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Abstract
In this study, the relationship between electricity and growth of the economy is 
investigated by applying the newly-developed bootstrap autoregressive-distributed 
lag test with a Fourier function to examine both the causality and cointegration 
for China, India, and the United States (US). While it is not possible to detect a 
long-term cointegration relation among the economy’s electricity and growth, the 
study findings demonstrate the contingency of the causality. The ensemble method 
in machine learning performs better than conventional methods as electricity is an 
independent indicator for forecast economics. Concerning the US, previous electric-
ity consumption has a positive impact on the current nature of economic growth. In 
contrast, the consumption of electricity is negatively affected by the development of 
the economy. However, for China and India, positive and negative feedback can be 
observed, respectively. Due to the increased awareness of the environment’s adverse 
effects, China should promote technologies that conserve energy and boost energy 
efficiency to achieve sustainable development in both environmental and economic 
terms. In India’s context, broadening access to electricity has significance for resi-
dents in rural areas and enhances economic growth. It is recommended that pol-
icy-makers promote innovative technologies in the US, as the abundant natural and 
human resources can make valuable contributions to the society and development of 
the economy.
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1 Introduction

In recent years, consistent growth has been observed in terms of the global 
demand for and consumption of energy (Pablo-Romero et al. 2017). Both devel-
oped and developing countries are making efforts to accelerate the growth of their 
economies. The fast expansion of the population and increased urbanization have 
become the driving forces behind the rise in global energy usage (Hassan et al. 
2019; Xin-gang and Pei-ling 2020; Wang et al. 2019). As stated by the US Energy 
Information Administration (2020), fluctuations may occur in demand for energy 
due to annual weather variations; nevertheless, demand patterns, in the long run, 
are generally based on economic growth. The IEA (2019) claimed that the rise 
in electricity consumption is primarily caused by industrial production (particu-
larly in China) and home appliances, cooling, and electric automobiles. Further-
more, it is expected that electricity will be one of the only sources of energy that 
will experience a growth in usage in 2040, largely as a result of electric vehicles, 
along with the direct usage of renewable energy and hydrogen, while there is a 
growing trend in terms of renewable energy.

Economic theories do not address the relationship between energy usage and 
the economy’s growth; however, several empirical studies have focused on inves-
tigating this subject in the energy economics literature. In particular, a large vol-
ume of research validates the presence of a relationship between electricity usage 
and economic growth. Moreover, the association between energy and economic 
growth has started to attract the attention of more researchers. The seminal study 
by Kraft and Kraft (1978) investigated the nexus between energy consumption 
and development in the US context, where the findings presented empirical evi-
dence that a one-way causality runs from production activity output to the con-
sumption of energy.

Conversely, a country’s economic development is significantly dependent on 
electricity. Growth in the level of electricity usage, particularly in the indus-
trial sector, is beneficial for its economic progress (Shahbaz et al. 2017; Kahane 
and Squitieri 1987; Costa-Campi et  al. 2018; Jarrett et  al. 2019). Hence, elec-
tricity is a valuable source of energy as it can facilitate the standard functioning 
of businesses within supply chains essential for both society and the economy. 
Consequently, if deficiencies in the supply of electricity occur, this will nega-
tively impact industrial production, which will have a destabilizing effect on the 
economy. In summary, there is an ongoing debate within the literature on energy 
economics regarding the direction of the causal relationship between economic 
growth and energy usage.

The majority of studies in the literature have investigated the relationship 
between electricity and the growth of the economy via causality and cointegration 
tests in panel studies and research on particular countries. However, researchers 
have recently demonstrated that the consideration of structural shifts is a critical 
factor in causality analysis. According to Enders and Jones (2016), if structural 
breaks are neglected in time series models, it can create errors of misspecifica-
tion. Resultantly, conclusions, drawn from Granger causality and cointegration 
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analysis, could be deceptive if structural breaks are not appropriately considered. 
Concerning time series models, it can be challenging to control for structural 
breaks and determine the root source of the breaks as a break in one variable can 
cause a shift in another (Enders and Jones 2016). To resolve this problem and 
to facilitate the determination of the form of the shifts in addition to the estima-
tion of the amount and dates of breaks that exist in a given time series model, 
Fourier approximation was employed by Enders and Jones (2016) in a recently 
conducted study. Hence, when analyzing the relationship between electricity con-
sumption and economic growth, considering gradual and sharp breaks in the time 
series model is comparatively reliable. Knowledge of the connection and nature 
of the causal relationship among the consumption of electricity and growth of the 
economy in a given country through a relatively thorough analysis that takes both 
gradual and sharp breaks into account can be highly beneficial for policy-makers 
when developing energy policies.

This research represents one of a limited number of studies that have attempted 
to investigate the relationship between the consumption of electricity and economic 
growth with gradual and sharp breaks. Furthermore, to the best of the author’s 
knowledge, this is the first study aimed at exploring the nexus between relation and 
causality between the aforementioned variables in the context of the US, Japan, 
and China in both the long and short run through the application of the innovative 
bootstrap autoregressive-distributed lag (ARDL) approach with Fourier function 
(Yilanci et al. 2020). The contributions this study makes to the literature are three-
fold. Firstly, the bootstrap ARDL approach is applied, which rectifies the shortcom-
ings identified in Pesaran et al. (2001), and the presence of a cointegration relation-
ship is investigated in greater detail. Secondly, the paper utilizes a Fourier function 
where the amount and dates of the breaks are not pre-determined. Thirdly, certain 
management and economic implications emerge from the comparatively reliable 
findings, which will make a valuable contribution to the literature on energy eco-
nomics and real-world policies.

The remainder of this study is organized as follows. The literature review is 
described in Sect.  2. Section 3 presents the data and methodology. The empirical 
results are presented in Sect. 4, while Sect. 5 includes the research conclusions.

2  Literature

In the literature, four different hypotheses are recognized about the nature of the 
energy-growth nexus, namely the growth, conservation, feedback, and neutrality 
hypotheses. In recent years, scholars in social science have been unable to provide 
clear evidence regarding the causality between the consumption of electricity and 
the economy’s growth. According to the growth hypothesis, the causality is from 
the consumption of electricity to economic growth, while the conservation hypoth-
esis implies the opposite. However, the feedback hypothesis (two-way) states that 
economic growth leads to electricity consumption, and the consumption of elec-
tricity also leads to economic growth, implying a two-way relationship between the 
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two variables. Lastly, according to the neutrality hypothesis, there is no causality 
between electricity consumption and the growth of the economy.

Based on the four abovementioned hypotheses regarding the relationship between 
energy and growth, innovative statistical techniques have been developed to verify 
the causality between the variables for these hypotheses. In Table 1, the empirical 
findings of these hypotheses from studies on specific countries are presented. Fur-
thermore, studies in the literature have applied predictions based on machine learn-
ing techniques to support econometric methods. This enables decision-makers to 
predict the potential economic outcomes and therefore implement suitable measures 
to prevent the system from being impaired.

The development of a society in terms of economic and energy is mainly 
dependent on citizens’ behavior and the decisions taken by policy-makers based on 
researchers’ estimations of the status of a system in energy or economics. It is rec-
ommended that governments take suitable actions according to the predicted levels 
of electricity consumption or economic decline based on machine learning analy-
sis. Hence, it is possible for power stations, electricity-dependent facilities, and the 
country as a whole to pre-warned, allowing decision-makers to modify the overall 
strategies of organizations or the policy that should be adopted by the country. In the 
economics literature on the subject of predictions, Kozlowski and Sim (2019) imple-
mented parametric and non-parametric models in which logit and artificial neural 
networks were used to predict economic recessions, and yield spread was employed 
as the predictor variable. The findings indicated that the mean absolute error was 
lower in the neural network model than the logit model. In a study by Gründler 
and Krieger (2016), the relationship between democracy and economic growth 
was investigated by employing the support vector machine approach supported by 
econometric techniques. The researchers were able to develop a Democracy Index 
for 185 nations by applying the support vector machine approach. In contrast, an 
econometric model was utilized to investigate the nexus between democracy and 
economic growth. In a study focused on predicting financial distress within the con-
struction sector, traditional and ensemble techniques were implemented to compare 
the forecasting models’ performance (Choi et al. 2018). The findings indicated that 
the k-nearest neighbor algorithm as a simple ensemble classifier with a maximum 
weighted count of errors and correct outperformed the individual classifiers. Artifi-
cial neural networks are employed for predicting economic expansion when different 
factors are concerning the predictor variable, including macroeconomics (Sokolov-
Mladenović et al. 2016; Milačić et al. 2017; Kordanuli et al. 2017; Kozlowski and 
Sim 2019), the environment (Marjanović et al. 2016; Ashin Nishan 2020), energy 
resources (Cogoljević et al. 2018), and technology aspects (Marković et al. 2017).

The empirical findings of various research studies in different countries are 
also varied. Firstly, according to the growth hypothesis, the implementation of 
an electricity policy has a significant impact on regulating the degree of produc-
tion and output; particular research has provided evidence proving the existence of 
the growth hypothesis (e.g. Chandio et  al. (2019) in Pakistan; Akalpler and Hove 
(2019) in India; Wu et al. (2019) in India; Pata and Kahveci (2018) in Turkey; Bouk-
helkhal and Bengana (2018) in Egypt and Morocco; Kahouli (2017) in Lebanon; 
Kumar et al. (2017) in Austria and Macedonia; Nguyen et al. (2017) in India and 



1201

1 3

The Relationship Between Economic Growth and Electricity…

Ta
bl

e 
1 

 T
he

 n
ex

us
 b

et
w

ee
n 

el
ec

tri
ci

ty
 a

nd
 e

co
no

m
ic

 g
ro

w
th

 in
 fo

ur
 h

yp
ot

he
se

s

A
ut

ho
r(

s)
H

yp
ot

he
si

s

G
ro

w
th

C
on

se
rv

at
io

n
Fe

ed
ba

ck
N

eu
tra

lit
y

C
ha

nd
io

 e
t a

l. 
(2

01
9)

Pa
ki

st
an

N
ep

al
 a

nd
 P

ai
ja

 (2
01

9)
N

ep
al

 (+
)

Zh
on

g 
et

 a
l. 

(2
01

9)
C

hi
na

A
ka

lp
le

r a
nd

 H
ov

e 
(2

01
9)

In
di

a
W

u 
et

 a
l. 

(2
01

9)
In

di
a

C
hi

na
 a

nd
 th

e 
U

S
B

en
kr

ai
em

 e
t a

l. 
(2

01
9)

B
ol

iv
ia

K
um

ar
 e

t a
l. 

(2
01

9)
A

lb
an

ia
H

us
sa

in
 e

t a
l. 

(2
01

9)
M

al
ay

si
a

N
ya

sh
a 

et
 a

l. 
(2

01
8)

Et
hi

op
ia

Pa
ta

 a
nd

 K
ah

ve
ci

 (2
01

8)
Tu

rk
ey

B
ou

kh
el

kh
al

 a
nd

 B
en

ga
na

 (2
01

8)
Eg

yp
t a

nd
 M

or
oc

co
Tu

ni
si

a
A

lg
er

ia
Li

u 
(2

01
8)

C
hi

na
Fa

is
al

 e
t a

l. 
(2

01
8)

Ic
el

an
d

B
ah

 a
nd

 A
za

m
 (2

01
7)

So
ut

h 
A

fr
ic

a
K

ah
ou

li 
(2

01
7)

Le
ba

no
n

Is
ra

el
Tu

ni
si

a
A

lg
er

ia
, E

gy
pt

, a
nd

 M
or

oc
co

K
yo

ph
ila

vo
ng

 e
t a

l. 
(2

01
7)

La
os

A
m

ri 
(2

01
7)

A
lg

er
ia

K
um

ar
 e

t a
l. 

(2
01

7)
A

us
tri

a 
an

d 
M

ac
ed

on
ia

A
lb

an
ia

, B
ul

ga
ria

, C
yp

ru
s, 

H
un

-
ga

ry
, I

ta
ly

, R
om

an
ia

 a
nd

 T
ur

ke
y

G
re

ec
e,

 S
lo

va
ki

a 
an

d 
Sl

ov
en

ia

N
gu

ye
n 

et
 a

l. 
(2

01
7)

In
di

a 
an

d 
C

hi
na

W
ad

a 
(2

01
7)

N
ig

er
ia

Sb
ia

 e
t a

l. 
(2

01
7)

U
ni

te
d 

A
ra

b 
Em

ira
te

s
A

l-M
ul

al
i e

t a
l. 

(2
01

6)
B

ra
zi

l
R

ah
m

an
 a

nd
 M

am
un

 (2
01

6)
A

us
tra

lia



1202 C.-F. Wu et al.

1 3

Ta
bl

e 
1 

 (c
on

tin
ue

d)

A
ut

ho
r(

s)
H

yp
ot

he
si

s

G
ro

w
th

C
on

se
rv

at
io

n
Fe

ed
ba

ck
N

eu
tra

lit
y

A
su

m
ad

u-
Sa

rk
od

ie
 a

nd
 O

w
us

u 
(2

01
6)

G
ha

na

R
afi

nd
ad

i a
nd

 O
zt

ur
k 

(2
01

6)
Ja

pa
n

Se
ka

nt
si

 a
nd

 T
ha

m
ae

 (2
01

6)
Le

so
th

o
Se

ka
nt

si
 a

nd
 O

ko
t (

20
16

)
U

ga
nd

a
B

ild
iri

ci
 (2

01
6)

A
us

tra
lia

, B
el

gi
um

, F
in

la
nd

 a
nd

 
Ja

pa
n

C
an

ad
a,

 F
ra

nc
e,

 th
e 

U
K

 a
nd

 th
e 

U
S

K
at

ırc
ıo

ğl
u 

et
 a

l. 
(2

01
6)

C
an

ad
a

B
ild

iri
ci

 a
nd

 K
ay

ik
çi

 (2
01

6)
Ro

m
an

ia
A

lb
an

ia
, B

ul
ga

ria
, C

ze
ch

 
Re

pu
bl

ic
, H

un
ga

ry
, P

ol
an

d,
 a

nd
 

Sl
ov

ak
ia

D
og

an
 (2

01
5)

Tu
rk

ey
K

um
ar

 e
t a

l. 
(2

01
5)

So
ut

h 
A

fr
ic

a
K

ay
ık

çı
 a

nd
 B

ild
iri

ci
 (2

01
5)

Ir
an

, I
ra

q,
 K

uw
ai

t a
nd

 S
au

di
 

A
ra

bi
a

Is
ra

el
 a

nd
 P

ak
ist

an
B

ah
ra

in
, K

uw
ai

t a
nd

 S
yr

ia
Eg

yp
t, 

Jo
rd

an
 a

nd
 T

un
is

ia

B
as

to
la

 a
nd

 S
ap

ko
ta

 (2
01

5)
N

ep
al



1203

1 3

The Relationship Between Economic Growth and Electricity…

China; Bildirici (2016)in Australia, Belgium, Finland, and Japan; Bildirici and Kay-
ikçi (2016) in Romania; Kumar et  al. (2015) in South Africa; Kayıkçı and Bildi-
rici (2015) in Iran, Iraq, Kuwait, and Saudi Arabia). In a study by Stern (2000), the 
author employed an index of final energy use adjusted for quality where electric-
ity consumption was the energy input in the US; the results indicated that causality 
flows from energy input to income. Akalpler and Hove (2019) explored the rela-
tionship between economic growth, energy consumption,  CO2 emissions, and trade 
factors in India by utilizing the autoregressive-distributed lag (ARDL) approach 
between 1971 and 2014 timespan. The researchers found a long-term relationship 
between the studied variables, where the causal relationship flows from energy con-
sumption to the growth of the economy in India.

The conservation hypothesis contends that an increase in electricity usage causes 
the economy to grow, suggesting that it is possible to implement policies and strat-
egies that restrict electricity within an economy without negatively impacting the 
economy’s performance in terms of domestic production. Various studies have sup-
ported this hypothesis (e.g., Nepal and Paija (2019) in Nepal; Kumar et al. (2019) in 
Albania; Nyasha et al. (2018) in Ethiopia; Kahouli (2017) in Israel; Kyophilavong 
et al. (2017) in Laos; Kumar et al. (2017) in Turkey, Italy, Cyprus, Hungary, Bul-
garia, Romania, and Albania; Al-Mulali et  al. (2016) in Brazil; Rafindadi and 
Ozturk (2016) in Japan; Sekantsi and Thamae (2016) in Lesotho; Sekantsi and Okot 
(2016) in Uganda; Bildirici (2016) in Canada, France, the UK, and the US; Bildi-
rici and Kayikçi (2016) in Albania, Poland, Czech Republic, Hungary, Bulgaria, and 
Slovakia; Kayıkçı and Bildirici (2015) in Israel and Pakistan for Nepal). Bildirici 
et  al. (2012) examined the relationship between electricity consumption and eco-
nomic growth for large developing and developed nations by employing the ARDL 
technique for the period between 1978 and 2010. The researchers found that the 
causality flows from electricity consumption to GDP for China and the US. Utiliz-
ing the ARDL approach, Nguyen et al. (2017) investigated the dynamic associations 
between energy use,  CO2 emissions, and the economy of India and China. Their 
findings indicated a long-term cointegration relationship when economic growth and 
energy consumption were employed as the dependent variables; a one-way causal-
ity running from energy to growth of the economy was demonstrated for China. In 
research conducted by Bildirici (2016), the Granger causality test and ARDL model 
were employed for investigating the nature of the causality among energy consump-
tion and the growth of the economy for significant countries around the world for 
the timespan between 1980 and 2010. Their findings suggested that a one-way cau-
sality runs from economic growth to energy consumption for the US.

According to the feedback hypothesis, policies and strategies aimed at con-
serving electricity will cause a deterioration of national output as the reduction of 
economic growth will lessen the electricity demand. A number of different stud-
ies on various countries have provided support for the feedback hypothesis (e.g. 
Zhong et al. (2019) in China; Benkraiem et al. (2019) in Bolivia; Hussain et al. 
(2019) in Malaysia; Wu et al. (2019) in China and the US; Boukhelkhal and Ben-
gana (2018) in Tunisia; Liu (2018) in China; Kahouli (2017) in Tunisia; Amri 
(2017) in Algeria; Kumar et  al. (2017) in Greece, Slovakia, and Slovenia; Sbia 
et al. (2017) in the United Arab Emirates; Asumadu-Sarkodie and Owusu (2016) 
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in Ghana; Katırcıoğlu et  al. (2016) in Canada; Kayıkçı and Bildirici (2015) in 
Bahrain, Kuwait, and Syria). In the US, Lee (2006) conducted a study to inves-
tigate the association between the consumption of energy and the growth of the 
economy for principal industrialized nations. The findings revealed a two-way 
causal relationship between electricity use and real GDP per capita for the US. 
Zhong et al. (2019) employed the ARDL approach and Granger causality test to 
explore the dynamic relations between real GDP, electricity consumption, and 
labor force in China for the timespan between 1971 and 2009. They concluded 
that a long-term cointegration relationship existed when real GDP was utilized 
as the dependent variable; a two-way causal relationship between real GDP and 
energy consumption was demonstrated for China. In research performed by Liu 
(2018), both ARDL and Granger causality tests based on the vector error correc-
tion model were used to investigate the relationship between energy consumption 
and growth of the economy in China for the period from 1982 to 2015. The find-
ings indicated that a two-way causality exists between the variables in the case of 
China.

Various researchers have supported the neutrality hypothesis, suggesting no 
significant directional causal relationship between electricity usage and economic 
growth. In other words, electricity usage and the development of the economy 
are not mutually dependent, and a change in one will not impact the other (e.g., 
Boukhelkhal and Bengana (2018) in Algeria; Faisal et  al. (2018) in Iceland; 
Bah and Azam (2017) in South Africa; Kahouli (2017) in Algeria, Egypt, and 
Morocco; Wada (2017) in Nigeria; Rahman and Mamun (2016) in Australia; 
Dogan (2015) in Turkey; Kayıkçı and Bildirici (2015) in Egypt, Jordan, and Tuni-
sia). Payne (2009) concentrated on the causal relationship between energy and 
the US economy’s growth by employing the Toda-Yamamoto Granger causality. 
He concluded that the causality among the variables in the US was not signifi-
cant. Although empirical research into the relationship between electricity and 
economic growth is expanding rapidly, there is no agreement among researchers 
regarding the direction of causality. The nature of such a causal relationship is 
found to be different in various countries and areas due to the size of the sample, 
methodological approach used, and the measurement proxies utilized for electric-
ity consumption and growth of the economy.

While specific researchers have explored the relationship between electric-
ity (energy) and economic growth by employing the Granger causality test and 
ARDL approach (Pesaran et al. 2001), there has been minimal focus on the use 
of the bootstrap ARDL with Fourier function (Yilanci et al. 2020). This approach 
is comparatively reliable and can avoid misleading inferences regarding the asso-
ciations among variables in both the short and long term (McNown et al. 2018). 
Additionally, the Fourier approximation’s reliability in catching smooth and 
structural breaks is relatively good when information on the amount and dates of 
structural breaks in a time series model is naturally available (Enders and Jones 
2016). Hence, this study utilizes the innovative model, bootstrap ARDL with 
Fourier function, to test the cointegration and causality relationships among elec-
tricity and growth of the economy, which conventional estimation methods may 
not detect.
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3  Methodology

This research uses bootstrap ARDL with a Fourier function to investigate the long-
run cointegration and causal relation between the economy’s growth and electric-
ity usage. Pesaran et  al. (2001) originally developed the ARDL model, while the 
Fourier approximation methodology with the bootstrap ARDL cointegration model 
follows Yilanci et al. (2020). Various factors are critical in the adoption of the boot-
strap ARDL test and Fourier approximation. Firstly, unlike the classical ARDL 
bounded test, the bootstrap ARDL test allows (weak) endogeneity of two or mul-
tiple variables, which helps provide feedback from the dependent to the independ-
ent variable. Secondly, McNown et  al. (2018) applied the bootstrap methodology 
to the ARDL cointegration tests, determining that it is essential to consider suitable 
power and size properties when implementing these tests. Thirdly, improvements 
to the ARDL bound test were made by McNown et  al. (2018), who incorporated 
a lagged independent variable to support the current F and t cointegration tests, as 
suggested by Pesaran et al. (2001). Fourthly, it was proposed by Gallant (1981) and 
Gallant and Souza (1989) that the Fourier approximation is capable of capturing 
both smooth and sharp breaks when the number of breaks is not pre-determined; 
hence, this research uses a Fourier function rather than the application of dummy 
variables, as suggested by Yilanci et al. (2020).

According to Pesaran et  al. (2001), the ARDL test can differentiate between 
dependent and independent variables. The error correction representation of the 
ARDL model is formulated as below:

where Δ denotes the first difference operator; p represents the lag length; i stands for 
the index of lags; i = 1,2,… p ; t represents the time periods; t = 1,2,…T;et is the 
independent identically distributed disturbance term with zero mean and finite vari-
ance; y denotes dependent variable; x is the independent variable; �1, �2, �1 , and �2 
are coefficients of the variable’s lags.

As suggested by Pesaran et al. (2001), the cointegration test necessitates both F- 
and t-tests for the below hypothesis:

Nevertheless, McNown et  al. (2018) proposed a further t-test for verifying the 
null hypothesis, which refutes the lagged independent variable’s existence to support 
the extant tests developed by Pesaran et al. (2001). To summarise, McNown et al. 
(2018) proposed that the addition of the three abovementioned tests is required for 
differentiating between situations of cointegration and non-cointegration. Therefore, 
the existence of cointegration can be approved based on the rejection of all three 
null hypotheses:

F-test on all error correction terms is presented as H0A ∶ �1 = �2 = 0;
t-test on lagged dependent variable is presented as H0B ∶ �1 = 0;

(1)Δy = �0 +

p−1
∑

i=1

�1Δyt−i +

p−1
∑

i=1

�2Δxt−i + �1yt−1 + �2xt−1 + et

H0A ∶ �1 = �2 = 0 andH0B ∶ �1 = 0
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t-test on lagged independent variable is presented as H0C ∶ �2 = 0;
According to the three abovementioned null hypotheses, two degenerate cases 

were defined by McNown et  al. (2018), although a critical value was only pre-
sented for the second case by Pesaran et  al. (2001). The construction of these 
degenerate cases takes the following form: (1) the F- and t-tests on the lagged 
independent variable have significance, while the t-test on the lagged dependent 
variable does not; (2) the F- and t-tests on the lagged dependent variable have 
significance, while the t-test on the lagged independent variable does not.

It is observed that Pesaran et al. (2001) rejected the first degenerate case: con-
sideration was not given to the case by ensuring that the order of the integration 
of the dependent variable is I(1). Nevertheless, to resolve this issue, McNown 
et  al. (2018) adopted the bootstrap ARDL test as a supplementary test for the 
coefficients of the lagged independent variable. Additionally, according to Pesa-
ran et al. (2001), no decision can be made regarding whether cointegration exists 
in the situation where the test statistics are located between the lower and upper 
bounds. Nonetheless, the bootstrap simulations from McNown et  al. (2018) are 
used to calculate the critical values for each of the tests, which eliminates the 
presence of indecision. Lastly, as presented by McNown et al. (2018), the boot-
strap test outperforms the asymptotic test with respect to the ARDL bounds test 
in terms of size and power.

Based on Pesaran et al. (2001) and McNown et al. (2018), the four separate cases 
can be summarised in the following manner:

Case 1: Degenerate case #1 materialises when H0A and H0C are rejected buy H0B 
is not rejected.
Case 2: Degenerate case #2 materialises when H0A and H0B are rejected but H0C 
is not rejected.
Case 3: Cointegration materialises if H0A , H0B , and H0C are rejected.
Case 4: No-cointegration materialises when H0A , H0B , and H0C are not rejected.

According to Gallant (1981) and Gallant and Souza (1989), the Fourier approxi-
mation is capable of capturing both smooth and sharp breaks in cases where the 
number of breaks is not predetermined. To take the structural breaks in the cointe-
gration relation into account, the current study uses a Fourier function instead of the 
application of dummy variables, following Yilanci et al. (2020). The Fourier func-
tion shown below is used:

where n denotes the amount of frequencies included in the approximation, � = 
3.14159, k represents a specific frequency chosen for the approximation, t represents 
the trend, and T denotes the size of the sample. One frequency in the approximation 
is executed according to past studies by Ludlow and Enders (2000) and Becker et al. 
(2006). Resultantly, the Fourier function in the present study is formulated as:

d(t) =

n
∑

k=1

�ksin
(

2�kt

T

)

+

n
∑

k=1

�kcos
(

2�kt

T

)
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Subsequent to the incorporation of the abovementioned Fourier function into 
Eq. (1), the model is applied as follows:

The optimal value of k is in the range of 0.1–5, and the increment for estimat-
ing the minimum sum of squared residuals is set at 0.1. These values are drawn 
from Christopoulos and Leon-Ledesma (2011), who suggested that temporary 
and permanent breaks are indicated by an integer and fractional frequencies, 
respectively.

By utilizing the Granger causality test founded on the bootstrap ARDL model 
with a Fourier function, it is possible to investigate the short-term causal rela-
tionship between electricity usage and economic growth. Subsequent to testing 
for the long-term relationship, in the situation where there is no cointegration 
relationship from x to y, the Granger causality test is employed to test from x 
to y, in which only the lagged differences on x should be included. It is tested 
whether �2 = 0 in Eq. (2). However, if cointegration exists between the depend-
ent and independent variables, a stationary linear combination is formed. In 
this case, both the lagged differences on x and the lagged level of x should be 
included in the test for the short-run relationship; in other words, it is necessary 
to test whether �2 = 0 and �2 = 0.

3.1  Data

The empirical analysis within this research employs time-series data from the 
US, India, and China for the timespan between 1971 and 2014. Data for real 
GDP and per capita electricity usage were sourced from the World Development 
Indicators Dataset for the abovementioned countries. In this study, per capita, 
electricity consumption is denoted by average kilowatt-hours of electrical power 
used per individual. The estimation of real GDP is made according to US dollar 
prices from 2000. Figure 1 shows the historical patterns for real GDP and per 
capita electricity consumption in the US, China, and India.

Table  2 presents the overview statistics for both real GDP and electricity 
usage. It can be observed that the country with the highest real GDP and elec-
tricity usage is the US, while the values for both variables in India are lower 
than the US and China. The time series for real GDP is positively skewed in 
India and China but negatively for the US. On the other hand, a positive skew 
is observed in China’s electricity usage time series, while the series for the US 
and India are negatively skewed. According to the Jarque–Bera statistics, only 
electricity usage has normal distribution for the US across this timespan at 10% 
significance.

d(t) = �1sin
(

2�kt

T

)

+ �2cos
(

2�kt

T

)

(2)

Δyt = �0 + �1sin
(

2�kt

T

)

+ �2cos
(

2�kt

T

)

+

p−1
∑

i=1

�1Δyt−i +

p−1
∑

i=1

�2Δxt−i + �1yt−1 + �2xt−1 + et
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4  Main Empirical Results

4.1  The Unit Root Test

In this study, the unit root tests are performed at level and first difference, the results 
of which are shown in Tables 3 and 4. Table 3 shows the univariate root test results, 
incorporating the ADF, PP, and KPSS tests, which are utilized to verify stationar-
ity in the real GDP and electricity consumption series. In China, the US, and India, 
the real GDP and electricity consumption series are both stationary at the first dif-
ference. In particular, the US’s electricity usage series is stationary at level, but for 
China and India, it is stationary at the first difference. The Zivot–Andrews (Z–A) 
unit root test is employed in the presence of a unit root with an endogenous break 
(Zivot and Andrews 2002), as shown in Table 4. The findings show sufficient evi-
dence for the null hypothesis to be rejected as the real GDP and electricity usage 
series have a unit root. Based on the bootstrap ARDL test assumption, all proxy var-
iables must be stationary at either I(0) or I(1). Therefore, the bootstrap ARDL test 
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Fig. 1  Electricity consumption and real GDP in China, US, and India

Table 2  Summary statistics

*Denotes significance at the 10% level

Country Variables Mean Max Min SD Skew Kurt J–B

China GDP 27.77 29.751 26.021 1.1792 0.0955 1.727 3.04
Electricity consumption 6.52 8.28 5.02 0.98 0.26 1.91 2.68

US GDP 29.88 30.416 29.227 0.3749 − 0.1523 1.663 3.445
Electricity consumption 9.34 9.53 8.92 0.17 − 0.71 2.22 4.77*

India GDP 27.05 28.38 26.04 0.718 0.286 1.869 2.9471
Electricity consumption 5.63 6.69 4.59 0.63 − 0.13 1.84 2.61
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can be employed to analyze the real GDP and electricity usage series to determine 
the nature of the short- and long-run relationship between the variables.

4.2  Bootstrap ARDL Test: Cointegration Test

The next section will discuss the real GDP-electricity consumption nexus in terms 
of the selected countries’ long-term relationships by applying bootstrap ARDL with 
a Fourier function cointegration test. The series is either I(0) or I(1). Both Akaike 
and Schwarz information criteria are utilized to determine the optimal order lags for 
the variables at first difference in the error-correction models without restrictions. 
The bootstrap ARDL function with the Fourier function is used to investigate the 
critical values, such as F*, t*_dep, and t*_indep, and estimate the statistic values of 
F, t_dep, and t_indep. It is determined that there is a long-run association between 
the real GDP and electricity usage series as the bootstrap ARDL with Fourier func-
tion shows that each of the statistic values, namely F, t_dep, and t_indep, has sta-
tistical significance. The evidence indicates that the real GDP and electricity series 
are not cointegrated for all three countries, as indicated by Table 5. Some previous 
studies have found that there is a long-term relationship between the growth of the 
economy and electricity usage; nevertheless, in the present study, the application 
of the bootstrap ARDL test with Fourier function did not provide sufficient proof 
that a cointegration relationship exists between the consumption of electricity and 
economic growth. Nonetheless, the Granger causality test is employed to investigate 
the short-run relationships between the real GDP and electricity consumption series.

4.3  Granger Causality Test Result

In Table 6, the empirical findings from the Granger causality test on the causal 
relationship between real GDP and electricity usage are shown for the selected 
countries. According to the test results, there is a short-run association between 

Table 4  Zivot and Andrew unit root tests

The asterisks ***, ** and * denote significant are the 1%, 5% and 10% levels, respectively. The figure in 
the parenthesis is the optimal lag structure for Z–A test as determined by the Schwarz information crite-
rion (SIC)

Country variables At levels At first differences
Intercept (lag)(Break year) Intercept (lag)(Break year)

China GDP − 3.586 (1)(1992) − 5.017 (4)(1982)**
Electricity − 4.219 (1)(2003) − 5.505 (0)(2000)**

US GDP − 4.322 (1)(2008) − 5.504 (0)(1983)***
Electricity − 3.003 (0)(1987) − 8.329 (1)(1984)***

India GDP − 3.334 (0)(1979) − 7.962 (0)(2004)***
Electricity − 3.428 (4)(1999) − 6.079 (0)(1995)***
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the variables because the independent variable’s coefficient is not zero, where the 
p value significance is lower than 0.10.

With respect to the US, a positive one-way causal relationship flows from 
the consumption of electricity to the growth of the economy, suggesting that an 
increased level of electricity usage stimulates economic growth; on the other 
hand, there is a negative one-way causal relationship flowing from the growth of 
the economy to the consumption of electricity, indicating that the consumption of 
electricity leads economic growth. The use of electricity by businesses triggers 

Table 5  Cointegration results—China, the US, and India

[.] is the optimal lag by AIC. EG stands for the real GDP; EC stands for electricity consumption. F is the 
F-statistics for the coefficients of y_(t−1) and x_(t−1); t_dep is the t-statistics for the dependent variable, 
and t_indep is the t-statistics for the independent variable. F*, t*_dep, and t*_indep are the critical value 
at the 10% significance level, generated from the bootstrap program

Country DV|IV Frequency F F* t_dep t*_dep t_indep t*_indep Result

US [4] EG|EC 0.3 1.685 9.244 − 1.497 − 4.125 − 0.341 − 1.453 No coin-
tegra-
tion

US [1] EC|EG 0.1 4.146 7.541 − 2.626 − 3.694 1.032 3.662 No coin-
tegra-
tion

China [2] EG|EC 1 1.47 5.37 − 1.003 − 2.919 1.105 2.962 No coin-
tegra-
tion

China [1] EC|EG 3.7 4.858 8.411 − 0.833 − 3.815 − 2.441 − 1.625 No coin-
tegra-
tion

India [2] EG|EC 3.1 9.968* 8.624 − 3.976 − 4.001 0.663 3.763 No coin-
tegra-
tion

India [1] EC|EG 1.2 1.432 2.778 − 1.548* − 1.528 1.579* 1.288 No coin-
tegra-
tion

Table 6  The results in Granger 
Causality—China, the US, and 
India

F is the F-statistics for the coefficients of y_(t−1) and x_(t−1); t_
dep is the t-statistics for the dependent variable, and t_indep is the 
t-statistics for the independent variable. F*, t*_dep, and t*_indep are 
the critical value at the 10% significance level, generated from the 
bootstrap program

Country ΔGDP equation: 
ΔElectricity F-statics, (p 
value) (sign)

ΔElectricity equation: 
ΔGDP F-statics, (p value) 
(sign)

China 27.052**(0.000) (−) − 5.593**(0.000) (−)
US 3.831**(0.014) ( +) 13.656***(0.000) (−)
India 2.762*(0.078) ( +) 61.255***(0.000) ( +)
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the development of the economy. Human-beings who concern the quality of life 
are conscious of saving energy as the economy of the US is growth.

In the case of China, a negative two-way causality was detected (feedback), 
implying that the increase (decrease) in the consumption of electricity causes eco-
nomic development to decline (increase), while the growth in economic develop-
ment leads to a reduction in the consumption of electricity.

Finally, for India, a positive two-way causal relationship was observed (feedback), 
indicating that electricity consumption appears to supersede economic growth, 
whereby the use of electricity enhances economic growth performance.

Table 7 indicate whether there is a Fourier function in each of the country’s time 
series model. Both gradual and sharp breaks are taken into account in the model 
when the null hypothesis implying that �1 and �2 equal to zero is rejected for all the 
countries. The findings provide significant evidence of the existence of a Fourier 
function where the significance of the p value was lower than 0.10 in the model 
used to investigate the relationship between electricity usage and economic growth 
by employing the cointegration and causality tests for the US, China, and India.

4.4  Granger Causality Test Result Prediction of Growth and Recession in Machine 
Learning Approaches

The ability to forecast/estimate macro-economic factors, including economic growth, 
has particular significance for policy-makers. Classification via data mining techniques 
enables the identification of whether an economy is growing or in a recession. In past 
works, support vector machine (SVM) (Giovanis 2013; Gründler and Krieger 2016), 
Bayesian network (BN) (Berge 2015), random forests (RF) (Nyman and Ormerod 
2017), logit model (Gogas et al. 2015; Kozlowski and Sim 2019), Random subspace 
(Boot and Nibbering 2019), adaptive boost (Adaboost) (Aastveit 2019) and iterative 
classifier optimizer with Adaboost as the iterative classifier have been implemented as 
classifiers in economic models including to forecast a recession in the economy. Hence, 
such techniques are employed in the present study to classify the economic conditions 

Table 7  The existence of a 
Fourier function – the US, 
China, and India

The asterisks *** and ** denote the significance at the 1% and 5% 
levels, respectively. F is the F-statistics for the coefficients of γ1 and 
γ2. Additionally, (.) are p-value for the coefficients. Dep stands for 
the dependent variable; Ind stands for the dependent variable

Country Dep|Ind F Results

China EG|EC 6.046*** (0.006) A Fourier function exists
EC|EG 3.937** (0.029) A Fourier function exists

US EG|EC 6.806*** (0.004) A Fourier function exists
EC|EG 3.879**(0.030) A Fourier function exists

India EG|EC 3.351** (0.048) A Fourier function exists
EC|EG 2.817* (0.073) A Fourier function exists
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(i.e., recession or growth) when electricity is concerned as the indicator in the model. 
Table 8 presents the setup of the five algorithms in this study.

In recent decades, China’s economy has shown consistent growth on an annual 
basis; in other words, only a single classification of its economic performance exists 
for the studied timespan. Hence, China’s data is excluded from the analysis. Table 9 
shows the empirical findings for India and the US. Each of the classifiers is used to 
investigate the accuracy under ten-fold cross-validation. For the US, Random subspace, 
BN, and SVM have the same accuracy (83.72%), which is greater than the logit model 
(81.40%) and RF (76.74%). For India, the highest accuracy was achieved by the Ran-
dom subspace, BN, SVM, and logit models (95.35%), which was slightly better than 
RF (93.02%). In general, for the two datasets, Random subspace, BN, and SVM outper-
formed the other classifiers. In sum, the electricity that accounts for fundamental input 
in society and economic development is recommended to predict economic develop-
ment. From the two methodologies, machine learning is proposed as a complemen-
tary approach to Granger causality econometrics. Hence, policy-makers can implement 
machine learning to predict the economic conditions after the nexus between econom-
ics and energy exists in econometrics. The findings can be used as a reference to make 
additional modifications to the policy direction.

Table 8  Setup for the algorithms

Classifiers Setup

BN Estimator: SimpleEstimator-A 0.5
Search algorithm: K2-P 1-S BAYES

SVM Options specific to Kernel: PolyKernel -E 1.0 -C 
250,007

Options specific to calibrator: Logistic -R 1.0E-8 -M -1 
-num-decimal-places 4

RF -P 100 -I 100 -num-slots 1 -K 0 -M 1.0 -V 0.001 -S 1
Logit -R 1.0E-8 -M -1
Random subspace Valid options: -P 0.5 -S 1 -num-slots 1 -I 10 -W

Options to classifier: -M 2 -V 0.001 -N 3 -S 1 -L -1 -I 0.0

Table 9  The accuracy of major 
classifiers for the sample of the 
US, and India

Classifiers India (%) US (%)

BN 95.35 83.72
SVM 95.35 83.72
RF 93.02 76.74
logit 95.35 81.40
Random subspace 95.35 83.72
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5  Conclusion

This research examines electricity consumption experience in major countries, 
the countries that have received the least attention. This research applies a rela-
tively novel bootstrap ARDL method with Fourier function to examine the poten-
tial of cointegration and causality relationships between electricity consump-
tion and economic growth in major countries. This method enables this study 
to obtain relatively reliable results when the nexus of electricity consumption 
and economic growth are mixed from past empirical studies. First, the bootstrap 
ARDL method revises the drawbacks in traditional ARDL and examines more 
in-depth the existence of a cointegration relationship. Second, this study uses a 
Fourier function in which the number and dates of breaks are no need to pre-
determined. Third, the methods in machine learning perform high accuracy at the 
operational level as this study accounts for electricity as an independent indicator 
to forecast economics. Fourth, relatively reliable results are important references 
for policymakers in the major countries and economic and management implica-
tions contribute to energy economics literature in the real world.

As the development of economic development is attracted to practical and 
academy, the methods in machine learning are employed for predicting economic 
expansion. Certain predictor variables such as macroeconomics (Kozlowski and 
Sim 2019), environment (Ashin Nishan 2020), and technology (Marković et  al. 
2017) are used to forecast economic expansion. Specific representative methods 
in machine learning perform well to predict economics as electricity accounts for 
an independent indicator in this study.

Various energy policy and growth patterns in country-specific facts cause 
mixed results. For China, the results of this study are similar to Wang et  al. 
(2016). As environmental degradation is conscious, China urges to have sustain-
able development in the environment and economics. Thus, China should encour-
age energy-saving technologies and enhance energy efficiency for the concern 
of environmental problems. The national and local governments should organ-
ize the design and implement effective mechanisms to improve the infrastruc-
ture for energy usage and further upgrade the mode of economic development. 
On the other hand, economic growth is expected to increase by the activities of 
industries that efficiently use energy. The China government is suggested to solve 
excess supply in energy-intensive industries such as steel industries. The driver of 
economic growth should not rely on heavy industries in trend. The policy is sug-
gested to adjust the industrial structure where firms should apply new energy-sav-
ing technologies and operate innovative business models to enhance the output of 
quality and quantity (Zhou et al. 2017).

As the economy of the US grows, more electricity is generated from low cost, 
low carbon renewable technologies because of fiscal policy such as tax credits 
at the federal level and political intervention such as renewables targets at the 
state level (Center 2020). The US is setting a benchmark for the electricity gen-
eration to transit from non-renewable resources to renewable resources with its 
rich natural resources such as wind, solar, geothermal, hydro, and biomass. Also, 
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energy-saving technology in the US is state-of-art due to its innovation culture, 
high financing opportunities, and skilled workforce (International Renewable 
Energy Agency 2015, 2020). More innovative products addressed in the US with 
rich natural and human resources contribute the society and economic develop-
ment. According to a report by Bonlender (2018), in the information and com-
munications technology (ICT) industry, the leading companies such as Amazon, 
Facebook, Google, Microsoft have increased capital expenditure because explo-
sive growth in cloud computing has radically increased the size and economic 
impact of the data center. One of the concerns on the data center’s location is 
where the state subsidies electricity because electricity continues the data cent-
er’s operation without disruption.

In India, the Model Shops and Establishment Bill has launched in 2016. On its 
face, the service industry shops are permitted to operate 24 h a day, seven days a 
week. Yet, the business activities rely on the flow of goods in the supply chain where 
manufacturers in manufacturing industries put more effort into operation. Thus, Bill 
enhances the burden on utilities to provide more electricity. Consequently, as the 
activities in society increase, electricity use enhances in industries.

Although using electric appliances leads to certain benefits such as health 
enhancement and welfare increase in human capital as key components in economic 
growth, using electric appliances rather than using fuel-based appliance is more 
common in urban regions than in rural regions in India (Bonan et al. 2014). Thus, 
electrification is essential not only for households in rural areas but also for India’s 
economic development. For policymakers in India, they are suggested to establish 
infrastructure such as mini-grids to distribute electricity such that electric appliances 
are applied in the rural region (Richmond and Urpelainen 2019).

The implications of our study are essential for policies regarding energy and 
economic development in emerging and developed countries. Further work may 
consider other control variables to check the interactions between other social and 
technology in specific issues. Nonetheless, this study provides relatively reliable 
empirical evidence in the nexus between electricity and economic growth in the 
condition that structural breaks are ignored or improperly taken into account in a 
model.
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