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Abstract

The continuous use of fossil fuels to meet the energy demands of the industrialized nations has led to environmental degradation.
As such, there has been a call for research, exploration, and the usage of alternative energy which is believed to improve the
depleting quality of the environment. This study investigates the relationship between energy efficiency, green energy invest-
ment, and energy innovation in a panel of nine highly industrialized countries, namely Canada, Japan, France, Spain, Germany,
Switzerland, Italy, the USA, and the UK. Relying on the environmental Kuznets’ hypothesis (EKC), we employ the quantile-on-
quantile regression approach to the data obtained between 1980 and 2018. The empirical estimates validate the EKC hypothesis
in most of these industrialized nations considered. The findings also reveal that the continuous use of non-renewable energy
consumption escalates emissions, while the use of renewable energy reduces the level of emissions “in” the environment.
Therefore, energy efficiency leads to an increase in emissions in the first 3 quantiles and reduces emissions in the remaining
quantiles. Also, energy innovation leads to a high amount of emissions. Finally, the study calls for increased investments in
renewable energy as well as energy efficiency to ensure continuous improvement in the quality of the environment.

Keywords Energy efficiency - Green energy investment - Energy innovation - Quantile Approach

Introduction

There has been a monumental increase in the amount of pres-
sure mounted on the environment alongside a high level of
income, and this trend continues until a peak level of income
is attained after which the environmental pressure drops.
These behavioural patterns of income level and environmental
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degradation are captured in the environmental Kuznets curve
(EKC) hypothesis. The pressure on the environment is major-
ly caused by the emissions of greenhouse gases such as carbon
emissions which propel environmental degradation and cli-
mate change. Meanwhile, most industries are energy-
intensive that requires most industries to be efficient enough
in terms of their energy consumption with the sole aim of
curtailing the impact of energy consumption on environmental
quality in the global economy. In support of the EKC model,
there is a significant positive relationship between carbon
emissions and per capita income in most developed countries
with a high level of technological advancement (Baek et al.
2009). These countries are found to be emitters of carbon as a
result of their over-reliance on unclean energy sources that
further the degradation of the environment.

Unlike previous studies, this study provides an argument
for the need to overhaul the energy sources of the countries
and industries with support for production techniques that are
more energy efficient. However, the literature is scanty on the
nexus between green energy investment, innovation, and en-
vironmental quality. To fill this gap in the literature, this study
finds it noteworthy to introduce green energy alongside ener-
gy efficiency and innovation as determinants of
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environmental quality in selected samples of industrialized
countries. More so, the investments channelled towards the
adoption of green technology by most industrialized nations
are on highs and lows. The level of credit facilities available to
ease the transition from the conventional energy sources to
greener energy sources has been found to encourage more
adoption of the conventional energy sources that lead to more
environmental degradation (Zhou et al. 2019). The conven-
tional carbon-emitting energy sources have to be replaced
with cleaner energy sources to promote efficiency in terms
of energy consumption, as increased consumption of carbon-
emitting energy sources has a significant degenerating effect
on the investment likelihood (Fadly 2019). Also, renewable
energy policy and energy security concerns play key roles as
regard incentivizing the private sector to invest more in renew-
able energy technologies (Fadly 2019).

Therefore, as part of ensuring environmental sustainability
outside the energy efficiency efforts, there is a need to ensure
sustainable development is promoted through coexistence in-
stead of tradeoffs among economic growth, energy consump-
tion, and environmental degradation levels of countries
(Ozcan et al. 2020). About 19% marginal effect of invest-
ments in green energy is experienced only by countries with
high energy costs (Stucki 2019). Therefore, firms are likely to
increase their productivity when they invest more in green
energy (Stucki 2019). With 28.8% in total energy consump-
tion, the energy intensity effect was retardant while the invest-
ment effect was accelerating. Similarly, Chinese energy con-
sumption keeps rising between 2010 and 2015. Whether or
not the energy conservation or intensity decline will be prof-
itable depends greatly on the energy intensity effect (Yan and
Su 2020). However, it should be noted that when the invest-
ment deadline is approaching, the impact of the green certifi-
cate subsidy is greatest, thereby investing in green energy
optimal for investors compared to when there is no deadline
to meet (Finjord et al. 2018). There is a possibility of a col-
lapse in the price of the green certificate reducing the value of
the investment options (Finjord et al. 2018).

The aim of this current study, therefore, is to assess the
nexus between energy efficiency, innovation, and green ener-
gy investment within the context of industrialized nations. The
contribution of this study to the literature is two-fold. The first
is to fill the gap in the literature with regard to the relationship
among the variables of interest and, the second is to explore
the impact of the variables on environmental quality all within
the context of major industrialized nations. The section that
follows this introduction presents a review of the literature
with an emphasis on energy efficiency, renewable, and non-
renewable energy consumption. The “Methods” section ex-
plains the methodology and models while the description of
variables, data, and their sources, as well as the discussion of
results and implications of research findings, are all captured
in the “Significant findings and result” section. The study
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concludes in the “Conclusion” section with vital recommen-
dations for energy policy.

Literature review

Energy efficiency and non-renewable and renewable
energy consumption

Energy consumption is the process by which energy is utilized for
industrial and domestic purposes. Meanwhile, non-renewable en-
ergy consumption may lead to increased emission of CO,, there-
by contributing to environmental degradation. It is therefore im-
perative to pay considerable attention to renewable energy sources
such as wind, solar, biomass, and so forth. Increased renewable
energy consumption contributes to mitigating environmental deg-
radation while non-renewable energy consumption contributes to
CO, emissions (Dogan and Aslan 2017; Inglesi-Lotz and Dogan
2018; Su et al. 2019b; Dogan et al. 2020).

However, to ensure environmental sustainability, there is a
need to take cognizance of energy efficiency which is the most
cost-effective way to ensure there is a reduction in energy
consumption. This ensures that economic activities are still
at their best “while electricity conservation measures are a
viable option” (Comer et al. 2011). However, for an energy-
dependent country, energy conservative policies will harm the
country’s economic growth (Narayan et al. 2007). Increased
renewable energy consumption contributes to reducing CO,
emission while non-renewable energy consumption contrib-
utes to CO, emissions (Tugcu et al. 2012). More relevance
should, therefore, be placed on sources of renewable energy in
the energy mix. This will help support and encourage the use
of green energy (renewable energy), green technology, and
more public awareness on green energy consumption, and
clean technology will help to lower levels of emission
(Paramati et al. 2017; Santra 2017).

However, the financial development of countries can help
ensure a reduction in air pollution without having to consider
the energy source. This is because they can afford to put in
place appropriate measures to control greenhouse emissions
from industrial activities. It should be noted that this is only
obtainable in the long run (Al-Mulali and Ozturk 2016; Umar
et al. 2020). Likewise, industrial activities require energy con-
sumption to carry out their activities. This means that the energy
source may not matter as far as the production is concerned but
the effect of emissions from non-renewable energy consump-
tion in industries is detrimental to the environment. Thus, there
is a need to adopt renewable energy. The industrial production
index (IPI) has a unidirectional effect on renewable energy
production and consumption. Also, the direction of the causal-
ity between renewable energy and economic growth depends
on the market conditions (Wadstrom et al. 2019).
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Interestingly, a decrease in the energy intensity, i.e. the
units of energy consumed per unit of GDP, is a major factor
behind the decline in the emission of CO, (Li et al. 2016). To
reduce CO, emissions, there is a need for measures to increase
energy efficiency (Li et al. 2016; Onat et al. 2019; Retallack
et al. 2018). The industrial sector contributes a high percent-
age of CO, emissions (Alvarez-Herranz et al. 2017; Zhang
et al. 2019). Equally, a shift in the population, activity effects,
and GDP are important to the increase of CO, emissions (Lin
and Raza 2019). This means that the population increase, the
rises in GDP, and the increase in energy consumption result in
an increased CO, emission. Importantly, energy consumption
occupies one-third of foreign green commercial buildings
(Huang et al. 2019). While trade reduces emissions (Dogan
and Turkekul 2016; Su et al. 2019a; Su et al 2020; Khan et al.
2020), there is a bidirectional relationship running from the
level of trade to CO, emissions as well as between outputs and
renewable energy (Ben Jebli et al. 2016).

Meanwhile, studies testing the validity of the EKC hy-
potheses differ in conclusion. This may be due to the meth-
od adopted or countries chosen for the study; the inverted U-
shaped environmental Kuznets curve is verified (Ben Jebli
et al. 2016). A U-shaped association EKC relationship runs
from economic growth to carbon emissions, i.e. the EKC
hypotheses are valid (Shahbaz et al. 2020). The EKC hy-
pothesis was established, i.e. a U-shaped correlation be-
tween carbon dioxide emission and per capita income exists
in the region (Zaman et al. 2016). The EKC hypothesis does
not exist (Al-Mulali et al. 2015). EKC hypotheses are not
valid for low- and lower-middle-income countries while the
EKC hypothesis is validated in upper-middle- and high-
income countries. As well, environmental damage increases
as countries witness economic growth (Al-Mulali et al.
2015). The level of exports drives positive emission of
greenhouse gases and foreign direct investments disrupt en-
vironmental quality by increasing CO, emissions (Shahbaz
et al. 2020).

Research and development and emissions in
industrialized nations

Innovative activities directed towards developing new ser-
vices or products, or modifying existing ones, are known as
research and development. The emission of CO, due to energy
consumption or other activities in society requires research
and developmental activities to ensure an emission reduction.
Research and development investments are important in en-
suring that there is technological development by adopting
human capital and existing knowledge. Moreover, endoge-
nous growth models present a framework that allows a link
between the stock of capital, labour, and human capital (re-
search and development expenditures) and output (Romer
1986). Likewise, Inckwe (2014) confirms that “research and

development” (hereafter referred to as R&D) are essential
drivers of economic growth in the long run. R&D expendi-
tures strengthen the effect of FDI on economic growth
(Freimane and Balina 2016). Expenditures on R&D contrib-
ute to the enhancement of economic growth indirectly through
the enhancement of economic activities (Tsaurai 2017). This
is because economic growth is a major determinant of coun-
tries’ success and things that may lead to economic growth
requires adequate research and development to ensure re-
sources are committed to the right places. Furthermore,
investing in R&D expenditures is imperative for increased
output. The R&D investments are highly imperative for sus-
tainable economic growth; this is considered as a form of
competitive advantage for firms and the economy as a whole
(Grossman and Helpman 1994).

Firms or countries that embark or invest in inadequate re-
search and development can foresee opportunities or threats
which give them an edge over others. Apart from research and
development, there are other 14 sustainable high-tech progress
important for economic growth (Solow 1956). Moreover,
many studies have used endogenous growth in recent times
and concluded that R&D expenditure is the main factor for
economic growth (Guloglu and Tekin 2012).

However, little empirical evidence varies amongst coun-
tries. In the case of the USA, research and development ex-
penditure increases GDP growth in the long run (Goel et al.
2008; Romano et al. 2017). Research and development have a
positive effect on real GDP for 72 countries (Horvath 2011).
Also, expenditures on R&D help to increase GDP (Bayargelik
and Tagel 2012) and no causal association exists between
R&D expenditures and output for Turkey (Tuna et al. 2015).
Research and development expenditures have a positive effect
on real GDP (Akcali and Sismanoglu 2015). R&D expendi-
tures contribute to the stimulation of real GDP output activity
in 52 developed and developing countries (Gumus and
Celikay 2015). A re-investigation of the OECD countries
shows that R&D expenditures lead to output increase by im-
proving the total factor productivity (Murad et al. 2019;
Yilanci et al. 2019).

Therefore, the environmental sustainability and economic
growth goal of countries can be achievable with adequate
research and development. This is because it will help to know
at what stage the economic growth contributes to a reduction
in the environmental pressure as a state by the EKC
hypotheses.

Having reviewed the literature on green energy investment,
research and development, renewable and non-renewable en-
ergy, this study is aimed at analyzing energy efficiency, green
energy investment, and eco-innovation in an industrialized
nation. Table 1 presents the summary of the mixed empirical
evidence on energy efficiency and gas emission; and green
energy investment and gas emission; and eco-innovation and
gas emission nexus.

@ Springer



Environ Sci Pollut Res (2021) 28:19473-19484

19476

0D sosneo uondwnsuod AS1oug
QD sasearour
A310U0 9]qBMAURI-UOU T SIONPAI ATISUD 9[qRMIUIY

0D uo
joeduwur 9AneSau e sey Juowdo[oAdp [eroueur,

0D uo joedull 9A1LSOU B Sty Opel],
£0D uo joedwr aane3au e aaey spodxg
Z0D uo joedwr oaneSou € oaey spodxg

DA padeys-N ue Jo 0ouasaid

20D uo joedwr aanisod e sey Jgo
20D uo joedwr aanisod e sey Jqo

O34 padeys-n jo oouasaxd oy,

O34 padeys-n jo oouasaxd oy,
uondwnsuod

AS10U0 S9SBAI00P SUIP[ING JJONAI USAIT A,

20D asearour Jgo pue uonendog

£OD 9SBAIOUI SONIANOE [eLISNpU]

20D uo joedwr aane3au e sey Ajsuur A310ug
uononpoid AS19ue pue uondwnsuod
A310u0

0} uononpoxd [ersnpu] WoIj J09LJ0 [eUONIIIPIUN

uonnyjod are saonpar Juowdo[oAdp [eroueur,
A310U9 9[qeMOURI pUR
spodxo usamiaq Ajfesned [euonodIIpIg

SUOISSIUO
soonpar uondwnsuod A319u9 Jo ssoudreme dqnd

0D sasearour
A310U2 9]qEMOURI-UOU C())) SAONPAI ATIOU J[qBMAUDY

1013 OIIOU0Id SULIRY UOIBAISSU0D ASIoUg
Kouo1o1Jo A3I0U9 SAINSUD AJI01NOd[q

€O sasearour
£A310U9 9]qEMOURI-UOU C())) SIONPAT ATISUD A[qBMIUDY

yoeoidde
Ayresnes suenb omowrered-uoN

S10a
150} UONRISNUI-00 JoueH-IoAeg

1adv
1adv
1adv

arenbs jse] a3eis-om [,

(AVAD)
UOISSAIFAI0INE J10J0A PRJRITAIUI0))

WD

arenbs jsed] a8e)s-om) [oued
(1qave) e
pamngquysip-aarssaidazone Surddensjoogq
sisA[eue AS1oug
XOpUI BISIAI( UBSUI OTUIILIESO]
[opowr uonededoid yoeg
xapur ung/A91deys
Ayresned oueng)

STONA

S70d ‘STON4A
STONA

1aav

S710d

UOISSOI301 Tedul'|

$70d ‘STONA ‘ST0

20D pue uondwnsuod A3oug
Z0D ‘AS10u9 9[qeMaUdI-UOU
‘A310U0 9]qeMIUTY

20D “uowdo[oAdp [eroueur

¢0D ‘ope1L,
0D ‘suodxg
0D ‘spodxyg

00 ‘ddo

‘0D ‘dad
0D ‘dad

00 ‘ddo

‘00 'ddo
sguIpng
10213 ‘vonduwmsuod A31oug
€00 ‘dao ‘vonendod
Z0D ‘senIAIoR [eLnSnpuy
70D ‘Aisuoyur A310ug
uononpoxd
A310u9 ‘vondwnsuod
A310u2 ‘vononpoid [erysnpuy
uonnjod
1re ‘yuowidooaap [eroueur

AS19U9 9[qeMOUdl ‘spodxyq
SUOISSTUID
‘uondumnsuod A310u0 U1
UO SSOUQIEME

anqnd ‘A3ojouto) usaIn)
20D ‘A3u0
9]qeMaULI-UOU

‘A310U9 S|qEMOUNY
moId

SIUIOU099 ‘UONBAIISUOD AF10uq

Koudrorge A310u9 ‘AoLo9[g
20D ‘AS10ud
S]qeMOURI-UOU

‘A310U9 S|qEMOUY

Y10T-1L61

11020861

810C-1L61

01020961
L10T0661
L10T0661

C10C-0661

00020961
800C—0861

€10C-500C

810C—1861

910T+¥10¢
L10T-8L61

600C—5661

ST0T-9661

C10c0661

010C0861

C10c-0661

60020861

2000961

0102-500¢

11025661

SOLIIUNOD UBOLY /]

SOLIUNOO UBJEYES-qNS (]

eury)

vsn
vsn
vsn

ajndo

SALHUNOD ()G
SOLNUNOD €6
SaLHUNOd

addo-uou pue dOH0

QWOdUI-Y3IY pue UOTuN
ueadoing

OYIoed PUe BISY ISeq

ButgD

BUIYD

ueisiied

BUIYD

ndg

epeue)

SOLIJUNOD PAUBAPE /7

asdao

saunod Surdofoadp 1|

LS

LS
P10

020 'Te 12 ueo(q
8107 ueo( pue
7)0T-1s9[3u]

020 'Ie 10 Jew)
910T
[nyosn], pue ueso
020C 121 NS
020T Te 30 n§
L10T

‘Te 19 ZURLIOH-ZJIIBATY

600¢ Te 39 3jorg
S10T T8 30 BTV

910¢ e 10 uewey
020 I# 10 ZeqUEYS

610€ Te 10 Sueny
610¢ ezey pue ury

610 '[e 10 Sueyz
910T TR ']

6107 e 10 Wonspesy
910C
MZQO pue MmN

910 T8 19 1[qar uag

LT0T 'Te 30 hewereg

10T Te» 50%5,H

L00T 'Te 12 uekereN
[TOT Te 19 JJuIoy

Nd L10T uelsy pue ueoq
uondunsuoo A310Ud 9]qeMaUI PUL J[qeMIUI-UOU pue AJUSIONJo AS1oug

€C

(44

0T
61
81

L1

91
SI

4!
€l
1!

11
01

I

UoIsSN[ou0))

A3ojopoyioN

So[qeLEA

adoog

(sar)A1031119)/A1UN0))

Ieok pue s1oyiny

N
/S

A)I[Iqeure)sns [EJUSUIUOIIAUD PUB ‘UOBAOUUI-009 ‘JUUNSIAUT AZI10U0 U013 ‘AoUdIdNjo ASI10U0 JOJ QINJeIdN |

L 3qeL

pringer

Qs



19477

uondwnsuod A310ud pue uoneAoUUl
[eo1S0[0UY00 ], U0aMIOq AJITESNED [EUOTORIIPIY-
uondwnsuod £310us uo joedwr

uondwnsuod

pringer

Qs

9A1jESOU B SBY UONEAOUUL [BOISO[OUYI] - Aypesnes 1o3ueln) “TAYV AS19uo ‘uoneaouul [ed130[0UYR], Z10T—0L6] Srewuaq 610T e 12 peInjy  9f
daon
pue Ayanonpoid 10308} uo joedun oanisod e sey Y 1501 Ajreuone)s [oued  Ayanonpoid 10308) ‘{ddD ‘AW €107-1961 ando 6107 Te 10 DUeIX G
s10jewnsd dnoid S10T
4o uo 1oedu aapisod e sey (294 ueow pajood ‘dnoi3 ued|y dao ‘a’yd 01079661 soyunod urdofoasp zg AeyI[9) pue snwnn)
S10c
dao uo joedur ou sey 9y dao ‘amy N[SOUEWSIS PUe I[EdYY €
ddo uo yedwr ou sey 43y SisA[eue uoneI3apI-00) dao ‘azd €107-0661 Aopn, SI0Z e euny ¢y
(41014
dao uo yoedwr aanisod e sey gy arenbs jseq] 93eys-om [, dao ‘a’d 0107-8661 Aosng,  [oSel, pue yiodrekeg [y
dao uo ypedur oanisod e sey q29Y SuIgeIoAY [9POJA UEIsaKeg dao ‘azd 6610961 SILUNOd 7/ 110T WealoH 0
un uoj oy} ur o uo joedwr oAnrsod € sey 3 T1adv dao ‘azd 0007-€S61 vsn 800T Te R 190D  6¢
[opow (YVA) 710t
dao uo joedwr aanisod e sey A3y OAISSRISOIOME J0J02A [oUE] dao ‘amd L00z-1661 ando upje], pue njSony 8¢
dao uo joedwr oanisod € sey 3 Aypesnes 1o5ueIn) dao ‘azy €107-€961 AreSungy LT0T teImes], Lg
910¢
dao pue [ uo yedwr oAnrsod € sey 3 ININID dduIjIq dao ‘1ad ‘azd  €£107-000T Nd  edieq pue ouewol] 9¢
dao uo yedur sanisod e sey g9y ININD wdyshg ddo ‘azd 60070002 SALJUN0d 99 10T om3auL  G¢
SuONeU PIZI[ELNSNPUI Ul SUOISSIUS PU. Judtdo[oAIp pue Yoredsay]
UOISSIIO ¢())) pue ‘AousIonjo ‘suoIgor eaIe pajoojoxd e ur
UOISSIWd £ SeINPar Aouslonjo AS1ouyg proysaIyy YL, A310u0 ‘suondwinsuod AS10U  G1OZ—CI10Z  UBIEI] JOYO Ul pue Auedsny, 1(Z [€ 10 ONAION [dd  S¢€

Environ Sci Pollut Res (2021) 28:19473-19484

sooud 110 pue ysu [eonijodood usomiaq Aiesnes oN Aypesnes 1o3ue1n) sooud 10 ysu1 eontjododan) 81070661 PHOA\ oYL 96107 1B 1P NS €
A310U9 9[qeMAUDI UT A31ou9
JUSUIISOAUL 9[qeMAUDI U JUOUIISIAUT
uo joedun oAnisod € sey uone[nsaI JUSUIUIIAOD) STONA ‘STO ‘uonBMS3aI JUSWUIIACD)  [[0Z—+00T na L10T Te 10 oOuBWOY €€
syutidjooy
syuLdioo] uoqies saroxdur oLreudos Juidreyd ejog VAONY  U0qied ‘oureudds Suidreyd 1e[os  €107—+00¢ vsSn 610C Te9IRUO €
Kouarongo Kouoronyo AS10U9 JO
A310U9 JO ssoudreme y3noay) soaoxdurr A£ouoionjo A31ouy MIIAI YS9 ssouoreme ‘AousIonjo AS1oug 0202 SUOISaI PU. SALYUNOD ()] 0202 Te 12 yoe[exy  0f
apot (YVA-AS-dAL)
UOISSoI5010INE J0JOA-AI[IR[OA
sooud (10 uo joedwr ue sasnes sisuo uesned oy, anseyo)s-1ojowered Jurkrea-owi |, doud [10 ‘sisud uesnied 81070661 vsSn 020C 1B NS 67
uononpoid AS10uo 9[qemaudl uononpoid AS19uo d[qemaudl 810T
uo joedun oanisod e oaey sad1od AF10U0 ojqeMAUSY [opOW S}09JJ0 WOPUEI PUE $JOJO PIXI] ‘Korjod A310u0 o]qemausy 9107T—+00T SOLIUNOD ¢ ‘Te 10 eAdAIESYZY 8T
020T Z30T-1s9[Suy
04 padeys- jo oussard oy, STONA ‘ST0 00 ddD ¥10z-0861 nd pue ueSoq LT
sooud 10 yim peje[aLIod SI s [eontjodoan) Q0URIDY0D JIO[OABAN sooud (10 “ysu [eonijodoan BIQRIY Ipnes 6107 181 NS 97
(OWEDD)
dnoin uesA 199 Pare[aLIo)
T 2onpar A310u0 uouruo)) 20D A312u0 9]qeMAURI puk
9[qeMaUDI PUE ‘UONBAOUUI-009 “HodXg pue (DATY) dnoin) uesy payuowiSny ‘UOnBAOUUI-000 ‘Wodxq  £107-0661 LD 0207 Te P ueyy ST
0D uo joedu 20D
9ANE3DU © Sy uoneAouur A30[0Uyod) uddID) uoIssaI3al djqeLieA Auwunp arenbs jsed| ‘uoneAouur A30[0uyod) uRID  7107-S00T Sonlg L107 enues 7
N
uoIsn[ouo0)) A3ojopoyio|N SI[QBLIBA adoog (s91)A10)1119)/A1UN0D) IedA pue soyiny /S

(ponunuoo) 1 3[qe],



19478

Environ Sci Pollut Res (2021) 28:19473-19484

Methods
Empirical methodology

To investigate the relationship between energy efficiency,
green energy investment, eco-innovation, and CO, emission
in most industrialized nations, this study follows the environ-
mental Kuznets of 1956. We set up our regression equation as
follows:

CO2; = By + B1GDPpc;, + 3,GDPpc*,, + [Bsengeff
+ Byrewy + Bs nrew;;; + Bgenginvy, + € (1)

where CO,: CO, emissions is CO, emissions (in metric
tons per capita); engeff is energy efficiency (final energy con-
sumption in million tons of oil equivalent (TOE)); GDPpc,
GDP per capita, GDPpc is calculated as GDP/Pop;
GDPpc™?, GDPpc square is calculated as GDP/Pop Square;
NREN is non-renewable energy consumption, measured by
fossil fuel energy consumption (% of total); REN is renewable
energy consumption (renewable energy consumption (% of
total final energy consumption)); enginv is green energy inno-
vation (Energy Technology RD&D Budget). Also, “I” is the
cross-section that represents the countries in the sample, and
“t” is the error term.

Econometric methodology: quantile-on-quantile re-
gression approach

This study introduces energy efficiency, green energy invest-
ment, and eco-innovation into the existing literature on the
environmental Kuznets model, using the new approach of
quantile-on-quantile (QQ) regression method developed by
Sim and Zhou (2015). The quantile model studies the effect
of energy efficiency, green energy investment, and eco-
innovation on the quantile carbon discharged in the most in-
dustrialized nations, which are all encompassing a single QQ
method. This new method is a combination of non-parametric
evaluation as well as quantile regression. The orthodox
quantile regression model surveys the impact of energy effi-
ciency, green energy consumption, and energy innovation on
the variant quantiles of carbon discharge. Meanwhile, the usu-
al linear regression model evaluates the effect of a specific
quantile of energy efficiency, green energy consumption,
and energy innovation on the CO, emission.

The quantile-on-quantile regression technique syndicates
these two conventional processes to construct the relationship
between quantiles of energy efficiency, green energy con-
sumption, and energy innovation, and carbon discharge. A
significant number of studies have embraced the orthodox
OLS approach to discover the influencing factors for CO,
emissions (Fan et al. 2006). However, this method solely
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establishes the conditional expectation (mean value) of CO,
emission (the dependent variable) but fails to provide an ap-
propriate and adequate description of the image of the condi-
tional distribution (Pires et al. 2010).

Therefore, due to the remarkable heterogeneity among
these countries (Arouri et al. 2012; Mensah et al. 2019;
Ogundipe et al. 2014), the relationships among several tech-
nological development and CO, secretions are probable to
carry out discriminately at different quantiles (i.e. to perform
otherwise across emitters with distinct degrees of emissions).
As such, the quantile regression (Khalifa et al. 2018) permits
the coefficients to differ numerous quantiles and has unique
benefits of detecting the difference within the impact of ener-
gy efficiency, green energy investment, and energy innovation
on the distribution of CO, emissions (Wang et al. 2019).

Furthermore, the quantile regression technique is also ben-
eficial for tackling issues that may significantly affect the ac-
curacy of estimation, which includes heteroscedasticity, out-
liers, and unobserved heterogeneity (Alsayed et al. 2019;
Distante et al. 2018). Consequently, this study uses quantile
regression to broadly explore the associations amid a couple
of energy efficiency, green energy investment, and energy
innovation at several quantiles in CO, emissions. The econo-
metric model indicated below is employed to tackle the con-
ditional quantile function of the panel data:

Qy” = (Txit) = x;x 90(7—) + 9 + (2)

Note that O, (7x;) is the dependent variable for 7¢h
quantile; however, the vector explanatory variable vector is
X;s; ¥; denoting the individual effect; 7 is the quantiles, and
the regression coefficient for 7#4 quantile is (7). This is fur-
ther simplified as follows:

o(r) = min TL L S (v, o()wi) - (3)

where ¢ denotes the number of quantiles, 7T represents the
number of years, and N is the population within the 7¢h year.
The study emulates the operation of (Koenker and Bassett Jr
1978) our model, thereby allocating 0.25, 0.5, and 0.75 in turn
to the quartiles of T.

Significant findings and result
Variables, data, and variations

To investigate the effect of energy efficiency, green energy
investment, energy innovation, and trade openness on CO,
emission, the study employs an annual balanced panel data
of 9 most industrial countries. The countries are Canada,
Japan, France, Spain, Germany, Switzerland, Italy, the USA,
and the UK. The data cover the period 19802018, giving 351
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observations. To remedy the relative short-time series for var-
iables usually utilized for nexus, the study utilized panel data.
In the panel, GDP per capita at the current price was utilized as
ameasure for income level which is sourced from World Bank
WDI (Kumar and Muhuri 2019), the energy innovation
(Energy Technology RD&D Budget (in millions)) from [EA
2020 (Balsalobre et al. 2015), renewable energy (renewable
energy consumption (% of total final energy consumption),
non-renewable (fossil fuel energy consumption (% of total)),
trade openness (exports and imports (% of GDP)), and CO,
emission (CO, emissions (in metric tons per capita)) all from
World Bank WDI (2020) (see Bhattacharya et al. 2017)).
Also, Mutascu (2018) used trade openness as a control vari-
able to examine environmental and growth nexus; see
Tables 2 and 3.

Long-run results and discussions

The quantile results presented in Table 4 confirm a positive
correlation between our linear and on carbon emissions in
most industrialized nations, that is, CO, emission growth (5,
greater 0) along with increasing per capita income (GDPpcit)
in all quantiles. The indication is that GDPpc increases envi-
ronmental degradation in the selected sample. After that, CO,
emissions decrease (3, < 0). (3, is negative and significantly
related to CO, emissions. This shows that a 1% rise in real
GDP per capita increases carbon emissions by 19.84%,
29.25%, 30.89%, and 33.78% at quantile 0.25, 0.50, 0.75,
and 0.90, respectively, and the latter GDPpc square has a
negative coefficient, therefore validating the EKC hypothesis
in the most industrialized nations. It also indicated that most
industrialized nations have a U-shaped EKC for CO,

emissions. The findings concur with results obtained from
the studies of Shahbaz et al. (2020) and Zaman et al. (2016).
In Table 4, again, the study found that nonrew;, has a pos-
itive relationship and significant with CO, emission, nonrew;,
directly affected CO, emissions; meanwhile, the positive ef-
fect is seen in terms of GDPpc. This indicates that nonrew;,
increases CO, emissions (35 > 0) in the sample. This shows
that a unit increase in non-renewable energy consumption
increases CO, emission by 1018.3, 1290.5, 1210.2, and
1098 tons, respectively, in all the quantiles, and also our 2sls
result confirmed a similar result. This finding is similar to
Tugcu et al. (2012) and Dogan and Aslan (2017) that con-
firmed non-renewable energy consumption causes more
CO, emissions and suggested that less consumption may help
to reduce the amount of CO, emission in any society.
Renewable energy consumption and carbon emission nex-
us are negative (04 < 0) and significant, suggesting renewable
energy consumption mitigates environmental degradation by
improving the quality of carbon emissions in most developed
countries. This shows that a unit increase in renewable energy
consumption reduces CO, emission by 217.05, 360.3, 726.63,
and 2550 tons, respectively, in all the quantiles. Also, our 2sls
result confirmed a similar result. Moreover, governments
should encourage the use of renewable energy consumption
to mitigate environmental degradation in most industrialized
economies. This conclusion is in line with the works of
Inglesi-Lotz and Dogan (2018) in 10 sub-Saharan countries
and Ozturk and Acaravci (2013) in the case of Turkey, and
Dogan and Aslan (2017) in EU, and Paramati et al. (2017)
showed that renewable energy has a significant contribution to
reducing environmental degradation. They suggested that
more relevance should be placed on renewable energy sources

Table 2 Descriptive statistics

Variable Description Unit of measurement Mean Std. dev.

CO2t CO, emissions CO, emissions (in metric tons per capita) 1027746 1523819

GDPpc GDP per capita GDPpc is calculated as GDP/Pop 39206.18  12530.03

GDPpc™2  GDP per capita GDPpc is calculated as GDP/Pop Square 1.69e+09  1.18e+09
Square

Nrew Renewable Renewable energy consumption (% of total final 179.6691  324.7115
energy energy consumption

Rew Non-renewable Fossil fuel energy consumption (% of total) 165.4376  271.0216
energy

enginv Energy Energy Technology RD&D Budget 170.9969  281.1735
innovation

engeff. Energy Final energy consumption in Million tons of oil 194.1161  502.714
efficiency equivalent (TOE)

Variable notations: CO,, CO, emissions per capita; NREN, non-renewable energy consumption; REN, renewable
energy consumption; engeff., energy efficiency; ecoinvo, energy innovation; GDPPC, GDP per capita; all vari-
ables are in logarithmic form; robust standard errors in parentheses

*p < 0.1
**p < 0.05
#ikp < 0.01
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Table 3 The total investments in

billion USD on green energy, Years Energy efficiency Non- Renewable R&D on energy innovation

innovation, and efficiency 2000~ renewable

2018 in most industrialized

nations 2000 164.61 60.77 81.76 171.11
2001 176.98 82.95 87.91 21136
2002 185.88 145.20 96.92 229.28
2003 139.52 135.75 92.69 240.47
2004 127.16 137.70 107.00 202.83
2005 144.33 134.30 110.71 159.64
2006 146.49 145.14 109.90 161.25
2007 163.99 145.64 157.93 183.59
2008 188.62 164.19 151.10 195.21
2009 406.04 532.83 407.20 14.01
2010 312.48 178.29 312.68 44.89
2011 259.92 178.30 375.82 299.80
2012 257.18 176.27 392.03 327.15
2013 298.47 198.59 316.35 317.57
2014 301.08 170.45 297.09 304.70
2015 289.89 153.67 273.48 317.83
2016 283.18 131.05 24491 371.92
2017 298.67 118.90 229.94 393.67
2018 387.61 159.36 256.50 517.07

Source: Energy Technology RD&D Budgets (2020 edition)

in the energy mix to support. They also submitted that it is
highly imperative to encourage the use of clean innovation
(technologies) and renewable energy, and to create more pub-
lic alertness of renewable energy consumption to lower the
levels of emission in the most industrial nation.

All the estimation techniques show that both renewable
energy and non-renewable energy contribute to the reduction
of CO, emissions in most industrialized countries, indicating
that the best option to reduce CO, emissions in these countries
is to consider a mix of non-renewable and renewable energy
consumption, i.e. green energy consumption should be en-
couraged by government and industries.

Energy efficiency and carbon emission nexus are positive
(85 > 0) and significant in quartile 0.25 to 0.75. This indicates
that a unit increase in energy efficiency increases CO, emis-
sion by 677.06, 660.80, and 804.66 tons, respectively, in the
quantile 0.25, 0.50, and 0.75. In other words, energy efficien-
cy causes environmental degradation in the first 3 quantiles in
most industrialized countries. However, after the third
quantile, energy efficiency turned negative and significant,
meaning that the fourth quantile energy efficiency drives a
reduction in environmental degradation in most industrialized
countries. A unit increase in energy efficiency reduced CO,
emission by — 103.4 tons. These findings support the consen-
sus of scholars that energy efficiency could decrease environ-
mental degradation by improving the quality of carbon emis-
sions in any nation. Therefore, governments in the most
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industrialized nations are encouraged to put energy efficiency
as a core policy to reduce environmental degradation (the
rising energy-related carbon dioxide) in their countries. Our
findings are similar to that of Del Moretto et al. (2018), and
that of other Italian regions. Corner et al. (2011) in the UK
stressed that energy efficiency is a viable option to minimize
the increasing CO, emission in a country.

Finally, the impact of energy innovation (R&D spending
has on CO, emissions), the parameter (g, is positive (G > 0).
This indicates that energy innovation (spending on R&D) is
positive and significant on CO, emission in most industrial-
ized nations, leading to an increase in CO, emissions by
1610.3, 2682, 3003.48, and 3371 tons in all the quantiles
forever 1 dollar increase in energy innovation (R&D spending
has on CO2 emissions). The indication of this is that innova-
tion drives economic growth and therefore economic activities
increased the use of highly polluting energy resources in the 9
most industrialized nations used for this study. Our findings
support Khan et al. (2020) in G7, Santra (2017) in BRICS,
Murad et al. (2019) in Denmark, and Tuna et al. (2015) in
Turkey that hinted that energy innovation (R&D expendi-
tures) significantly contributes to economic growth and simi-
lar to the conclusion of Inekwe (2015). We suggest environ-
mental policy targeted towards enhancing innovation in
emission-reducing technology at both the public and private
levels to mitigate environmental degradation problems in the 9
listed most industrialized nations.
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Table 4 Long-run estimation of full data
Variable OLS Quantile regression
Quantile regression co2t POLS 2SLS Q-req@ 0.25 Q-req@ 0.50 Q-req@ 0.75  Q-req@ 0.90
GDPpc 19.917%%* 36.43%* 19.84 29.24%* 30.89* 33.78%*
7919 15.07 17.19 10.56 18.09 13.07
GDPpc”2 —0.00018**  —0.00047** —0.00029 —0.00037%*%  —0.00037*%*  —0.0004**
000092 .00016 .00018 .00011 .00019 .00013
nrew 211.9%*%* 1560.3%#* 1018.3%#* 1290.5%#* 1210.2%%#* 1098.7##%*
78.90 150.43 171.61 105.38 180.58 130.4
Rew —428.08%**  —727.15%* —217.05 360.3%* 726.63%* 2550. %%
105.18 237.51 270.94 166.38 285.11 205.94
engeft. 584.13%%** 1101.89%%* 677.06%* 660.80%* 804.66** —103.4
118.4 268.74 306.57 188.25 322.602 233.02
enginv 462.82%* 2297.2%#* 1610.3%** 2682%** 3003.48%** 3371k
66.79 102.89 117.37 72.07 123.51 89.21
con 402633.3*%*%  —346163.6 — 113849 —292844 —309798.7 — 208461
191628 321895.3 367201.8 225487.2 386400.7 279107.7
Simultaneous quantile reg.  co2t POLS 2SLS Qreq@ 0.25 Q-req@ 0.50 Q-req@ 0.75  Q-req@ 0.90
GDPpc 19.91%%* 36.43%* 19.84 29.25%#% 30.89%* 33.78%*
7.919 15.07 12.43 4.610 9.507 18.30
GDPpc”2 —0.00018**  —0.00047** — 00029%** — 0038*** —0.00037*%**  —0.00044**
000092 .00016 .00015 000054 .000096 .00017
nrew 211.9%*%* 1560.3%#* 1018.3%* 1290.5%%* 1210.%%* 1098**
78.90 150.43 394.7 238.4 438.8 474.1
Rew —428.08***  —727.15%* -217.1 360.31 726.6%* 2550.2%*
105.18 237.51 794.18 230.6 728.8 748.8
engeft. 584.13%** 1101.89*#* 268.74  677.07 660.79 804.7%* 103 .47
118.4 746.8 520.26 232.7 173.72
enginv 462.82%%* 2297.2%%* 1610.4%* 2682%** 3003.%** 3371
66.79 102.89 481.8 198.52 274.3 194.48
con 402633.3*%*%  —346163.6 — 113849 —29284** —309798 — 208461
191628 321895.3 204120 82903.6 194689 398518
R-squared 0.8567 0.4455 0.4874 0.6186 0.7597 0.8540
Breusch-Pagan  37.71

Variable notations: CO,, CO, emissions per capita; nren, non-renewable energy consumption; ren, renewable energy consumption; engeff-, energy
efficiency; ecoinvo, energy innovation; GDPpc, GDP per capita; all variables are in logarithmic form; robust standard errors in parentheses

9 <0.1
45 < 0.05
w5 < 0.01

Policy implications

Based on our findings, we suggest the promotion of environ-
mental policies that are geared towards enhancing innovation
in emission-reducing technology at both the public and private
levels. This is to mitigate the challenge of environmental deg-
radation in the nine most industrialized economies under
study. Specifically, the governments of these countries are
enjoined to double their investments in research and develop-
ment programmes, to enhance innovativeness in energy pro-
duction and efficiency in its use. Also, the policymakers in
these countries are advised to promote programmes that will

increase the rate of economic growth so that pollutants may be
reduced over time. These include, among others, enhanced
incentives—tax cuts and lower interest rates—to essential sec-
tors for sustainable growth-driven industries. Our research
further shows that renewable energy contributes to the reduc-
tion of CO, emissions in the 9 listed most industrialized na-
tions, indicating that the best option to reduce CO, emissions
in these countries is to consider an investment in renewable
energy. This indicates the need for some vital policy
directions;

First, regarding the role of renewable energy in reducing
CO, emissions, governments must create an enabling policy

@ Springer
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environment that encourages industry and the private sector to
produce and promote the consumption of renewable energy.
Thanks to more efficient technologies, the government can
target an increase in the energy efficiency of installations
and limit losses during production, transport, and distribution.
It will be essential for governments to incorporate general
actions and measures that encourage the production of renew-
able energy, such as biodiesel blend mandate, developing hu-
man institutional capacity, setting up research and develop-
ment infrastructure, and creating a favourable investment en-
vironment. These efforts can be enhanced by the active en-
gagement of the private investors in the broad area of renew-
able energy activity through a public-private partnership
(PPP) initiative and identifying barriers to increasing invest-
ments in renewable sources. Involving the private investors
will boost confidence and address concerns on governance-
related risks, which could intensify the pressure for change on
governments. Second, regarding the role of energy efficiency,
the findings support the claim that energy efficiency can be
considered an important factor in long-term energy develop-
ment and environmental strategies to meeting the growing
demands for global energy. Especially as energy efficiency
reduces greenhouse gas emissions, the demand for energy
imports lowers the costs at household and economy-wide
level.

Conclusion

Given that environmental quality is an important element of
development, the development process tends to be neglected
as production takes place in the direct implementation of some
macroeconomic policies. While several studies have exam-
ined this phenomenon through the EKC hypothesis across
countries and (sub)regions, the findings from these research
works have suggested conflicting results, leading to contradic-
tory policy recommendations, thereby providing avenues for
further research. In this regard, our study is the first to examine
the nexus between energy efficiency, green energy invest-
ment, eco-innovation, and CO, emissions in a panel of nine
most industrialized countries (Canada, Japan, France, Spain,
Germany, Switzerland, Italy, the USA, and the UK).
Employing the quantile-on-quantile regression estimates on
the data obtained between 1980 and 2018, our empirical find-
ings validate the EKC hypothesis in the countries under con-
sideration. Moreover, the coefficient of non-renewable energy
consumption is positive, while that of renewable energy con-
sumption is negative. Energy efficiency and carbon emission
nexus produce a positive estimate; energy efficiency causes
environmental degradation in the first 3 quantiles in most in-
dustrialized countries, with the effect turning negative after-
ward. Finally, the impact of energy innovation is positive.

@ Springer

One limitation to this research is its concentration on a
panel of industrialized economies, even though both the de-
veloped and developing economies are desirous of improved
environmental quality. Also, the data coverage is only be-
tween 1980 and 2018, based on availability. Future research
should, therefore, be targeted at extension beyond just the
industrialized countries, while the timeframe is largely ex-
panded to cover a more recent period.
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