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Abstract

It can be observed from the existing energy literature the previous papers investigating the influence of renewables consump-
tion on GDP for the USA commonly ignore structural breaks in the US economy. Hence, the purpose of this paper is to
examine the impact of renewable energy consumption on economic growth for the USA using quarterly data over the period
1977Q1-2019Q3 through unit root and cointegration methods based on different approaches in modelling structural breaks.
Our empirical evidence confirms that all unit root tests give similar outputs and show all the variables become stationary at
Ist differences. Besides, cointegration tests show highly different results in terms of the statistical significance of the coef-
ficients. For instance, the cointegration test without structural breaks indicates that renewable energy consumption has no
impact on economic growth. With sharp structural breaks in the cointegration approach, there is no cointegration between
the variables. The empirical findings of the cointegration test with sharp and gradual breaks imply that renewable energy

consumption has positive effects on economic growth. This paper discusses the implications of the empirical findings.

Keywords Renewable energy - Economic growth - US economy - Structural breaks - Sharp breaks - Gradual breaks

Introduction

To stress the role of energy in economic activities, Shah-
baz (2018) uses an illuminating metaphor and notes that
“energy consumption drives the wheels of economic
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growth.” In this statement, energy, as a crucial input for
economic activities, can feed economic growth along with
other factors of production, namely capital and labor (Men-
egaki 2018). Therefore, reasonable energy prices, avail-
ability of energy sources, and sustainability of energy
supply are strongly associated with the welfare level of
the society (Inglesi-Lotz 2018). As a result of this rela-
tionship, the expansion of economic activities, increasing
population along with rapid urbanization, has resulted in
increases in energy utilization since the 1950s (Bilgili et al.
2016; Menegaki 2018). For instance, British Petroleum
(2019, hereafter BP) data exhibit that energy consump-
tion grew by 18.5% from 2008 to 2018 in the world. Then,
it becomes crucial for economies whose sources will be
exploited to meet this huge energy demand. The data on
this topic show that the shares of fossil energy, nuclear
energy, and renewable energy in primary energy consump-
tion were, respectively, about 85%, 4%, and 11% by 2018
(BP 2019). This high dependence on fossil energy sources
results in important problems in the world: depletion of
fossil energy sources (Chapman 2014), concerns for the
continuous availability of fossil energy at reasonable prices
(IEA 2019), and serious environmental problems, i.e., air
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pollution, climate change, and global warming, stemming
from the combustion of fossil fuels (Bilgili et al. 2017;
Bulut and Muratoglu 2018; Danish and Ulucak 2020).
These problems, especially concerns for environmental
degradation arising from the employment of fossil sources,
have led policymakers to discuss how the dependency on
fossil energy sources can be reduced. Therefore, many
meetings have been organized to reduce environmental
threats since the 1970s. For instance, Rio de Janeiro Earth
Summit (1992), the Kyoto Protocol (1997-2005), and the
United Nations Climate Change Conference (2015) can be
considered as the most important attempts to decrease the
use of fossil energy sources (Menegaki and Tsani 2018).
As a result of these meetings, there has been a great pol-
icy emphasis on the adoption of technologies stimulating
renewable and clean energy sources, namely hydroelec-
tric, biomass, solar, wind, and geothermal (Diemuodeke
and Briggs 2018; Koengkan et al. 2020). Energy policies
which are capable of decreasing the high dependence on
fossil sources are crucial for sustainable development (Uzar
2020). Therefore, in policy debates for sustainable devel-
opment, there exists a consensus for the transition towards
renewable energy sources by speeding up the develop-
ment and the diffusion of renewable energy technologies
(Strachan et al. 2015; Tabrizian 2019). In other words, the
development of renewable energy sources is considered as
the main way to reduce the problems and concerns created
by the use of fossil energy sources in a global perspective
(Lu et al. 2020). Thus, many countries are actively encour-
aging renewable energy production and consumption via
various policies, and renewable energy is considered as a
crucial policy tool for sustainable development today. On
the other hand, energy conservation policies have remained
in the background as governments do not want to sacrifice
economic growth for improving environmental quality.
Therefore, investments in renewable energy sources have
resulted in a great decrease in renewable energy technolo-
gies’ costs in recent years (Diemuodeke and Briggs 2018;
Kocaarslan and Soytas 2019). Decreases in costs led to a
feedback mechanism and stimulated more investments in
renewable energy technologies.

Within this scope, policymakers have two main expecta-
tions about renewables: to decrease environmental degrada-
tion and to meet energy needs for economic growth (Fang
2011). In the empirical energy literature, the former is usu-
ally tested via the environmental Kuznets curve hypothesis.
Besides, the latter is related to the research field focusing
on the renewable energy-economic growth nexus. While
the energy-economic growth nexus has been examined in
the empirical energy literature since the 1970s energy crisis

! See Shahbaz and Sinha (2019) for details about the curve and the
literature.

(Hajko et al. 2018), the renewable energy-economic growth
nexus has gained attraction since the meetings and efforts
denoted above.

When one examines the empirical literature on the
energy-economic growth relationship, he/she will notice
that researchers tend to follow a panel data analysis at
investigating this nexus as they usually have many observa-
tions through a panel data model (Tiwari et al. 2018; Tugcu
2018). Put differently, panel data analysis is more popular
compared to time series analysis in the energy literature.
This leaning may lead to two considerable problems that
researchers may be exposed to while they are discussing
empirical findings. First, findings for the whole panel are
likely to conceal specific features and internal dynamics
of countries in the panel data set (Menyah et al. 2014). In
such a case, it is likely that a policy proposal based on the
empirical findings are not proper for some countries in the
sample. Second, researchers usually ignore the existence of
structural breaks that can change the interactions between
energy and economic growth in time. Put differently, they
commonly employ estimation methods which do not con-
sider structural breaks, whereas these breaks may have seri-
ous economic and social influences.

To determine whether renewable energy is able to pro-
vide energy requirements for economic activities, this
paper examines the impact of renewable energy consump-
tion on economic growth for the USA using quarterly data
from 1977Q1 to 2019Q3. The contributions of the paper
to the existing literature are fourfold. First, contrary to the
major part of the empirical literature, this paper follows
a time series analysis as relatively long time series data
are publicly available for the USA. Second, the USA is
the largest economy in the world and is a great energy
consumer (Danish and Ulucak 2021a). Accordingly, as
per World Bank (2020), the share of the US economy in
total world GDP (constant 2010 USD) was about 21.6%
in 2018. Besides, with regard to Energy Information
Administration (henceforth ETA 2020a) data, the share
of the USA in total world primary energy consumption
was about 17% in 2018. Hence, positive and/or negative
shocks in the US economy and changes in energy demand
of the USA can affect other countries in the world. There-
fore, the paper’s empirical findings are crucial for not
only the USA but also the rest of the world. Third, to
avoid the possible omitted variables bias, the paper uses
a Cobb-Douglas production function including capital,
labor, renewable energy consumption, and fossil energy
consumption. Thus, the paper makes a comparative
analysis of the influences of fossil and renewable energy
consumption on the US economic growth as well. Last
but most important, this paper makes a methodological
contribution to the existing energy literature. Previous
papers on the effect of renewable consumption on output
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for the USA employ different estimation methodologies,
such as causality tests (Aslan 2016; Bilgili et al. 2017;
Bowden and Payne 2010; Payne 2009; Troster et al. 2018;
Tugcu and Topcu 2018; Yildirim et al. 2012), the general-
ized variance decomposition method (Ewing et al. 2007),
cointegration tests (Bulut and Apergis 2021; Bulut and
Inglesi-Lotz 2019), a wavelet coherence approach (Bil-
gili 2015; Bilgili et al. 2019), and the Markov switching
methodology (Bildirici and Gokmenoglu 2017). How-
ever, none of these regards different approaches to model
structural breaks. This paper employs time series methods
that use different approximations in modelling structural
breaks by paying attention to breaks. Accordingly, the
paper first employs the autoregressive distributed lag
(ARDL) cointegration test without structural breaks.
Then, the paper relaxes the assumption of no breaks
and performs the cointegration test of Hatemi-J (2008),
which assumes the structural breaks occur instantane-
ously. Finally, the paper carries out the cointegration test
propounded by Tsong et al. (2016) that posits structural
breaks may arise instantaneously or gradually. While the
Hatemi-J (2008) cointegration test regards only sharp
breaks, Tsong et al. (2016) cointegration test takes not
only sharp but also gradual breaks into account. In this
way, this paper also investigates whether different ways
in modelling structural breaks induce different findings.
It should be noted that the paper follows the same way
in unit root testing and employs unit root tests based on
different approximations in modelling breaks.

All unit root tests present evidence all the variables are
stationary at first differences, whereas the cointegration tests
signify different empirical findings in terms of the impact
of renewable energy consumption on the US economic
growth. Accordingly, (i) the ARDL cointegration test yields
that renewable energy consumption has no effect on eco-
nomic growth, (ii) the Hatemi-J (2008) cointegration test’s
results imply that there is no cointegration and so long-run
parameters cannot be estimated, and (iii) the empirical find-
ings of Tsong et al. (2016) cointegration test indicate eco-
nomic growth is positively linked with renewable energy
consumption.

The remainder of the paper is as the following: The empiri-
cal literature is given in Sect. 2. Section 3 introduces model
and data set. Section 4 reveals the methodology. Section 5
demonstrates empirical results. Section 6 concludes the paper.

Literature review

There is an expanding empirical literature on the rela-
tionship between renewable energy consumption and eco-
nomic growth for the USA, yet the number of empirical
studies is still limited. This paper presents the empirical
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literature focusing on the influence of renewable energy
consumption on economic growth for the USA.? For
instance, Ewing et al. (2007) utilize disaggregated renewa-
ble energy data for the 2001-2005 period and carry out the
generalized variance decomposition method. They detect
hydroelectric, solar, waste, wind, and wood energy’s con-
sumption increase GDP. Payne (2009) utilizes data for
the period 1949-2006 and finds there is not any causality
between GDP and total renewable consumption. Bowden
and Payne (2010) examine the renewables consumption-
economic growth nexus for some sectors over the period
1949-2006. They determine that only residential energy
consumption causes GDP. Yildirim et al. (2012) use disag-
gregated renewable energy data from 1949 to 2010. They
find that biomass-waste-derived energy consumption
causes GDP. Bilgili (2015) yields that industrial produc-
tion is positively related to renewable energy consump-
tion through the wavelet coherence methodology and data
spanning the period 1981-2013. Aslan (2016) analyses the
effect of biomass energy consumption on GDP by apply-
ing cointegration and causality approaches over the period
1961-2011. The empirical findings indicate that biomass
energy consumption not only increases but also causes
GDP. Bildirici and Gokmenoglu (2017) exploit data for
the period 1961-2013 and use the Markov switching vec-
tor autoregressive approach to investigate the effect of the
consumption of hydropower energy on economic growth.
Their findings imply that GDP is positively associated
with hydropower energy consumption. Bilgili et al. (2017)
examine the causal relationship between bioenergy con-
sumption and GDP for the period 1982-2011 and found
that biomass energy consumption causes GDP. Tugcu and
Topcu (2018), utilizing data for the period 1980-2014
and exploiting cointegration and causality analyses,
detect that GDP is positively associated with renewable
energy consumption. Troster et al. (2018) investigate the
nexus between renewable energy consumption and indus-
trial production for the 1989-2016 period by applying
Granger causality in a quantile regression methodology.
They find that a bidirectional causality exists between
renewable energy consumption and industrial production
at the lowest quantiles of the distribution. There is also a
unidirectional causal relationship running from renewable
energy consumption to industrial production at the higher
quantiles of distribution. Bilgili et al. (2019) use the disag-
gregated renewable energy data for the period 1989-2016
and perform the continuous wavelet methodology. They
determine all types of renewables have a positive impact
on industrial production. Bulut and Inglesi-Lotz (2019),

2 Bilgili et al. (2019) provide a broad empirical literature on the
renewable energy consumption-economic growth nexus for other
countries and country groups in the world.
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Table 1 Literature review

Author(s) Period Method

Finding

Ewing et al. (2007) 2001-2005

method
1949-2006 Causality test
1949-2006 Causality test
1949-2010 Causality test
1981-2013
1961-2011

Payne (2009)

Bowden and Payne (2010)
Yildirim et al. (2012)
Bilgili (2015)

Aslan (2016)

Bildirici and Gokmenoglu (2017)
approach

Bilgili et al. (2017)
Tugcu and Topcu (2018)
Troster et al. (2018)

1982-2011 Causality test

methodology
Bilgili et al. (2019)
Bulut and Inglesi-Lotz (2019)
Bulut and Apergis (2021)

2000-2018 Cointegration test
1984-2018 Cointegration test

The generalized variance decomposition

The wavelet coherence methodology
Cointegration and causality methods

19612013 The Markov switching vector autoregressive

1980-2014 Cointegration and causality methods

1989-2016 Granger-causality in a quantiles regression

1989-2016 The wavelet coherence methodology

REC increases GDP

No causality between REC and GDP

Only residential REC causes GDP

Only biomass-waste-derived EC causes GDP
IP is positively linked with REC

Biomass EC increases GDP
Biomass EC causes GDP

GDP is positively associated with hydropower
EC

Biomass EC causes GDP
REC increases GDP
REC causes IP

REC increases IP
REC increases IP
REC increases GDP

EC, energy consumption; REC, renewable energy consumption; IP, industrial production.

using data during the period 2000-2018 and running an
asymmetric cointegration test, discover that industrial
production is positively related to renewable energy con-
sumption. Finally, Bulut and Apergis (2021) examine the
impact of renewable energy consumption on economic
growth throughout 1984-2018 by applying cointegration
test containing sharp and gradual structural breaks. They
discovered that GDP is positively associated with renew-
able energy consumption.

Table 1 presents the empirical literature focusing on
the effect of renewables consumption on GDP in the USA.
From the empirical literature, some points have merit to be
denoted here. First, the findings of previous papers differ
according to the period, types of renewables, and estima-
tion methodologies. In other words, previous papers do
not present clear-cut evidence for the relationship between
renewable energy and economic growth. Second, only
Bulut and Apergis (2021) consider structural breaks when
investigating the influence of renewable energy consump-
tion on the US economic growth. Thus, there is a research
gap about the impact of renewable energy consumption
on economic growth in the presence of structural breaks.

Model and data set

This paper investigates the effect of renewables on GDP in
the USA. Besides, the paper compares renewable energy
consumption and fossil energy consumption in terms of

their effects on economic growth. This paper utilizes a
Cobb-Douglas—type production function, and the empiri-
cal model includes renewable and fossil energy consump-
tion, capital, and labor. Hence, the production function of
the paper can be depicted as:

Y = KALP-FPRPs et €))]

where Y is output; K describes capital; L stands for
employment; F denotes fossil energy consumption; R is
renewable energy consumption; and e is the error term. In
Eq. (1), the returns to scale are indicated by § parameters in
the model. This paper prefers to use a log-linear version of
this model since the nonlinear specification is not capable
of helping policymakers to plan policies related to energy
production (Shahbaz et al. 2015; Shahbaz 2018). Thus, the
log-linear version of the production function is established
as below:

InY, = B, + f1nK; + fInL, + f;InK, + fInR, +u, ()

where Y stands for real GDP (billions of chained 2012
USD), K defines gross fixed capital formation (billion USD),
L denotes employment level (thousands of people), F is fos-
sil energy consumption (trillion Btu), R stands for renewable
energy consumption (trillion Btu), and u is the error term.
All series are seasonally adjusted. The quarterly data span-
ning from 1977Q1 to 2019Q3 are used. GDP, capital, and
labor data are taken from the Federal Reserve Bank of St.
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Louis (2020). Energy consumption data are obtained from
EIA (2020b).

Estimation methodology
Unit root tests

In a time series analysis, the first step is to carry out unit
root tests for the variables in the empirical model to avoid
the possible spurious regression problem. Otherwise,
traditional t-statistic and/or F-statistic exhibited by the
ordinary least squares (OLS) estimates for nonstationary
series produce inefficient and biased output. Therefore,
this paper performs unit root tests to determine whether
the series under consideration are stationary. Accordingly,
we first apply ADF unit root test propounded by Dickey
and Fuller (1981) without structural breaks. Then, we
apply N-P unit root test produced by Narayan and Popp
(2010) with two sharp structural breaks. Finally, we apply
E-L unit root test developed by Enders and Lee (2012).
This test is capable of presenting efficient output irrespec-
tive of the number and form, namely sharp or gradual, of
structural breaks.

Cointegration tests
ARDL cointegration test

Researchers should detect whether there exists cointegra-
tion before estimating parameters when series are I(d),
where d is not equal to 0, to avoid the inefficient results
about t-statistic and F-statistic for a time series analysis.
The ARDL methodology is widely used in econometric
analyses to investigate cointegration between nonstationary
variables. Accordingly, first, the null hypothesis implying
no cointegration is tested via the bounds testing approach
propounded by Pesaran et al. (2001). Second, if there exists
cointegration, long-run parameters are estimated via the
model developed by Pesaran and Shin (1999). This model
is illustrated as:

p q
Y, =a+ Zizlath—i + Zizoﬂixt—i +u 3)

Using the model in Eq. (3), one is able to compute long-
run coefficients. After the calculations of long-run param-
eters, the short-run relation in the empirical model is esti-
mated via the error correction model, which can be defined
as follows:

AY, =0, +6,EC,_ + 3" SAY,  + 3! LAX,  +u,
“)
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The parameter for the one-period lagged value of the
error correction (0,) indicates how much deviation in the
short run is mended in the long run. Hence, if this coef-
ficient is found as statistically significant and negative, then
cointegration is confirmed.

Hatemi-J (2008) cointegration test with regime shifts

The ARDL cointegration test is commonly used in the exist-
ing literature to examine the cointegration relationship in
an empirical model. This method supposes that there is no
change in long-run parameters over time. In other words,
it posits that there exist no regime shifts/breaks, namely
structural breaks in the slope coefficient(s) and intercept,
during the observed period. Yet, parameters can be affected
by some important events in the economy, such as radical
changes in economic policies, economic crisis, natural dis-
asters, and wars; thus they may change over time. Hence,
researchers likely explore inefficient findings for cointegra-
tion if they use cointegration techniques that do not pay
attention to structural breaks. While the cointegration tests
of Gregory and Hansen (1996) and Westerlund and Edg-
erton (2007) assume a single structural break, Hatemi-J
(2008)’s cointegration test considers two structural breaks.
Hatemi-J (2008) first uses the equation below to suggest a
cointegration test with two structural breaks:

yy=a+px,+u,t=1,2--,n 3)

where y, X, and u are the dependent variable, independ-
ent variable(s), and the error term, respectively. To con-
sider the impacts of the breaks on the slope coefficient(s)
and intercept, namely two regime shifts, Eq. (5) can be
stated as follows:

Yo = @y + @Dy + Dy + Box + D% + B,Dyx + 1
(6)
where y, X, o, o, &y, Dy, Dy, By, By, By, and u, respec-
tively, denote the independent variable, explanatory variable,
constant until the first break, the change in constant after the
first break, the change in constant after the second break,
the first dummy variable, the second dummy variable, the
parameter of the explanatory variable until the first break,
the change in the parameter of the explanatory variable after
the first break, the change in the parameter of the explana-
tory variable after the second break, and the error term. One
can notice that structural breaks are captured by the dummy
variables. To model the structural breaks, Hatemi-J (2008)
defines the dummy variables as follows:
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0ift < [nt,
D= { lift > [n,

D. = Oifts[m'l]
7 Lift > |nz,)

with the unknown parameters 7,€(0, 1) and 7,€(0, 1)
which express the relative timing of the regime change
point. The integer part is denoted by the bracket. To test
the null hypothesis of the nonexistence of cointegration,
Hatemi-J (2008) utilizes the augmented Dickey-Fuller
(ADF) test of Engle and Granger (1987) along with Z,
and Z, tests of Phillips (1987). Hatemi-J (2008) produces
new critical values via Monte-Carlo simulations since these
test statistics have nonstandard distributions. If the statis-
tics are greater than critical values, the null hypothesis of
no cointegration can be rejected, and long-run coefficients
are estimated.

Tsong et al. (2016) cointegration test with gradual
breaks

Hatemi-J (2008) cointegration test can present efficient
results when there exist two sharp structural breaks in defi-
nite periods. Using the Fourier methodology, Tsong et al.
(2016) produce a cointegration test which is able to pre-
sent efficient and unbiased findings regardless of the form,
i.e., sharp or gradual, and the number of structural breaks.
Another important advantage of this cointegration test is
that it allows researchers to test whether or not the Fourier
component must be in the empirical model. Put differently,
researchers can determine whether they need to use this test
before investigating the presence of cointegration. Tsong
et al. (2016) use the equation below:

y=d + X;ﬂ T M =V T 016V = Yol T 010 X = X + Uy

)

In Eq. (7), d, can be described as d, = 6, + 6,¢ + f,. In this

model, the Fourier function is captured by f, and is defined
as the following:

2kt

¢ ) + akcos<T> @®)

f, = aksin< 2kn

where k denotes the Fourier frequency, t stands for time
trend, and T indicates the number of observations. The null
hypothesis of cointegration and the alternative hypothesis of
no cointegration can be illustrated as:

H, : 62 =Oversus H, : 62> 0 )

where ‘731 is the variance of u, in Eq. (7). To test the null
hypothesis of cointegration, the model can be redescribed
as the following:
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Table 2 Results for the unit root tests

Variable ADF N-P* E-L

InY —1.423 —2.424 —1.843
(1990:Q3, 2008:Q3)

InK —2.256 —3.609 —2.128
(2008:Q4, 2010:Q1)

InL —1.544 —-3.197 —1.740
(1999:Q4, 2008:Q4)

InF —1.294 —1.181 —3.904
(1989:Q4, 2008:Q2)

InR —2.060 —2.820 —-3.226
(2000:Q4, 2009:Q3)

AlnY —9.173" —7.321° —9.412°

AlnK —7.490° —-6.139° —7.909"

AlnL —5.711° —7.481° —9.225%

AlInF —8.144° —7.775° —-8.321°

AlnR —10.083° -10.910° —6.050"

*Break dates are reported in parentheses.

“Indicates 1% significance.

Y, = Z:r;oéiti + aksin< z?t ) + ﬁwos(@) + x;ﬂ + vy,
10

Using this model, the cointegration test statistic can be
calculated as:

m_ 242 NT g2
CIp =T, ). S, (11

where S, = ZZTZI?)\] . is the partial sum of the OLS residu-
als in Eq. (10) while 6? denotes the consistent estimator of
the long-run variance of v;,. Tsong et al. (2016) perform the
dynamic OLS (DOLS) estimator of Saikkonen (1991) when
the independent variables are not strictly exogenous. Last
but not least, Tsong et al. (2016) test whether this testing
procedure should be used for the empirical model. Accord-
ingly, they use F-test to test the null hypothesis of the non-
presence of the Fourier component.

Empirical results and discussion

Table 2 reports the findings of unit root tests for the variables
in the model. Accordingly, all unit root tests show that for
all variables in the model, the null hypothesis of unit root is
not rejected at level, but it is rejected at the first difference
form. Put differently, the results of unit root tests imply all
variables are integrated of order one. Besides, the 2007/2008
global financial crisis accounts for most of the break dates
indicated by N-P unit root test. After determining all vari-
ables have a unit root and are integrated of order one, the

@ Springer



30140

Environmental Science and Pollution Research (2022) 29:30134-30144

Table 3 Results of the
cointegration tests for the

Panel A: ARDL cointegration test

model? Panel A1: Results for the bounds test
Test statistic 6.804¢
Panel A2: Long-run coefficient
Variable Coefficient Std. error t-statistic
InK 0.347¢ 0.153 2.271
InL 0.922 0.652 1.413
InF —0.057 0.194 —0.294
InR 0.003 0.072 0.049

Panel B: Hatemi-J (2008) cointegration test
Panel B1: Results for the cointegration test®

ADF statistic

Phillips (Z,) statistic Phillips (Z,) statistic

Regime shift model —6.309 —-6.209 -60.923
(2002:Q1) (2002:Q1) (1991:Q2)
(2004:Q3) (2004:Q3) (1995:Q4)

Panel C: Tsong et al. (2016) cointegration test

Panel C1: Results for the cointegration test

Frequency Min SSR Test statistic F-statistic
1 0.028 0.047 5.544°
Panel C2: DOLS results

Variable Coefficient Std. error t-statistic
InK 0.464° 0.180 2.573
InL —-0.035 0.725 —0.048
InF 0.484¢ 0.166 2.908
InR 0.162°¢ 0.067 2.406

#For critical values of the cointegration tests, see Pesaran et al. (2001: 300), Hatemi-J (2008:501), and

Tsong et al. (2016: 1091).

°To save space, short- and long-run models of the ARDL cointegration test are not presented in the paper.
It must be noted that the coefficient of the one-period lagged error correction term is negative and signifi-
cant in the short-run model, supporting the presence of cointegration relationship in the model.

“Break dates are depicted in parentheses.

dIndicates 1% statistical significance.

°Indicates 5% statistical significance.

next step is to examine whether there occurs cointegration
in the model.

Table 3 depicts the findings of cointegration tests for
the empirical model. Panel A of Table 3 reports the output
for the ARDL cointegration test without structural breaks.
Accordingly, the null hypothesis of no cointegration can
be rejected at 1% level, meaning the long-run coefficients
can be estimated. The long-run parameters of InK, InL, InF,
and InR are, respectively, 0.347, 0.922, —0.057, and 0.003,
respectively. Besides, the coefficient of InK is significant,
but other coefficients are statistically insignificant. Hence,
the empirical findings of the ARDL test discover that only
capital has statistically significant influences on GDP. Panel
B of Table 3 reports the results for the regime shift model
of Hatemi-J (2008) cointegration test. Accordingly, the null
hypothesis of no cointegration isn’t rejected at any signifi-
cance levels as test statistics seem to be lower than critical
values. As the findings obtained from this test indicate no

@ Springer

cointegration, the long-run parameters are not estimated.
Finally, Panel C of Table 3 presents the results of Tsong
et al. (2016) cointegration test. The null hypothesis of the
absence of the Fourier component in the empirical model
can be rejected at 5% level of significance, meaning that
Tsong et al. (2016) cointegration test must be utilized for
the estimation of the empirical model. In addition, the null
hypothesis of the presence of cointegration is not rejected,
implying the existence of a cointegration relationship in the
empirical model and that the long-run parameters could be
estimated via the DOLS methodology. Accordingly, InK,
InL, InF, and InR, respectively, appear to have the estima-
tions of 0.464,—0.035, 0.484, and 0.162, and only the coeffi-
cient of InL is not statistically significant. Thus, the findings
of Tsong et al. (2016) cointegration test provide evidence
that GDP is positively associated with capital, fossil energy
consumption, and renewable energy consumption in the
USA.
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The empirical findings of cointegration tests imply that
considering structural breaks play a crucial role while inves-
tigating the influence of renewable energy consumption on
economic growth. The empirical findings also indicate that
different approximations in modelling structural breaks lead
to highly different findings. Accordingly, while the ARDL
cointegration test’s results illustrate renewable energy con-
sumption does not have any influences on economic growth,
Tsong et al. (2016) test’s results explore renewable energy
consumption has positive effects on economic growth.
Moreover, the output of Hatemi-J (2008) cointegration test
discovers that the long-run parameter of renewable energy
consumption cannot be estimated as there is no cointegration
in the model. This paper primarily considers the results of
Tsong et al. (2016) cointegration test as this test seems to
be more feasible for economic data and the empirical find-
ings of this test indicate the Fourier component should be
included in the empirical model. Accordingly, the statisti-
cally significant and positive coefficient of capital confirms
the conventional macroeconomic theory because capital
is used to produce services and goods and so signifies the
production capacity of an economy (Acemoglu 2009). This
output also concurs with the neoclassical growth model
produced by Solow (1956). Additionally, the findings for
labor might mean that the US economy has a capital-inten-
sive economic structure. Furthermore, the findings yield
that fossil energy and renewables consumption have sta-
tistically significant and positive impacts on the US GDP
growth rates. Therefore, the findings explore that fossil and
renewable energy are crucial components for the growth
of the US economy (Apergis and Payne 2009). Put differ-
ently, increases in fossil and renewable energy consumption
enlarge GDP of the USA and energy-saving policies and/or
energy supply shocks will limit the US economic growth.
Besides, the findings indicate fossil energy appears to be
more influential than renewable energy as the coefficient of
fossil energy consumption is greater than that of renewable
energy consumption.

Hence, the findings of the present paper for total renew-
able energy conform to empirical findings discovered by Bil-
gili (2015), Tugcu and Topcu (2018), Troster et al. (2018),
and Bulut and Inglesi-Lotz (2019), while they contradict
with output explored by Payne (2009).

Conclusion and policy implications

This paper examines the influence of renewable energy con-
sumption on GDP for the USA using quarterly data covering
the period 1977Q1-2019Q3 through a production function,
including capital, labor along with fossil energy consump-
tion. While doing that, the paper performs time series meth-
ods with different approximations in modelling structural

breaks. Accordingly, the paper employs time series tests
without breaks, with sharp breaks, and with both sharp
and gradual breaks. All unit root tests’ results indicate all
variables in the empirical model are stationary at their first
differences, indicating that the possible cointegration rela-
tion in the empirical model could be checked. The paper
first performs the ARDL cointegration test without breaks.
This test confirms cointegration and explores that fossil and
renewable energy consumption have no effects on GDP.
Then, the paper employs the Hatemi-J (2008) cointegra-
tion test with two sharp breaks and discovers that there is no
cointegration in the empirical model, implying the long-run
parameters of the independent variables in the model could
not be estimated. Finally, the paper carries out the Tsong
et al. (2016) test, taking both sharp and gradual breaks into
account. This test affirms the presence of cointegration and
yields that (i) fossil and renewable energy consumption
have positive impacts on GDP and (ii) the influence of fos-
sil energy consumption on GDP is greater than the impact
of renewable energy consumption on GDP. These empirical
findings provide policymakers and researchers with two cru-
cial inferences. First, both fossil and renewable energy con-
sumption stimulate economic growth of the US economy.
Hence, fossil and renewable energy sources are important
components of economic growth and energy supply shocks
and/or energy-saving policies have negative influences on
economic growth. Second, fossil energy consumption has
greater impacts on the US economic growth compared to
renewable energy consumption.

Bilgili et al. (2019) also point out that the replacement of
fossil energy sources with renewable energy sources was very
low until the early 2000s in the USA. For instance, in January
2000, the shares of fossil and renewable energy consumption
in total primary energy consumption were 86% and 5.65%,
respectively. Afterwards, policymakers in the USA began to
put many policies into action, such as production tax credits
and investment tax credits, to encourage the use of renewable
energy both nationally and federally. All states provide many
policies and incentives for the utilization of renewable energy
sources in the USA today. Figure 1 illustrates the number
of renewable energy policies and incentives for the top ten
states with the highest GDP in the USA (NC Clean Energy
Technology Center 2020). States implement many incen-
tives and policies toward renewable energy. While all states
stimulate almost all kinds of renewable energy, each state
concentrates on some of the renewable energy sources fur-
ther. Accordingly, (i) solar energy technologies are especially
supported in California, Florida, Illinois, and Pennsylvania;
(ii) production and consumption of solar and wind energy
are particularly stimulated in New Jersey, Ohio, and Texas;
(iii) Georgia becomes prominent in promoting bioenergy;
(iv) hydroelectric along with wind energy technologies are
encouraged in Washington; and (v) many kinds of renewable
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Fig. 1 The number of renewable energy policies and incentives for states with the highest GDP in the USA by the third quarter of 2019. Source:

NC Clean Energy Technology Center (2020)

energy sources, namely wind, solar, hydroelectric, and bio-
mass, are actively supported in New York (The Renewable
Energy Hub USA 2020). As a result of these incentives and
policies, the share of renewable energy sources in total pri-
mary energy consumption reached 12.62% in June 2019 (EIA
2019).

Renewable energy significantly contributes to the US
economic growth due to these supportive policies (Energy
Information Administration 2017; Union of Concerned Sci-
entists 2013). For instance, the biomass industry has had 100
billion USD direct and indirect impact of the US economy
by 2014 (The US Department of Energy 2014). Besides,
biofuels technologies are expected to create a stable domes-
tic energy supply that can decrease oil import of the USA.
Hence, it is anticipated that biomass energy is capable of
improving the current account balance of the US economy.
The US Department of Energy (2020) denotes that wind
energy is affordable compared to coal and natural gas of
which prices are volatile as agreements for wind energy gen-
eration usually provide fixed prices for 20 years. Addition-
ally, wind energy is expected to save consumers 280 billion
USD by 2050. Solar Energy Industries Association (2019)
states that the USA had more than 2 billion solar photovol-
taic installations and solar energy was more than a 17-billion
USD industry by May 2019. Besides, the forecasts show
that the USA will have 3 and 4 million installations in 2021
and 2023, respectively. Therefore, the contributions of solar
energy technologies to the US economy are likely to increase
in the following years. In addition, geothermal energy indus-
try contributed to the US economy with 20 billion USD in
2015 (Think Geoenergy 2017) and is expected to add 85
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billion USD to the US economy within the next two decades
(Geothermal Resources Council, 2012). Developments in
renewable energy industries along with the more efficient
use of energy also make energy cheaper for households and
firms in the USA. In the USA, the ratio of energy expendi-
tures to GDP was 5.6% in 2016, which is the lowest value
since 1970 (EIA 2018).

As denoted in the first part of the paper, fossil energy
contradicts with the goal of sustainable development as the
utilization of fossil energy results in many concerns and
problems. Therefore, even though the empirical findings
provide evidence that fossil energy consumption has greater
positive impacts on the US economic growth compared to
renewable energy consumption, this paper contends poli-
cymakers in the USA should go on promoting renewable
energy technologies without ignoring the effects of these
supports on federal and national budget balance. The sub-
stitution of dirty technologies with clean and environmen-
tally friendly technologies should be accelerated by the
government through more policies and incentives (Fotis
and Polemis 2018). Put differently, as Danish et al. (2019)
and Danish and Ulucak (2021b) remark, more renewable
energy should be included in the energy mix of the USA
to decrease the dependence on fossil energy sources. As
these incentives proceed, the impact of renewable energy
consumption on economic activities can expand, and the
substitution level of fossil energy with renewable energy
can increase.

Finally, this paper suggests that future papers take struc-
tural breaks into account while determining the influence
of energy consumption on GDP as different approaches for



Environmental Science and Pollution Research (2022) 29:30134-30144

30143

modelling structural breaks may lead to different findings as
in the present paper.
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