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Abstract
This article attempts to explore the asymmetric impact of renewable energy and natural gas consumptions on CO2 emissions for
the selected ten most populous states in the USA over the period from 1997 to 2017. For that purpose, the nonlinear
autoregressive distributed lag (NARDL) estimation technique, developed by Shin et al. (2014), decomposes the consumption
of renewable energy and natural gas into positive and negative changes. The cointegration test results indicate that renewable
energy and natural gas consumptions have a long-run connection with CO2 emissions in the eight of states used in the study.
Moreover, the results reveal that the long-run asymmetric impact of renewable energy and natural gas consumptions on CO2

emissions differs from state to state. Finally, the study provides several important policy suggestions, including reducing the CO2

emissions in the atmosphere.
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Introduction

Energy plays many vital roles in the modern society from the
sustainability of human life to the economic growth of a coun-
try. is the USA is one of the energy-based growing countries
that produce and consume different types of energy sources.
The USA consumes 17% of the total global energy consump-
tion of 582 btu (British Thermal Units) although it has less
than 5% of the world’s population in 2017. In comparison, the

European Union, which includes 27 countries, consumes only
12% of the world’s energy consumption at the same year.
However, the USA has also a large amount of contribution
to world energy production with the production of 12% of the
total global energy production of 576 btu (www.eia.gov).
Total energy consumption in the USA in 2019 was about
100.2 quadrillion btu. The amount of energy production has
exceeded the consumption amount for the first time since
1957 and has approached to 101 quadrillion btu. A large
part of all this energy production and consumption depends
on traditional non-renewable energy sources including coal,
oil, and natural gas. In addition, renewable energy sources
have an important place in this consumption.

Between 1950 and 2019, total energy consumption has
increased by 190% in the country, as a result of this increase
there has been a sharp rise in the CO2 emissions in the atmo-
sphere, which is considered as the main source of the green-
house gas effect causing environmental pollution. Problems
such as environmental pollution, climate change, and global
warming, which occur as a result of energy consumption, have
made it necessary to take various social and political measures
in the USA as well as all over the world. Accordingly, the use
of energy sources such as renewable energy and natural gas,
which led to less CO2 emissions, has increased in the country.
During the same period, consumption of renewable energy
and natural gas has increased by 389%, while energy
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consumption based on fossil fuels (coal and petroleum) has
increased by 119.5%1. Hence, it is worth for a scientific in-
vestigation to examine the relationship between the use of
renewable and non-renewable energy sources and the differ-
ences in the amount of CO2 they release into the atmosphere.

The purpose of this particular study is to empirically inves-
tigate the asymmetric impact of the consumption of natural
gas and renewable energy on CO2 emissions in the ten most
populous states of the USA. The study employs a well-known
econometric estimation method called the nonlinear
autoregressive distributed lag (NARDL) using a quarterly
dataset from the ten states covering almost 55% of the US
population for the time period between 1997 and 2017.
There are numerous studies in the relevant literature using
different methods and approaches to deal with the relationship
between energy consumption and CO2 emissions in different
countries, and they have no consensus on this relationship. In
addition, only a few studies have examined how increasing
and decreasing periods in consumption of renewable energy
and natural gas have an effect on CO2 emissions. Therefore,
the main purpose of this study is to contribute to this literature
by examining how increasing and decreasing periods in re-
newable energy and natural gas consumption influence CO2

emissions in the atmosphere using a new dataset and new
approach.

The rest of the study is organized as follows: Following
section provides a brief literature review on the relationship
between energy consumption and carbon dioxide emissions.
Data and methodology section gives details on the economet-
ric models and how the dataset is obtained. The last two sec-
tions include the empirical results and conclusions-discussion
and policy recommendations.

Literature review

The importance of the relationship among renewable energy,
natural gas, and CO2 emission has been going up in the rele-
vant literature due to rising air pollutions especially in the
urban areas. Polluted atmosphere forces countries to find not
only alternative ways but also clean ways to use energy
sources. According to Ouyang and Li (2018), economic
growth needs use of more energy, so it causes a global
warming crisis. To deal with this crisis, Bhattacharya et al.
(2017) pointed that countries need to find clean and sustain-
able energy sources including natural gas and renewable en-
ergy. In the literature, the nexus of above has been mostly
studied using linear methods. However, here in this study,
we aim to find the nonlinear relationship between renewable
energy, natural gas, and CO2 emission.

In the relevant literature, several numbers of studies have
been conducted to show the impact of natural gas and
renewable energy on CO2 emissions. Many have concluded
that increase in consumption of natural gas and renewable
energy reduces CO2 emissions. For example, Johnson and
Keith (2014) found that low natural gas prices trigger to use
more natural gas, which lead to a reduction in CO2 emissions
up to 40% in electricity market. Podesta and Wirth (2009)
concluded a significant reduction in CO2 emissions because
of more usage of natural gas. Joskow (2013) also showed a
great potential of natural gas to reduce GHG emissions in the
USA. Shearer et al. (2014) investigated natural gas supply and
its impacts on renewable energy and CO2 emissions. They
pointed an interesting result that with firm climate policies,
coal use will gradually decline so do CO2 emissions; other-
wise, use of natural gas will only delay renewable energy use
and not reduce the emissions significantly.

Moreover, in one study Dogan and Ozturk (2017) stressed
the importance of this fact which has stated in the first para-
graph and they concluded that for the USA, consuming more
renewable energy reduces environmental pollution while con-
sumingmore non-sustainable energy increases CO2 emissions
using ARDL approach and EKC hypothesis. In another study,
Isik et al. (2019) investigated the nexus between economic
growth/development and environmental pollution using
EKC hypothesis as state based in the USA. Their results are
both valid and invalid in terms of EKC hypothesis; however,
they reached a consensus to use renewable energy to reduce
CO2 emissions. In addition to these studies, there is another
valuable article studied by Xu (2016), which focused on both
linear and nonlinear relationship of renewable energy and
CO2 emissions in the USA. Although the results are complex
in that study, but the author concluded a unidirectional signif-
icant relationship between economic growth and renewable
energy consumption.

In addition to the US-based studies, there are other impor-
tant studies, which show the impact of natural gas and
renewable energy consumption on CO2 emissions. Dong
et al. (2017a) stated every 1% increase in consumption of
natural gas and renewable energywill decrease CO2 emissions
by 0.16% and 0.26%, respectively, in BRICS countries. Dong
et al. (2017b) found that every 1% increase in natural gas
consumption lowers CO2 emissions by 0.033 to 0.054% de-
pending on the method they used. Dong et al. (2018) also
showed similar results for 14 Asia-Pacific countries. Solarin
and Lean (2016) addressed the long-run relationship between
natural gas consumption and CO2 emissions and concluded
that natural gas consumption lowers CO2 emissions for almost
the past 50 years in China and India. Ummalla and Samal
(2019) studied the long-run impact of natural gas and
renewable energy consumption on CO2 emissions and
economic growth. Their results contradict with Solarin and
Lean (2016) for China that no causality exists between1 https://www.eia.gov/totalenergy/data/monthly/pdf/sec1.pdf
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variables, but consistent for India especially in the short run.
Mahmood et al. (2019) concluded the importance of renew-
able energy consumption as reducing CO2 emissions in
Pakistan from 1980 to 2014. Lastly, Ergun et al. (2019) ex-
hibited a different perspective that there is a negative relation-
ship between social and economic factors including per capita
GDP/human development index and renewable energy and a
positive relationship between foreign direct investment and
renewable energy in 21 African countries between 1990 and
2013. Hence, they recommend improvements in policies to
use more renewable energy because it has positive impacts
on environments.

In another study, Shafiei and Salim (2014) found a signif-
icant negative relationship between renewable energy and
CO2 emissions in OECD countries from 1980 to 2011.
Using different approaches, Bilgili et al. (2016) supported
the previous studies by concluding a negative and significant
relationship between renewable energy and CO2 emissions in
OECD countries. Jaforullah and King (2015) found a negative
relationship between renewable energy consumption and CO2

emission in the USA. Aslan and Ocal (2016) also emphasized
the significant characteristic of renewable energy as reducing
CO2 emissions. In contrast, Menyah and Wolde-Rufael
(2010) and Apergis et al. (2010) concluded insignificant re-
sults of renewable energy on CO2 emission in both the USA
and a group of 19 developed and developing countries.

Again, to the best of our knowledge, there are no ample
studies that focusing on the state base analyses for the USA to
explain the nexus of renewable energy, natural gas, and CO2

emissions. Therefore, the current paper fills the gap in the
existing literature as targeting to find the state based non-
linear relationship between renewable energy, natural gas,
and CO2 emissions. In addition, the study makes the USA
government aware of this fact, so imposing policies to find
and use clean and sustainable energy sources.

Data and methodology

Data

The data set contains yearly observations of CO2 emissions,
renewable energy, natural gas, and population over the period
from 1997 to 2017 for ten most populous states23 in the USA.
As in previous relevant studies (Romero (2005), McDermott
and McMenamin (2008), Sbia et al. (2014), Shahbaz (2017)),
we have applied the quadratic match-summethod to transform

the annual data to quarterly in order to increase the number of
observations. The data for CO2 emissions, renewable energy
(hereafter, REN), and natural gas (hereafter, NGAS) were ob-
tained from the USA Energy Information Administration
(EIA). Population data (hereafter, POP) has been acquired
from the USA Census Bureau, Population Division. All series
are converted into the logarithmic form to remove the poten-
tial heteroscedasticity problem and to have unbiased and effi-
cient estimators.

Methodology

Given the aims of this study, the nonlinear autoregressive
distributed lag (NARDL) methodology is applied to test
asymmetric effect of renewable energy and natural gas
consumption on CO2 emissions. The NARDL approach,
which is proposed by Shin et al. (2014), has various ad-
vantages over the conventional ARDL model. First, it
permits us to investigate asymmetries nonlinearly thus
violates linearity assumption. Second, the NARDL model
checks for the possibility of asymmetric impact of posi-
tive and negative influences of the explanatory variable(s)
on the dependent variable in the long and short-runs.
Third, the NARDL model also allows to capture
cointegration for single equation framework as compared
with the linear ARDL model.

To investigate the long-run relationship between CO2

emissions, REN, NGAS, and POP, the following linear equa-
tion framework can be modeled:

CO2t ¼ β0 þ β1POPt þ β2RENt þ β3NGASt þ εt ð1Þ
where CO2, REN, NGAS, and POP represent the carbon di-
oxide emissions, renewable energy consumption, natural gas
consumption, and population in each study state of the USA in
given time period t, respectively. βi represents the long-run
coefficients, and εt is an error term. Following the approaches
used in relevant studies, such as Katrakilidis and Trachanas
(2012), Koutroulis et al. (2016), Ahmad et al. (2018), Khan
et al. (2019), Ahmad et al. (2020), Ullah et al. (2020), we can
rewrite Eq. (1) to express the asymmetric long-run regression
of CO2 as follows:

CO2t ¼ δ0 þ δ1 POPtð Þ þ δ2 RENþ
t

� �þ δ3 REN−
t

� �

þ δ4 NGASþt
� �þ δ5 NGAS−t

� �þ ϵt ð2Þ

where δi indicates coefficients vector for long-run parame-
ters to be estimated and RENþ

t , REN
−
t , NGAS

þ
t , and NGAS

−
t

denote the positive and negative partial sum process variation
in REN and NGAS, respectively. Following Shin et al.
(2014), the values of RENþ

t , REN
−
t , NGAS

þ
t , and NGAS−t

can be framed through the equations below (2a, 2b, 2c, and
2d):

2 According toWorld Population Reviews, the most ten populous states in the
USA are ranked as follows: (1) California, (2) Texas, (3) Florida, (4) New
York, (5) Pennsylvania, (6) Illinois, (7) Ohio, (8) Georgia, (9) North Carolina,
and (10) Michigan.
3 We excluded North Carolina and New Jersey from the analysis because of
heteroscedasticity problem, and Washington is substituted.
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RENþ ¼ ∑t
i¼1ΔREN

þ
i ¼ ∑t

i¼1max ΔRENi; 0ð Þ ð2aÞ
REN− ¼ ∑t

i¼1ΔREN
−
i ¼ ∑t

i¼1min ΔRENi; 0ð Þ ð2bÞ
NGASþ ¼ ∑t

i¼1ΔNGAS
þ
i ¼ ∑t

i¼1max ΔNGASi; 0ð Þ ð2cÞ
NGAS− ¼ ∑t

i¼1ΔNGAS
−
i ¼ ∑t

i¼1min ΔNGASi; 0ð Þ ð2dÞ

As set out in Shin et al. (2014) and Pesaran et al. (2001), we
substitute Eq. (2) into Eq. (1) to obtain the asymmetric ARDL
model setting by distinguishing the long-run and short-run
asymmetric relationships can be formulated as follows:

ΔCO2t ¼ ϑ0 þ ϑ1CO2t−1 þ ϑ2 POPt−1ð Þ þ ϑþ
3 RENþ

t−1
� �

þ ϑ−
4 REN−

t−1
� �þ ϑþ

5 NGASþt−1
� �

þϑ−
6 NGAS−t−1
� �þ ∑k

i¼1ωiΔCO2t−i þ ∑m
i¼0σ2iΔPOPt−i

þ ∑n
i¼0ζ

þ
3iΔRENþ

t−i
þ∑p

i¼0ζ
−
4iΔREN−

t−i þ ∑r
i¼0ζ

þ
5iΔNGAS

þ
t−i þ ∑s

i¼0ζ
−
6iΔNGAS

−
t−i þ et

ð3Þ
whereΔ ′ s present the differenced variables in period t, k, m,
n, p, and s denote the respective lags orders. ϑ ¼ ϑ1ð ;ϑ2;ϑ

þ
3

;ϑ−
4 ;ϑ

þ
5 ; and ϑ−

6Þ indicate the coefficients of the long-run pos-
itive and negative changes of REN and NGAS on CO2 emis-
sions. While ∑n

i¼0ζ
þ
3iΔRENþ

t−i and ∑p
i¼0ζ

−
4iΔREN−

t−i express
the short-run positive and negative effects of renewable ener-
gy on CO2 emission, ∑r

i¼0ζ
þ
5iΔNGAS

þ
t−i and ∑

s
i¼0ζ

−
6iΔNGAS

−
t−i

capture the short-run positive and negative effects of natural
on CO2 emissions, respectively. Furthermore, the long-run
effect of positive and negative changes on the CO2 emissions
can be calculated as λ1 = − ϑ3/ϑ1, λ2 = − ϑ4/ϑ1, λ3 = − ϑ5/ϑ1,
and λ4 = − ϑ6/ϑ1.

Building non-linear ARDL technique entails various steps.
First, it is essential and pre-requisite to verify that none of the
variables is integrated at I(2) or beyond in time series studies.
According to Ouattara (2004), having a variable with order of
I(2) yieldsmeaningless results. Second, we estimate Eq. (3) by
using standard ordinary least squares (OLS) approach. Then,
we apply the general-to-specific procedure suggested by
Katrakilidis and Trachanas (2012) to reach the final specifica-
tion of the NARDL model employing the Akaike Information
Criterion (AIC). Third, after eliminating insignificant lags, we
check the possible existence of a long-run cointegration
among the variables by testing the following hypotheses: the
nu l l hypothes i s , H0 : ϑ1 ¼ ϑ2 ¼ ϑþ

3 ¼ ϑ−
4 ¼ ϑþ

5 ¼ ϑ−
6 ,

claims that there is no long-run association existence against
the alternative hypothesis, H1 : ϑ1≠ϑ2≠ϑþ

3 ≠ϑ
−
4≠ϑ

þ
5 ≠ϑ

−
6 :

Fourth, after confirming the presence of the long-run
cointegration between the variables, we control the long-run
and short-run asymmetric effect of REN and NGAS on CO2

emissions. Finally, we apply several robustness tests including
residual independence (autocorrelation), residuals

heteroscedasticity (Breusch–Pagan) and residuals normality
(Jarque-Berra) to check the validity of our results.

Empirical findings

Test of stationarity

As a preliminary step in empirical analysis, all variables
should be tested for unit root. We implement Phillips and
Perron (PP) unit root test to detect the stationarity of the var-
iables. Table 1 reports the unit root results. According to the
results, all variables for each state, except NGAS for Illinois
and REN for Washington, are not stationary in their levels.
After taking their first differences, all variables are integrated
at order one, i.e., I (1) at the 5% level of significance.

Cointegration analysis

The next step is to test whether a long-run equilibrium rela-
tions exists among the variables. For that, we employ the
bound F statistic based on the Wald test approach. Table 2
reports the cointegration test results in the nonlinear estima-
tion. Following Narayan (2005), we compare the F test results
with the critical values, which reports critical values for the
upper and the lower bounds for the small sample cases. As per
computed F statistic value of the long-run for California,
Texas, Florida, New York, Pennsylvania, Ohio, Georgia,
and Michigan lie above the upper critical bound values at
10% level of significance, which indicates nonlinear
cointegration among the variables.

NARDL results

Once cointegration is confirmed for NARDL model, the next
step is to examine the long-run asymmetries for the purposed
variables. Table 3 tabulates the long-run asymmetry findings
for NGAS (WLRNGAS) and REN (WLRREN) based on the Wald
test. Here, the null hypothesis of nonlinear ARDL is that there
exists asymmetric effect of REN and NGAS on CO2 emis-
sions for long-run equilibrium. As noted in the Table 3, we
observe that 5 cases exhibit a long-term asymmetry (except
for Florida, Ohio, and Georgia) for NGAS, while all cases
(except Florida and New York) show a long-run asymmetry
for REN at 5% significance level. The existence of long-run
asymmetrical results allows us to interpret both positive and
negative effects of NGAS and REN shocks on CO2 emissions.

As we observe the estimated coefficients for the individual
states, we conclude that the findings are mixed and differ from
each other. The results for each state are as follows: For ex-
ample, in California, the estimated coefficients of long-run
model indicate that both partial sum of positive and negative
changes in REN and NGAS are significant at 5% significance
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level. Findings suggest that an increase in natural gas con-
sumption causes to an increase in CO2 emissions, while a
decrease in natural gas consumption tends to depress CO2

emissions. However, while a positive shock in renewable en-
ergy consumption reduces CO2 emissions, a negative shock in
renewable energy consumption adds to CO2 emissions in
California. Moreover, the results also suggest the effect of
population on CO2 emissions is statistically insignificant.

For Texas, we find that only positive component of natural
gas consumption has positive and statistically significant im-
pact on CO2 emissions. Based on the results, a one percent
increase in natural gas consumption leads to 0.808% increases
in CO2 emissions. On the other hand, only negative compo-
nent of renewable energy consumption has negative and sig-
nificant impact on CO2 emissions. In other words, the results
show that a 1% decline in renewable energy consumption
triggers a rise of 0.437% in CO2 emissions, holding every-
thing else is constant. More so, as expected, the coefficient of
population was found to be positive and significant at 10%

Table 1 Unit root test results

PP (levels) PP (1st differences)

California

CO2 − 2.621 (5) c + t − 4.874a (4) c + t

NGAS − 3.209 (5) c + t − 4.967a (4) c + t

REN − 1.549 (5) c + t − 4.754a (4) c + t

POP − 2.175 (5) c + t − 3.931a (5) c + t

Texas

CO2 − 1.474 (5) c + t − 4.976a (4) c + t

NGAS − 1.468 (4) c + t − 5.078a (4) c + t

REN − 2.792 (5) c + t − 4.402a (5) c + t

POP − 1.562 (4) c + t − 5.105a (4) c + t

Florida

CO2 − 2.871 (5) c + t − 4.908a (4) c + t

NGAS − 2.223 (4) c + t − 5.103a (4) c + t

REN − 2.824 (5) c + t − 4.351a (4) c + t

POP − 1.650 (5) c + t − 4.854a (4) c + t

New York

CO2 − 2.090 (5) c + t − 4.976a (4) c + t

NGAS − 2.676 (5) c + t − 4.643a (4) c + t

REN − 2.194 (2) c + t − 4.781a (3) c + t

POP − 1.802 (5) c + t − 4.903a (4) c + t

Pennsylvania

CO2 − 1.795 (4) c + t − 4.983a (4) c + t

NGAS − 2.698 (4) c + t − 5.138a (4) c + t

REN − 2.486 (5) c + t − 4.837a (4) c + t

POP − 1.227 (4) c + t − 5.179a (4) c + t

Illionois

CO2 − 1.532 (5) c + t − 4.893a (4) c + t

NGAS − 3.955a(4) c + t − 5.510a (3) c + t

REN − 2.266 (6) c + t − 4.988a (4) c + t

POP − 2.685 (5) c + t − 4.518a (4) c + t

Ohio

CO2 − 1.992 (4) c + t − 5.448a (3) c + t

NGAS − 2.512 (5) c + t − 5.022a (4) c + t

REN − 1.948 (5) c + t − 4.345a (5) c + t

POP − 2.152 (4) c + t − 4.934a (4) c + t

Georgia

CO2 − 1.579 (5) c + t − 4.638a (4) c + t

NGAS − 2.648 (2) c + t − 6.100a (3) c + t

REN − 2.562 (3) c + t − 5.925a (3) c + t

POP − 1.131 (5) c + t − 4.884a (4) c + t

Michigan

CO2 − 2.485 (4) c + t − 4.971a (4) c + t

NGAS − 2.267 (5) c + t − 5.067a (3) c + t

REN − 2.948 (4) c + t − 5.051a (4) c + t

POP − 2.157 (6) c + t − 4.887a (5) c + t

Washington

CO2 − 2.099 (4) c + t − 5.044a (4) c + t

NGAS − 2.856 (4) c + t − 5.051a (4) c + t

REN − 3.923a (4) c + t − 5.468a (3) c + t

Table 2 Bound test for nonlinear ARDL model

State F stat P value Decision

California 4.384a 0.000 Cointegration

Texas 4.933a 0.000 Cointegration

Florida 3.961a 0.005 Cointegration

New York 5.360a 0.000 Co-integration

Pennsylvania 7.052a 0.000 Cointegration

Illinoisb 1.926 0.189 No co-integration

Ohio 4.669a 0.000 Cointegration

Georgia 8.458a 0.000 Cointegration

Michigan 8.480a 0.000 Cointegration

Washingtonb 1.518 0.1849 No cointegration

F critical values are cited from Narayan (2005) for k = 3 and n = 84. The
upper bound critical values for F statistic with unrestricted intercept and
no trend at the 10% critical value bounds for I (0) = 2.823 and I (1) =
3.885
b Since the Wald test results for long-run co-integration for Illinois and
Washington are found below the lower and upper critical value bounds,
we conclude that there is no long-cointegration. Thus, we did not report
both long-run and short-run estimates for these two states

Table 1 (continued)

PP (levels) PP (1st differences)

POP − 2.244 (5) c + t − 4.528a (5) c + t

Lag order is indicated in parentheses. Barlett kernel is used as the spectral
estimation method. The bandwidth is selected using the Newey–West
method
a 5% level of significance
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Table 3 Nonlinear ARDL estimation results for each state

Dependent variable : CO2

Variables California Texas Florida New York

Coef. P value Coef. P value Coef. P value Coef. P value

Long-run analysis

Constant 0.296a 0.002 0.458b 0.011 0.506a 0.004 0.163 0.137

CO2(−1) − 0.064a 0.001 − 0.087b 0.012 − 0.129a 0.003 − 0.043 0.123

NGAS+ (−1) 0.086b 0.022 0.808a 0.000 − 0.032 0.308 0.149 0.928

NGAS− (−1) − 0.102b 0.021 0.316 0.186 − 0.022 0.674 − 2.598 0.260

REN+(−1) − 0.028b 0.024 − 0.025 0.610 0.003 0.911 0.769 0.526

REN−(−1) 0.061b 0.007 0.437b 0.029 − 0.064b 0.011 1.870 0.165

POP − 0.403 0.501 12.732c 0.076 0.820 0.076 − 39.402 0.182

Short-run analysis

ΔCO2

ΔCO2(−1) 0.360a 0.000 0.484a 0.000 0.435a 0.000 0.270a 0.004

ΔCO2(−2) 0.254a 0.010 0.150c 0.068

ΔCO2(−3) 0.177b 0.048

ΔCO2(−4) − 0.442a 0.000 − 0.203b 0.027

ΔNGAS+ 0.333a 0.000 0.307a 0.001 0.873a 0.000

ΔNGAS+(−1) − 0.201a 0.004 − 0.191a 0.008

ΔNGAS+(−2) − 0.188b 0.010

ΔNGAS+(−3)
ΔNGAS+(−4) 0.225b 0.010 0.337b 0.030

ΔNGAS− 0.175b 0.010 0.346a 0.000 0.355b 0.014

ΔNGAS− (−1) − 0.281a 0.000 − 0.398a 0.006

ΔNGAS− (−2) − 0.122c 0.092

ΔNGAS− (−3) − 0.163b 0.024

ΔNGAS− (−4) 0.318a 0.000 − 0.333b 0.015 − 0.432a 0.006

ΔRENG+ − 0.350a 0.004

ΔRENG+(−1)
ΔRENG+(−2)
ΔRENG+(−3) − 0.048c 0.076

ΔRENG+(−4) 0.077b 0.011 − 0.172c 0.082

ΔRENG− 0.223a 0.001

ΔRENG−(−1) 0.184a 0.005

ΔRENG−(−2) − 0.042 0.106

ΔRENG−(−3)
ΔRENG−(−4) − 0.050 0.050 − 0.211a 0.000 0.177b 0.038 0.300a 0.005

Asymmetric relationship

Long-run asymmetry (WLRNGAS) 3.863 (0.007) 6.732 (0.000) 2.707 (0.375) 2.928 (0.027)

Long-run asymmetry (WLRREN) 2.506 (0.019) 5.141 (0.000) 1.512 (0.208) 1.045 (0.404)

Diagnostic tests

J-B normality test (Prob.) 0.071 0.002 0.000 0.000

Serial correlation (Prob.) 0.181 0.548 0.541 0.284

Breusch/Pagan heteros. (Prob.) 0.065 0.253 0.287 0.926

R2 0.788 0.883 0.515 0.705

F stat (prob.) 14.424 (0.000) 22.085 (0.000) 5.842 (0.000) 10.933 (0.000)

AIC − 7.828 − 7.095 − 6.348 − 6.594

D-W stat 1.698 1.786 1.989 1.772

Dependent variable : CO2

Variables Pennsylvania Ohio Georgia Michigan
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Table 3 (continued)

Coef. P value Coef. P value Coef. P value Coef. P value

Long-run analysis

Constant 0.707a 0.000 0.270b 0.023 0.322a 0.002 0.740a 0.000

CO2(−1) − 0.162a 0.000 − 0.063b 0.026 − 0.087a 0.002 − 0.182a 0.000

NGAS+ (−1) − 0.087a 0.001 − 0.021 0.288 − 0.038b 0.020 0.450b 0.028

NGAS− (−1) 0.240a 0.007 0.119c 0.051 − 0.056 0.246 0.421b 0.033

REN+(−1) 0.015 0.401 0.021 0.166 − 0.018 0.430 − 0.071 0.369

REN−(−1) − 0.165a 0.001 − 0.035b 0.012 − 0.010 0.636 0.443a 0.002

POP 0.677 0.362 4.940c 0.097 1.589b 0.044 − 24.659a 0.002

Short-run analysis

ΔCO2

ΔCO2(−1) 0.442a 0.000 0.271a 0.000 0.545a 0.000 0.387a 0.000

ΔCO2(−2)
ΔCO2(−3)
ΔCO2(−4)
ΔNGAS+ 0.352a 0.002 0.562a 0.000 0.285a 0.004

ΔNGAS+(−1) − 0.181a 0.003 − 0.154b 0.039

ΔNGAS+(−2)
ΔNGAS+(−3)
ΔNGAS+(−4) 0.260b 0.013 − 0.493a 0.000 − 0.139c 0.094 − 0.480a 0.000

ΔNGAS− 0.533a 0.000

ΔNGAS− (−1) − 0.262b 0.027 − 0.221b 0.016

ΔNGAS− (−2) 0.176b 0.015

ΔNGAS− (−3) 0.178a 0.009

ΔNGAS− (−4) 0.449a 0.001 0.746a 0.000

ΔRENG+ 0.237a 0.000 0.299a 0.000 0.349a 0.000

ΔRENG+(−1)
ΔRENG+(−2)
ΔRENG+(−3)
ΔRENG+(−4) − 0.183a 0.000 0.152a 0.004

ΔRENG− 0.143c 0.073 0.266a 0.000

ΔRENG−(−1) − 0.151a 0.008

ΔRENG−(−2) − 0.135a 0.009

ΔRENG−(−3)
ΔRENG−(−4) − 0.208b 0.014

Asymmetric relationship

Long-run asymmetry (WLRNGAS) 2.796 (0.033) 1.492 (0.216) 1.113 (0.358) 36.135 (0.000)

Long-run asymmetry (WLRREN) 2.457 (0.042) 3.072 (0.022) 2.706 (0.012) 3.673 (0.005)

Diagnostic tests

J-B normality test (Prob.) 0.018 0.000 0.311 0.000

Serial correlation (Prob.) 0.365 0.995 0.621 0.313

Breusch/Pagan heteros. (Prob.) 0.046 0.744 0,000 0.436

R2 0.840 0.791 0.755 0.755

F stat (prob.) 24.399 (0.000) 20.925 (0.000) 11.96927 (0.000) 14.413 (0.000)

AIC − 7.271 − 6.633 − 6.368 − 7.106

D-W stat 2.248 1.865 2.166 1.775

CO2 is carbon emissions, NGAS is natural gas, REN is renewable energy, and POP is population. The superscript “+” and “−” indicate the positive and
negative cumulative sums, respectively. NGAS+ , NGAS− , REN+ , and REN− are the estimated long-run coefficient related to positive and negative
changes in the natural gas and renewable energy, respectively. The symbols (a), (b), and (c) show that the parameter is significant at 1%, 5%, and 10%
levels of significance respectively.
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significance level, indicating 1% increase in population would
rise CO2 emissions by 12.732% in the long-run.

When analyzing New York, we find that the estimation
results of positive and negative component of natural gas
and renewable energy consumptions are statistically insignif-
icant in the long-run. Additionally, the effect of population on
CO2 emissions is also found to be statistically insignificant at
any significance level.

For Pennsylvania, a statistically significant long-run effect
is found only from positive change in natural gas and negative
change in renewable energy has statistically significant effect
on CO2 emissions. The estimated long-run coefficient of
NGAS+ is − 0.087, indicating that a 1% positive shock in
natural gas consumption is expected to decrease CO2 emis-
sions by 0.087%. NGAS- estimation is also found statistically
significant, which suggest that a 1% decrease in natural gas
consumption causes a 0.24% increase in CO2 emissions. On
the other hand, it is found that the decrease in renewable en-
ergy consumption REN- has a negative impact on CO2 emis-
sions in the long-run. This particular result indicates that a 1%
percent change in renewable energy consumption would lead
to a decrease in CO2 emissions by 0.165%.

For the case of Michigan, all results are statistically signif-
icant in the long run at 1% and 5%, except the REN+.
According to the estimation parameters, both a 1% positive
and a 1% negative shock of natural gas have a positive impact
on CO2 emissions, respectively, by 0.45% and 0.421%.
Furthermore, renewable energy consumption has not only
positive but also negative estimation results. The results indi-
cate that a 1% increase in renewable energy consumption
causes 0.071% reduction in CO2 emissions, whereas a 1%
decrease in renewable energy consumption results in a
0.443% rise in CO2 emissions. Lastly, population has a strong
and significant estimation result, which points 24.659% in-
crease in emissions if population goes up by 1%.

Robustness checks

To confirm the validity of our results, we apply several statis-
tical tests on the dataset, including the Breusch–Godfrey LM
test for serial correlation, the Breusch–Pagan–Godfrey for
heteroskedasticity problem, and Jarque-Bera normality test
for normality assumption in error terms. All the diagnostic test
statistics for each State are presented in the bottom part of the
Table 3. The results reveal that there is no evidence of model
misspecification.

In addition, we employed the CUSUM and CUSUMQ tests
to investigate the constancy of parameters as suggested by
Brown et al. (1975) and Pesaran and Pesaran (1999). The
findings of the CUSUM and CUSUMQ tests are displayed
in Fig. 1. Based on the findings, the estimated parameters
are stable over the sample period since the CUSUM or

CUSUMQ blue line stays inside the 5% percent critical lines,
which indicates the stability of parameters.

Conclusions, discussion and policy
recommendations

The current study aims to explore the determinants of CO2

emissions in the selected most populous states in the USA
using an estimation model based on a statistical method,
non-ARDL, over the period from 1997 to 2017. The empirical
analyses compare the effects of increasing and decreasing
shocks in natural gas and renewable energy consumptions
on CO2 emissions in the long- and short-run.

The empirical results of the study indicate that there is an
existence of long-run positive causality between renewable
energy/natural gas consumption and carbon dioxide emissions
in the study states. Regarding specifically to the results for the
natural gas consumption, increasing natural gas consumption
positively affects carbon dioxide emissions in California,
Texas and Michigan states, while it only decreases the emis-
sions in Pennsylvania.Moreover, the periods, in which natural
gas consumption decreased, carbon dioxide emissions de-
crease only in California yet increase in Pennsylvania and
Michigan. Therefore, adoption of policies designed to dis-
courage natural gas consumption, such as raising price of nat-
ural gas via taxes, would be more likely to contribute to future
reductions in carbon dioxide emissions in California and
Texas states. For the state of Pennsylvania, the results suggest
that substitution from other fuel-based energy sources to nat-
ural gas is viable and effective effort to decrease carbon diox-
ide emissions and environmental pollution in these states.

Regarding the results for renewable energy consumption,
increases in renewable energy consumption reduce carbon
dioxide emissions only in the state of California. In the rest
of the states examined in the study, increasing renewable en-
ergy consumption does not significantly influence carbon di-
oxide emissions in the atmosphere. However, during the pe-
riods when renewable energy consumption decreased, carbon
dioxide emissions increase in California, Texas and Michigan
states. Hence, renewable energy consumption must be pro-
moted by the policy-makers in these states. On the other hand,
the results indicate that decreasing consumption of renewable
energy reduces carbon dioxide emissions only in
Pennsylvania. Based on this specific result, it can be conclud-
ed that policy-makers have to get the renewable energy con-
sumption under control in this state.

The fact that the effect of natural gas and renewable energy
consumptions on carbon dioxide emission varies from state to
state could be due to some social and economic characteristics
of the states, such as income differences, the amount of natural
gas and renewable energy consumption or the ratio of these
two types of energy consumption to others in these states.
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Results of CUSUM and CUSUMQ in the model
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Fig. 1 Results of CUSUM and CUSUMQ in the model
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Pennsylvania

-30

-20

-10

0

10

20

30

03 04 05 06 07 08 09 10 11 12 13 14 15 16 17

CUSUM 5% Significance

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17

CUSUM of Squares 5% Significance

Ohio

-30

-20

-10

0

10

20

30

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17

CUSUM 5% Significance

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17

CUSUM of Squares 5% Significance

Georgia

-30

-20

-10

0

10

20

30

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17

CUSUM 5% Significance

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17

CUSUM of Squares 5% Significance

Michigan
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Fig. 1 (continued)
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Therefore, carbon dioxide emissions impose various impor-
tant responsibilities to policy-makers in these states to prevent
environmental degradation and to enhance economic develop-
ment. Failure to take necessary social and political measures
to reduce environmental pollution will eventually slow eco-
nomic growth.

In view of the results obtained from the analyses of the
current study, to reduce pollutant emissions in the atmosphere,
one of the most important actions that policy-makers should
promote is the investments in improving the infrastructure of
renewable energy. In states where renewable energy is not
sufficient, the use of natural gas, in a controlled manner,
should be encouraged by the state decision-makers. In addi-
tion, urban strategists should consider increasing population
density as a key strategy to reduce CO2 emissions since spatial
density causes traffic jam and less personal vehicle use.
Besides, governments should promote the usage of public
transportation systems in the cities. The use of vehicles that
emit less carbon dioxide in the atmospheres such as hybrid
and electric vehicles, bicycles etc. should also be encouraged.
In more industrialized states, producers should be promoted to
switch from old technologies which emit more pollutant to
environmentally friendly technologies and incentives should
be given to increase the number of companies operating in the
recycling sector to protect environment and reduce pollutant
emissions.

Promoting the use of environmentally friendly energy in
homes, transportation or industry can be through various in-
centive policies, or through additional taxes on the use of non-
environmentally friendly fossil-based energy. However, the
answers to the questions of how much tax will be applied,
how these taxes will be and what their effects will be consti-
tute the subject of future studies. Future research may also
analyze the impact of the consumption of other energy types
such as fossil-based or nuclear energy on CO2 emissions by
using additional control variables in their models. In addition,
future efforts could improve this study by analyzing and com-
paring the relationship between energy consumption and car-
bon dioxide emissions in the states having more rural
population.
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