 | Long & short-run outcomes model 1

Long-run Short-run

Variables Coefficients t-Stats Prob Variables Coefficients t-Stats Prob

LY 12.7737** 2.4721 0.0182 LY -0.01268 -0.9638 0.3414
LY2 -0.6444** -2.5817 0.0139 LY2 0.0374* 4.1796 0.0002
LGI -0.1334* -3.5851 0.0010 LGI 0.00042 0.2758 0.7842
LREW -0.1348** -2.5599 0.0147 LREW -0.0006 -0.3419 0.7344
LFD 0.62732* 5.1061 0.0000 LFD 0.1347*** 1.8294 0.0754
DM -0.1070* -3.8083 0.0005 DM -0.0322 -1.4734 0.1491

C -31.8436* -4.2144 0.0002
cointEq (-1) -0.5105* -4.2104 0.0002

*, **, and *** denote significance at 1, 5, and 10%.
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Moving to the short-run, the estimates in Table 5 elucidate
that most variables do not influence emissions. However, FD
enhances emissions and high income is positively linked with
CO2. More importantly, the lagged ECT is 0.51 with the right sign
signifying that adjustment to the long-run equilibrium takes less
than 2 years.

In order to validate these long-run empirical estimates and
also to inspect the impact of de jure trade globalization, the study
estimated model two by adding de jure trade globalization in
Table 6. The estimates corroborated the long-run findings of the
previous model since all coefficients had similar signs and
significance as in model 1. However, when adding de jure
trade globalization (TGD), the EKC was proved even in the
short-run. Besides, de jure trade globalization is negatively
connected with CO2 but its coefficient is significant only in
the short-run. It indicates that de jure parts of trade
globalization, such as tariffs, trade regulations, and trade
agreements, are promoting environmental sustainability up to
some extent. Thus, the US may continue to improve TGD to

attain environmental sustainability in the upcoming years. This is
a unique finding and previous studies have not yet attempted to
explore the impact of TGD on emissions. However, this finding is
supported by the work of Ahmed and Le (2020) who illustrate
some positive environmental effects of total trade globalization in
ASEAN. Nevertheless, findings frommodel two validate the long-
run results of model 1.

Finally, the Gradual Shift causality method is utilized in
Table 7 to check the causal directions of variables with CO2 as
well as with economic growth for better policymaking. The
results indicate causality from green innovation to CO2

indicating that changes in GI will cause changes in CO2. In
addition, FD also Granger causes CO2 while feedback effect is
illustrated between de jure trade globalization and CO2. This
feedback effect indicates that changes in TGD will cause
changes in CO2. Also, an increase in CO2 motivates
policymakers to revisit trade regulations, tariffs, and taxes
to decrease CO2. As noticed in Table 7, CO2 Granger
causes REW which suggests that due to the high level of
emissions policymakers increase the share of renewables. GI
Granger causes Y (economic growth) demonstrating that
green innovation in the US can stimulate economic growth.
FD also Granger causes Y, while feedback effect between de
jure trade globalization and Y is found which suggests that
TGD supports economic progress, while economic progress
also drives TGD.

CONCLUSION AND POLICY DIRECTIONS

Undeniably, environmental challenges are mostly the by-product
of economic progress which is achieved by consuming pollutant
energy sources. Green innovation can pave the way to combat
environmental degradation and climate change by developing
green technologies. Also, de jure trade globalization (tariffs, trade
agreements, trade taxes, etc.) can play a part in conducting
sustainable trade. Thus, this research studies the impacts of
role of green innovation and de jure trade globalization on
CO2 emissions in the US (second-largest carbon-emitting
country) controlling for renewable energy (REW), economic
growth (Y), and financial development (FD). The study adopts
an EKC framework and employs some of the recent time series

TABLE 6 | Robustness analysis (long & short-run results) model 2

Long-run estimation — Short-run estimation

Coefficients t-Stats Prob Coefficients t-Stats Prob

LY 15.2947* 3.3190 0.0023 LY 0.5394* 2.7823 0.0090
LY2 -0.7631* -3.4733 0.0015 LY2 -0.0013*** -1.8913 0.0677
LGI -0.1284* -3.6021 0.0011 LGI 0.0146 0.9005 0.3746
LREW -0.1139** -2.6868 0.0113 LREW -0.0078 -0.4456 0.6859
LFD 0.6286* 6.1300 0.0000 LFD 0.18038* 2.3794 0.0235
LTGD -0.0693 -0.2473 0.8063 LTGD -0.2244 -2.5516 0.0157
DM -0.1045* -4.5143 0.0001 DM -0.0514** -2.4027 0.0222

C -56.4423* -5.0388 0.0000
cointEq (-1) -0.7468* -5.0356 0.0000

*, **, and *** signify 1, 5, and 10% significance.

TABLE 7 | Gradual shift causality results.

Causal direction Wald st Fourier Prob

LY to LCO2 4.8727 2 0.6754
LCO2 to LY 6.4823 2 0.4846
LGI to LCO2 22.3213* 3 0.0022
LCO2 to LGI 9.7994 3 0.2002
LREW to LCO2 5.3094 3 0.6222
LCO2 to LREW 14.6493* 3 0.0407
LFD to LCO2 20.6636* 3 0.0043
LCO2 to LFD 10.3957 3 0.1672
LTGD to LCO2 14.4135** 2 0.0442
LCO2 to LTGD 24.2093* 2 0.0010
LGI to LY 17.0298** 3 0.0172
LY to LGI 7.4984 3 0.3788
LREW to LY 4.4516 3 0.7265
LY to LREW 10.6652 3 0.1539
LFD to LY 20.0573* 3 0.0054
LY to LFD 4.5142 3 0.3773
LTGD to LY 18.2566** 2 0.0108
LY to LTGD 39.7579* 2 0.0000

* and ** show 1 and 5% significance.
Causal direction of variables with CO2 and GDP, are determined considering their
relevance for policy implications.
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estimation methodologies for trustworthy estimates and reliable
policies. The data set from 1971 to 2018 is analyzed using the
AARDL and Gradual Shift causality techniques. The findings
from the AARDL technique reveal that GI, TGD, Y, Y2, REW, FD,
and CO2 are cointegrated. The evidence of cointegration obtained
in the study is reliable and strong since all three tests in the
AARDL methodology indicate the long-run equilibrium
relationship among the series under focus.

After this, long-run empirical estimation is conducted to
capture the effects of explanatory variables on CO2. In this
regard, the outcomes revealed that green innovation not only
decreases the levels of CO2 in the US but also contributes to
forming the EKC between economic growth and CO2. De jure
trade globalization is also negatively associated with CO2; however,
its significant impact is only found in the short run. Besides, FD
contributes to environmental degradation by intensifying CO2,
while renewable energy (REW) lessens CO2 in theUS. The Gradual
Shift causality method revealed that green innovation
Granger causes CO2, while there is a bidirectional association
between de jure trade globalization (TGD) and CO2. In addition,
green innovation also Granger causes economic growth,
while bidirectional causality exists between TGD and economic
growth.

These unique outcomes are important for policymaking in the
US. Policies should be considered to raise the patents in
environment-related technologies. This will be helpful not only
to accomplish economic progress but also to attain CO2

mitigation which in turn will stimulate environmental
sustainability. However, to raise the level of such patents,
some tax benefits and subsidies must be offered to boost
research and development in environment-related
technologies. Special research grants to the universities for
such innovation and collaboration of academic institutions
with the industries may boost green innovation. Additionally,
the study disclosed the EKC hypothesis; hence, the US must
invest in clean energy and decrease dirty energy sources to lessen
the adverse effects of current economic progress. Our finding
direct that if the US continues to uplift renewables and green
innovation, the future income level will not be harmful to
environmental quality after a threshold level. Thus, in
addition, to producing electricity from green energy sources,
efforts should be made to offer green energy household
appliances at reasonable prices to the people. This may help to
increase the demand for green energy and decrease CO2.

This study also disclosed a negative linkage between de jure
trade globalization and CO2. This is indeed the first attempt to
understand this relationship using some reliable time series
econometric techniques. This finding indicates that
policymakers can use TGD as a tool to conduct sustainable
trade which may help to transfer some green technology. De
jure trade components can easily be revisited to achieve CO2

reduction and economic progress since TGD not only decreases
emissions but is also associated with economic progress.
However, policymakers should be very cautious while
designing policies for de jure trade globalization since there is
a feedback effect between TGD and Y. Lastly, FD is harmful to
environmental quality in the US; therefore, rules and regulations
must be introduced for the financial sector to make the lending
sustainable.

This study is limited to the United States and a limited number
of variables are considered for a short period of 1971–2018. In
future investigations, one may conduct similar studies in
developing countries by introducing the role of human capital
and green finance.
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