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ABSTRACT

Green technological innovation (G.T.l.) contributes to making
economic growth compatible with ecological sustainability
(E.S.). Thus, in light of environmental challenges and attempts of
emerging economies’ progress toward a green revolution, this
study examines the effects of G.T.l. on green growth (G.G). and
E.S. for 25 emerging economies from 1990 to 2018. It also inves-
tigates the moderating role of G.T.I. on the impacts of energy
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intensity and foreign direct investment (F.D.l.) on G.G. and E.S. to
illustrate the energy rebound effect and pollution haven hypoth-
esis. The Fully modified least square (F.M.O.L.S.), the Dynamic
least square (D.O.L.S.), and the Pooled mean group autoregres-
sive distributed lag (P.M.G./A.R.D.L.) estimators are used. The
findings imply that G.T.l. positively impacts G.G. and E.S. in
emerging economies. Conversely, F.D.l. and energy intensity
have adverse effects on G.G. and E.S. However, the negative
effects of F.D.l. and energy intensity on G.G. and E.S. are decreas-
ing with respect to G.T.l., implying that emerging countries pro-
moting G.T.I. minimize the pollution haven effects of F.D.Il. and
mitigate the negative effect of energy intensity. Therefore, G.T.I.
is a vital factor to facilitate the pathway to the green revolution
in emerging economies. Policy implications are forwarded based
on the findings of the study.

JEL CODES
03; 04; 011

1. Introduction

Climate change and increasing ecological deficit are among countries’ foremost coer-
cions and challenges (Anwar et al., 2021) and have recently motivated countries to
promote a carbon-resilient economy and ecological sustainability (E.S.) (Galeotti
et al., 2020). These challenges required countries to balance economic activities and
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E.S., promote green growth (G.G.). Some literature argues that green technological
innovation (G.T.L) is an important means of improving the environment and directly
contributes to the progress toward G.G. and E.S. (Fernandes et al., 2021). It contrib-
utes to the green revolution by promoting new technologies and business models that
positively impact the environment and society (Fernandes et al., 2021; Meiling et al.,
2020; Sohag et al., 2021; Nosheen et al., 2021).

Moreover, it is argued that G.T.I. can play a crucial role in the efficient usage of
energy sources, which indirectly contributes to G.G. and E.S. (Fisher-Vanden et al,,
2006). In other words, G.T L. affects energy intensity which has been widely used as
an indirect way to indicate technological progress in terms of energy conservation
effect (Zhang & Lin, 2012) and improves energy efficiency (Wang et al., 2019).
Besides, G.T.I. can moderate the relationship between foreign direct investment
(F.D.I) and G.G. and productivity (Xu & Li, 2021) because countries promoting
G.T.L. can attract new F.D.L. that can transfer and disseminate new technologies, dir-
ect the existing investment to the eco-friendly business and minimize the pollution
haven effects of F.D.I. inflow to less advanced countries (Lin & Chen, 2018).

In contrast, some other empirical studies argue that G.T.I. negatively affects
G.G. and E.S. by increasing carbon emissions and will contribute to the depletion
of ecological resources (Santra, 2017). It adversely affects G.G. and E.S. through
the technological or energy rebound effect (Wang & Wei, 2020). Also, due to the
high initial cost of G.T.I. and the application of G.T.I. will be limited by the level
of economic size, the impact of G.T.I. on the G.G. and E.S. is insignificant (Liu
et al., 2020).

Therefore, despite all the above empirical studies, there is no clear consensus
among economists on the impacts of G.T.I. on G.G. and E.S. and remains rather
inconclusive due to the differences in the econometric methods and models, time
horizon, sample countries and regions and the existing studies mainly target advanced
economies and a few developing countries. Thus, this study is motivated to fill this
gap by examining the impacts of G.T.I. on G.G. and E.S. in emerging economies. The
selection of emerging economies as a case study is based on the following facts. First,
emerging economies have registered the fastest economic growth in the last three dec-
ades. They have shared almost 60% of the world’s gross domestic product (G.D.P.)
growth (Lin & Wang, 2019). Consistently, the average economic growth of the sample
emerging economies considered in this study stood at 3.76%, which is greater than
the average world economic growth of 3.13% (Figure Al). Besides, these countries are
recently industrialized (Adebayo et al.,, 2022).

Second, the accelerated growth in emerging economies has come with challenges of
increased energy consumption and depletion of natural resources (Ozturk & Uddin,
2012; Khattak et al.,, 2020), as natural resource extraction was the main source of
growth. For instance, some emerging economies such as Colombia, Chile, Indonesia,
Brazil, and Turkey are on the front list regarding the contribution of subsoil assets to
their economic growth (OECD, 2017). Additionally, little progress in resource use effi-
ciency and productivity and increasing environmental conflicts because of resource-
based economic activities have challenged the progress of G.G. and E.S. in emerging
economies (Capozza & Samson, 2019).
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Third, emerging economies have been largely contributing to CO, emissions. For
example, on average, the sample emerging economies contributed 49.5% of CO, emis-
sions for the last three decades (Figure A2). Besides, some emerging economies such as
China, India, Russia, Turkey, Indonesia, and Saudi Arabia are among the most polluted
economies (Huang et al., 2022). There are also rapidly rising greenhouse gas emissions
in some of these countries (Wolf et al., 2022). Fourth, the ecological footprint has been
increasing in the sample countries and was greater than the world ecological footprint
growth (Figure A3). Thus, environmental and resource productivity has worsened in
these economies as they are facing ecological deficits. Fifth, these countries consume
more than one-third of the world’s energy (IEA, 2022) with a limited percentage share
of renewable energy consumption (19.37%) and a declining rate of renewable energy
share (Figure A4). Sixth, F.D.I. to emerging economies has increased from about 5% in
2000 to almost 19% in 2020 (Xie & Sun, 2020) and above world average F.D.I. inflow
(Figure A5). Finally, emerging economies significantly improved the growth rate of
G.T.I. compared to the rest of the world (Figure A6).

Hence, increasing energy consumption, depletion of natural resources, greenhouse
and carbon emissions, ecological deficit, economic growth and industrialization, F.D.I.
inflow, and their pressure on the environment have recently motivated emerging econo-
mies to promote G.G. and E.S. (Galeotti et al., 2020; Yarimoglu & Binboga, 2019).
However, the question of how to improve G.G. and E.S. in emerging economies has
become a focus of attention, which this study is aimed to investigate. Thus, against this
background, this study addresses three specific research questions. First, does G.T.I.
promote G.G and E.S. in emerging economies? Second, how does G.T.I. moderates the
impacts of energy intensity on G.G. and E.S.? Third, how G.T.I. moderates the effects of
E.D.I. on G.G. and E.S. in emerging economies? Motivated by these research questions,
this study provides fresh evidence on the effects of G.T.I. on the G.G. and E.S. progress
of 25 emerging economies using data from 1990 to 2018. We used the F.M.O.L.S,,
D.O.L.S. and P.M.G./A.RD.L. estimators. It further investigates the moderating role of
G.T.I. in the impacts of energy intensity and F.D.I. on G.G. and E.S. to revisit the energy
rebound effect of G.T.I. and G.T.I’s role in reducing the pollution haven effect of F.D.L

This study contributes to the existing literature in several ways. First, this is the first
study to examine the effects of G.T.I. on G.G. and E.S. in a wide range of emerging mar-
ket economies. Second, an interesting endeavour of this study is examining the moderat-
ing role of G.T.I. on the impacts of energy intensity and F.D.I. on G.G. and E.S. Thus, it
is able to investigate the indirect effects of G.T.I. by improving energy efficiency and
reducing negative effects of F.D.I. Third, E.S. is proxied by the ecological footprint, a
broader concept that is an important variable in defining biocapacity and E.S. Also, we
drive an aggregate indicator of G.G. from environmental and resource productivity indi-
cators, which are more important indicators of the progress of G.G. (Demiral & Demiral,
2021), applying principal component analysis. Finally, it employs heterogeneous
dynamic panel data models, namely the FM.O.L.S., D.O.L.S,, and P.M.G./A.R.D.L,, that
can solve endogeneity concerns, cross-sectional dependence and heterogeneity issues.

The remainder part of this study is organized as follows. Section 2 provides a review
of the literature. Section 3 presents the methodology and data of the study. Section 4 con-
tains the results and findings. Section 5 provides discussions and policy implications.
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2. Literature review
2.1. Green technological innovation and green growth

The G.G. concept appears as a new terminology regarding E.S. and modernization. The
G.G. concept, whose origins can be taken until the 1970s, is accepted as a mandatory cri-
terion for sustainable development (Awan et al., 2021). The G.G. theory then starts from
the simple observation that the natural environment is also a factor of production, but
one which both classical growth theory and historic patterns of economic growth in prac-
tice have largely ignored (Solow, 1974). Theoretically, it was introduced as a model, claim-
ing that G.G. requires balancing economic activities and the environment. Moreover, the
green economy in eco-modernization theory implies that human initiative will be able to
match economic advancement with environmental improvement (Mol & Sonnenfeld,
2000). Based on this theoretical foundation, the G.G. concept can be interpreted as a low-
carbon intensive and resource-efficient strategy for attaining economic development.

Similarly, modern growth theories provide evidence that directed technological
innovation positively influences G.G. (Acemoglu et al., 2016). It also includes techno-
logical advancements in energy conservation, pollution prevention, and waste recy-
cling. Thus, it promotes environmentally friendly technologies and reduces the cost
of environmental sustainability (Popp, 2012).

Based on this theoretical foundation, a few empirical studies investigated the effects
of G.T.I. on G.G. and E.S. For instance, Meiling et al. (2020) assess the impact of
technological innovation on green total factor productivity within O.E.C.D. countries.
The results imply that technological innovation has a significant positive influence on
green productivity. Also, Fernandes et al. (2021) and Sohag et al. (2021) analysed
technological innovations’ role in G.G. using the O.E.C.D. countries, showing that
G.T.I. promotes G.G. Similarly, Nosheen et al. (2021) estimated the impact of green
technology on G.G., demonstrating that green technology increases G.G. Moreover,
G.T.I. promotes G.G. through carbon neutrality (Jian & Afshan, 2022; Fu et al., 2022).
Also, a recent study by Liguo et al. (2022) revealed that technologies associated with
marine energy innovation negatively affect CO, emissions in the U.S.A. Besides, You
et al. (2022a) examined the effects of innovation in various aspects of renewable energy-
related technologies on CO, emissions in the U.S.A. and found that innovation in
renewable energy generation plays a significant role in mitigating CO, emissions in the
U.S.A. Therefore the following hypothesis is be articulated based on the literature.

Hla: G.T.L positively impacts the progress toward G.G.

2.2. Green technological innovation and ecological sustainability

E.S. is represented by the ecological footprint that measures the carrying capability of
the ecosystem or biocapacity. It is a consumption-based indicator of E.S. calculated in
global hectares (gha) that accounts for people’s demand for biological assets and the
supply of nature (G.F.N., 2019). The ecological modernization theory first presented
the concept of E.S. by Huber (2000) based on the principles that revolve around how
contemporary industrialized societies deal with environmental concerns. This theory
was based on the notion that the earth has a finite quantity of non-renewable
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resources. However, rapid economic growth is depleting the stock of natural resour-
ces and adversely affecting the environment, thus, worsening E.S.

Some empirical studies argue that G.T.I. can positively influence E.S. For example,
Ahmad et al. (2020) found that technological innovations have negative impacts on
ecological footprint, implying that technological innovations promote E.S. A more
recent study by Khattak and Ahmad (2022a) investigated the effects of green and sus-
tainable technologies on CO, emissions in O.E.C.D. countries and findings implied
that positive shocks to sustainable technological innovation decrease CO, emissions
and the negative shocks to it increases CO, emissions. These outputs are congruent
with the findings of Weimin et al. (2022), which investigated the impacts of innov-
ation on ecological quality in a panel of countries.

Also, Khattak et al. (2022) examined the asymmetrical and cyclical relationship
between environmental-friendly technological innovation and CO, emissions using a
panel of G7 nations and found that positive shocks in innovation in these technolo-
gies mitigate CO, emissions during economic boom periods. This analysis was further
applied by Khattak and Ahmad (2022b) to the B.R.I.C.S. economies, and their find-
ings showed that the relationship between green and sustainable technology and CO,
emissions was counter-cyclical during economic expansion and contraction.
Moreover, the findings of Khattak et al. (2022) and Khattak and Ahmad (2022b) sup-
port the evidence of Xin et al. (2021) and Ahmad and Zheng (2021), who found con-
sistent results in the U.S.A. and B.R.I.C.S. economies.

Furthermore, You et al. (2022b) examined the relationship between international
collaboration in environmental-related technologies and CO, emissions in the U.S.A.
The results indicated that environmental innovation and international collaboration in
environmental-related technology decrease CO, emissions. Besides, Ding et al. (2021)
suggested that eco-innovation is among the factors affecting CO, emissions in the G7
countries. On the other hand, Tao et al. (2022) investigated the effects of fintech on
carbon and greenhouse gas emissions and showed that fintech reduces greenhouse gas
emissions. Also, Su et al. (2022) investigated the effects of green credit on air quality in
China and showed that green credit in infancy and mature stages have diverse effects
on the environment, with no effect at the initial stage and a significant effect at the
later stage. Therefore, the following hypothesis is formulated based on the literature.

H1b: G.T.L positively contributes to E.S.

2.3. Green technological innovation, energy intensity, F.D.l., green growth, and
ecological sustainability

Energy consumption is positively related to CO, emissions (Ozturk et al., 2022) and
negatively associated with E.S. (Bilgen, 2014), which may result in adverse effects on
progress toward G.G. Furthermore, Su et al. (2022) argue that renewable energy has a
role in reducing emissions. Also, Qin et al. (2022) provided evidence that renewable
energy consumption has improved the U.S.A’s carbon neutrality. However, energy
intensity has been widely used as an indirect way to show the effects of G.T.I. on
G.G. and E.S. in terms of energy conservation effect (Zhang & Lin, 2012). Moreover,
some empirical studies provide evidence that G.T.I. can moderate the relationship
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between energy consumption intensity, G.G. and E.S. Erdogan et al. (2020), Churchill
et al. (2019) and Ibrahim and Ajide (2021) show that G.T.I. could play a vital role in
attaining sustainability of the environment by moderating the effects of energy eftfi-
ciency via the production of energy-efficient technologies. Besides, it can stimulate
efficiency in the way energy products are utilized (Churchill et al., 2019), hence mod-
erating the impacts of energy intensity on G.G. and E.S. However, Wang and Wei
(2020) argue that promoting G.T.I. can negatively affect progress toward G.G. and
E.S. through the energy rebound effect. Thus, the following hypotheses are developed.

H2a: Energy intensity negatively affects G.G. and E.S.
H2b: G.T.I negatively moderates the relationship between energy intensity and G.G.
H2c: G.T.I negatively moderates the relationship between energy intensity and E.S.

Moreover, the existing literature has inconsistent results regarding the effects of F.D.I.
on G.G. and E.S. Yilanci et al. (2019) provide evidence that F.D.I. negatively affects envir-
onmental progress by increasing CO, emission, thus, adversely affecting G.G. and E.S,,
supporting the pollution haven hypothesis which claims that investment from developed
countries adversely affects G.G. and E.S. in developing countries. However, Wagqih et al.
(2019) and Lin and Chen (2018) provide evidence that F.D.I. positively influences G.G.
and E.S., supporting the pollution halo hypothesis that argues that investments from
advanced economies contribute to the host country’s progress toward G.G. and E.S. by
promoting green technology spillover. However, Xu and Li (2021) argue that innovation
positively moderates the effect of F.D.I. on green productivity, which can mitigate the
pollution haven effects of F.D.I. Thus, the following hypotheses are formulated.

H3a: F.D.I. negatively affects G.G. and E.S.
H3b: G.T.I negatively moderates the relationship between F.D.I. and G.G.
H3c: G.T.L negatively moderates the relationship between F.D.I. and E.S.

2.4. Summary and research gap

The studies discussed above examined the impacts of G.T.I, FE.D.I, and energy on
environmental quality, G.G. and E.S. These studies have substantial contributions in
the area; however, they have some gaps this study aimed to fill. First, unlike our
study, most of these studies examined the impacts of energy and environmental-
related technological innovation on CO, emissions, considering CO, emissions as the
environmental quality indicator. However, CO, emissions cannot fully capture the
impacts of G.T.I. on G.G. and E.S. Thus, if CO, emission is taken to exclusively
reflect environmental quality, empirical results may mislead policymakers. In order to
concretely quantify environmental quality and E.S., another comprehensive measure
of environmental quality is required (Wang et al., 2022). Hence, this study is more
robust because E.S. is proxied by ecological footprint, which has the advantage of
including a variety of aspects of environmental degradation, including the footprints
of agricultural land, carbon emissions, grazing land, forests, fishing grounds, and
built-up land (Wackernagel & Rees, 1996). Moreover, we used the environmental and
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resource productivity index, which is a more important indicator of the progress of
G.G. (Demiral & Demiral, 2021).

Second, previous studies on the association between G.G. and technological innov-
ation mostly focused on a panel of developed countries, especially O.E.C.D. countries
(Meiling et al., 2020; Fernandes et al., 2021; Nosheen et al., 2021; Sohag et al., 2021),
the effect of G.T.I. on CO, emissions in G-7 countries (Ibrahim & Ajide, 2021;
Khattak et al, 2022) and the impacts of environmental-related technological innov-
ation on CO, emissions in the U.S.A. (Liguo et al,, 2022; Su et al.,, 2022; Khattak &
Ahmad, 2022a; Xin et al., 2021; You et al., 2022a) and some emerging economies
(B.RIC.S.) (Khattak & Ahmad, 2022b; Ahmad and Zheng (2021). Therefore, unlike
existing empirical studies, which mainly focus on the impacts of green innovation on
CO,; in a panel of advanced or individual economies, this study primarily focuses on
the effects of G.T.I. on G.G. and E.S. in the panel of emerging economies, considering
comprehensive indicators of G.G. and E.S.

Third, this study is unique to existing empirical studies as it analyses the indirect
impacts of G.T.I. on G.G. and E.S. by revisiting the moderating role of G.T.I. on the
impacts of energy intensity and FDI on G.G. and E.S. Hence, by including the inter-
action term of F.D.I. and G.T.I., we will be able to investigate the extent to which
G.T.I. can promote G.G. in terms of reducing pollution haven effect of F.D.I. Thus, it
can provide evidence on the indirect effects of G.T.I. by affecting energy efficiency
and the impacts of F.D.I. on G.G. and E.S. Therefore, given the growing importance
of emerging economies’ energy consumption, the energy intensity and its interaction
with G.T.I. in emerging economies should be considered in the pathway of the green
revolution. Figure 1 depicts the conceptual framework of the study.

3. Methodology and data
3.1. Method of analysis

There is an increasing interest in panel data methods, where the number of time-series
observations is of a similar order of magnitude of panel groups or relatively large. In
most applications of this type, the estimates of interest are the long-run effects and the
speed of adjustment in the long-run (Pesaran et al., 1999). To this end, this study used

H3b and H3c(+)

G.IL

Hlaand H1b (+)

H2b &H2¢ (+)

G.G.and E.S.

H2a (-)

‘ Energy intensity ‘

Figure 1. Conceptual framework.
Source: Authors’ formulated.
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the Pedroni (2001) heterogeneous F.M.O.L.S. and D.O.L.S. estimators for the panel
cointegration regression estimate long-run Egs. (1) and (2) for G.G. and E.S., respect-
ively, as they can correct endogeneity and serial correlation and provide reliable esti-
mates of parameters (Ozcan, 2013) and are widely used in empirical panel studies.

p 9 q
GGi,t = Z HijGGi, t—j + Z B/ijCi, t—j + Z G/ijFDIi, t—j
j=1 j=0 j=0

(1)

q q q q
+ Z 0';iCF; 1 j + Z ViiRi—j + Z KiELi ¢ + Z ;i Gl + €
= =0 =0 =

where GG;; is the progress toward green growth of i-country at time t, GG;,; is the
lagged value of green growth. C;, FDI;, and CF;, are consumption expenditure,
ED.I and gross fixed capital formation, respectively. R;,, and EI;, are renewable
energy share and energy intensity, respectively. GI;, is G.T.I. p; is the coefficient of
the lagged dependent variable (G.G.), , o, k, 0, o and 9 are coefficient vectors, and
€;¢ represents the stochastic term.

» q q
ES; = Z HESie—j + Z B'iGDP;; j + Z &'iPopi,¢-j
= =0 =0 )

q q q q
+ Z ’C/,'J‘FDI,‘, t—j + Z (I)ini, t—j + Z (pijEIi, t—j + Z GIJGI,) t—j + Eit
j=0 j=0 j=0 j=0

where ES;, is the ecological sustainability proxied by the ecological footprint of
i-country at time t, ES;,; is the lagged value of E.S. GDP;,, Pop;, and FDI;, are the
real G.D.P., FED.I and population size, respectively. R;, and EI;, are renewable
energy share and energy intensity, respectively. GI;, is G.T.I. and p;; is the coefficient
of the lagged dependent variable (G). 0, ¢, ¢, ¢ and T are coefficient vectors, and
&;; represents the stochastic term.

Moreover, to investigate the indirect effect of G.T.I. on G.G. and E.S. by moderating the
impacts of energy intensity and F.D.I., we redefine Eqs. (1) and (2). It is based on the notion
that including the interactions between G.T.I. and energy as well interaction between G.T L
and F.D.I. will help us specify the extent to which G.T.I. can contribute to G.G. and E.S. in
terms of energy efficiency (Wang et al., 2019) and reducing pollution haven effect of F.D.IL.
Therefore, the following models are defined to examine the moderating role of G.T.I. on
the impacts of energy intensity and F.D.I. on G.G. and E.S,, respectively.

P q q q
GGj ;= Z ;GG + Z B'iCij + Z o'iFDI; i + Z 0'iCF; 1
=) =0 =0 =
q q q
+ Z ViiRi - + Z KiEL +—j + Z Gl ¢ (3)
=0 =0 =0

q 9
+ Z '\/ijGIi,tfj X EI,') t—j + Z \llijGIi,tfj X FDI,') t—j + &t
j=0 j=0
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P q q q
ES; = Z WES; 1 + Z B'iGDP; _; + Z &iPopi,i—j + Z v3iFDI;
=1 =0 =0 =0
q q q
+ Z R+ Z Q;iNR; - + Z 0,GI; (4)
=0 =0 =0
q q
+ Z Gl X EL ¢ + Z 05GI, 1 X FDI j + ;4
j=0 j=0

where v, U, ¥ and © are coefficients of the interaction terms.

Alternatively, P.M.G./ARD.L. is applied to simultaneously estimate the long and
short-run effects of G.T.I. on G.G. and E.S. and for robustness test (see Supplementary
material, available online).

3.2. Data

This study used a panel of 25 emerging economies (based on I.M.F. classification) for
1990-2018 based on data availability for ecological footprint."

3.2.1. Dependent variables

There are two dependent variables: environment and resources productivity index to
proxy G.G. and ecological footprint to proxy E.S. Environmental and resource prod-
uctivity, one of the G.G. indicators, is a more important indicator of the progress
toward G.G. (Demiral & Demiral, 2021). Therefore, CO, productivity, and energy
and non-energy resources productivity are important indicators of G.G. (Demiral &
Demiral, 2021). Using environment and resource productivity indicators data from
the O.E.C.D. database, we derive a single indicator using principal component ana-
lysis (see Supplementary material, available online). E.S. is proxied by ecological foot-
print, which accounts for six categories of ecological assets: fishing grounds, cropland,
forest products, built-up land, grazing land, and carbon demand on land (GFN,
2019). We borrowed the data from the G.F.N. database.

3.2.2. Target variables

The target variables are G.T L., F.D.I. and energy intensity. Most of the existing literature
adopted the number of patented grants to measure G.T.I. because patents are essential
aspects reflecting innovation capabilities. Therefore, G.T I. is proxied by the number of
patents related to technology development with higher value inventions (with the patent
family of two) from the O.E.C.D. database following the works of Fernandes et al.
(2021). There is a positive association between G.G. and G.T.I. (Figure 2).

Energy intensity is measured by energy consumption per kilowatt hour per dollar.
We used energy intensity data compiled by Our World in Data. Because it is nega-
tively associated with energy efficiency and intensity, it shows the indirect effect of
G.T.I. on G.G. and E.S. by affecting energy efficiency (Wang et al., 2019). Thus, it is
negatively associated with G.G. (Figure 4). The net inflow of F.D.I. is taken from the
W.D.I. of the World Bank database and included in the regression following the
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Figure 2. The pattern of G.T.l. and G.G. Source: Calculated by authors from O.E.C.D. data.
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Figure 3. The relationship between F.D.l. and G.G. Source: Calculated by authors from O.E.C.D. and
Our World in Data databases.
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Figure 4. The relationship between energy intensity and G.G. Source: Calculated by authors from
0.E.C.D. and W.D.I databases.

works of Demiral and Demiral (2021). F.D.I. and G.G. have a negative pattern
(Figure 3).

3.2.3. Control variables

Control variables are included based on existing literature. The data for gross fixed
capital formation, consumption expenditure, population size and G.D.P. per capita is
borrowed from the W.D.I. of the World Bank database. Additionally, renewable
energy share data is utilized from Our World in Data. The descriptive statistics for all
the variables are reported in Table S1 in the Supplementary material, available online.
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We used the inverse hyperbolic sine to transform variables with zero-valued and
negative observations (see Supplementary material, available online).

4. Results and findings
4.1. The panel unit root tests test

A panel unit root test of Im et al. (2003) is conducted to test the null hypothesis of
unit root against the alternative hypothesis of no unit root. The results show that
E.D.I, energy intensity and fixed capital formation are stationary at I(0) (Table 1).
However, all other variables are stationary at the first difference. Besides, the depend-
ent variables, G.G. and E.S., are stationary at I(1).

4.2, Co-integration test

We test long-run cointegration using Westerlund (2007) and Pedroni (2001), which
are techniques most extensively applied methods to investigate the cointegration rela-
tionship. The results indicate that of Pedroni cointegration test confirms the rejection
of the null hypothesis across three models. Similarly, Westerlund’s (2007) test accepts
the alternative hypothesis at a 1% significance level in all specifications (Table 2).

We also found consistent results from Kao’s test (See Supplementary material, available online).

4.3. The effects of green technological innovation on green growth

This section provides the effects of G.T.I. on G.G. The results are reported in Table 3.

Table 1. Stationarity tests.

Variables At level A difference
logGG;; —1.218 —8.539%F*
logES;: —0.981 —5.269%**
logCi —0.118 —15.712%**
logGTl;; 3.613 —14.416%**
logRj; —0.289 —60.616%**
logGDP;; 1.822 —9.304***
logEl;; —52.542%**

logCF;; —4,153%F*

logFDI; —5.980%**

Note: ***indicates a 1% significance level. Lags are selected according to the B.L.C.
Source: Authors calculations.

Table 2. Pedroni and Westerlund cointegration test.

Westerlund panel

Pedroni cointegration test cointegration test
Modified Augmented
Phillips-Perron t Phillips-Perron t Dickey-Fuller t

Model 1 2.076** —9.006*** —10.817%%* 2.8614%**
Model 2 3.290%** —8.569%** —10.027%%* 1.766**
Model 3 2.748%F* —11.185%** —10.543%%* —2.201%*
Model 4 2.589%** —6.832%%* —6.3827%%* —1.304%*
Model 5 4,124 —3.900%** —4.227%F* —2.045%*
Model 6 4.8771%+* —4.313%%* —4.323%%* —2.097**

Note: *** and ** indicates significance at 1% and 5%.
Source: Authors calculations.
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Table 3. The effects of G.T.I. on G.G. (F.M.O.L.S. & D.O.L.S. estimators).

Model 1 Model 1 Model 2 Model 2 Model 3 Model 3
Variables F.M.O.LS. D.O.LS. F.M.O.LS. D.O.LS. F.M.O.LS. D.O.LS.
logGi; 0.250%*** 0.246** 0.519%*** 1.658%** 0.476*** 0.309%***
(0.091) (0.097) (0.147) (0.197) (0.087) (0.091)
logGl;; 0.5971%%* 0.648*** —0.086 —2.971%%* —1.324%%%* 0.263**
(0.053) (0.070) (0.298) (0.428) (0.151) (0.122)
logFDl; —0.142%%* —0.448%** —0.142%%* —0.376%** —0.698%** —0.247%**
(0.045) (0.057) (0.045) (0.059) (0.067) (0.059)
logCF;; 0.201 0.456*** 0.317** 1.079%** 0.334%* 0.194
(0.140) (0.153) (0.148) (0.176) (0.136) (0.141)
logEl; —0.458%** —0.528%** —0.713%%* —1.899%** —0.588%** —0.479%**
(0.036) (0.040) (0.116) (0.168) (0.037) (0.037)
logRi¢ 0.196*** 0.205%** 0.198*** 0.192%%* 0.078*** 0.175%*%*
(0.028) (0.029) (0.028) (0.030) (0.027) (0.028)
logGli*logEl, 0.113** 0.608***
(0.049) (0.070)
logGli*logFDl;, 0.093*** 0.016***
(0.007) (0.005)
Obs. 736 736 736 736 736 736
R2 0.345 0.550 0.311 0.593 0.361 0.524

Notes: ***and **significant at 1% and 5%, respectively, the standard error in parenthesis, i=1, ... ,25.
Source: Authors calculations.

The signs of the coefficients and significance of control variables estimators are consist-
ent with the existing empirical works. Capital formation has a statistically significant posi-
tive impact on G.G. Also, consumption expenditure has a robust positive effect on
progress toward G.G. Also, renewable energy share has a positive effect on progress toward
G.G. in emerging economies, which provides evidence that renewable energy consumption
contributes to environmental quality and progress toward environmental sustainability.

Regarding variables of interest, G.T.I. has a statistically significant positive impact
on G.G., implying that G.T.I. promotes progress toward G.G. in emerging economies
(Table 3). The effects of G.T.I. are consistent with the hypothesis (Hla). Therefore,
G.T.I. is an important driving factor in promoting the G.G. of emerging economies.
However, the effects of F.D.I. on G.G. are negative and statistically significant, imply-
ing that F.D.I. flow to emerging economies has adverse effects on the progress toward
G.G. These findings are consistent with the pollution haven hypothesis that F.D.L
accelerates emissions in the host country and claims that developed countries seek to
establish factories abroad through F.D.. flows, leading to more emissions and pollu-
tion (Cole, 2004). Moreover, energy intensity has a significant negative effect on G.G.,
implying that an increase in energy consumption intensity adversely affects the G.G.
progress of emerging market economies.

Moreover, using the P.M.G./ARD.L. model, we further investigate the long-run
and short-run effects of G.T.I. on G.G. The results spotlight that the coefficients of
error correction terms are negative and statistically significant (See Table S3 in
Supplementary material, available online). Therefore, the results confirm the existence
of an established long-run relationship among the variables. The statistical signifi-
cance of the error correction term also shows the rate of convergence from short-run
to long-run equilibrium. The long-run estimates of P.M.G./A.RD.L. are consistent
with the results of FM.O.L.S. and D.O.L.S. Regarding short tun effects, G.T.I. posi-
tively affects progress toward G.G. in emerging economies.
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4.4. The effects of green technological innovation on ecological sustainability

In this section, we examine the impacts of G.T.I. on E.S. The results are presented in
Table 4.

The coefficients of control variables are consistent with the existing theoretical and
empirical literature. The G.D.P. per capita has a statistically significant positive
impact on ecological footprint, indicating that economic growth negatively impacts
E.S. Also, population growth has robust positive effects on ecological footprint and
adversely affects E.S. Moreover, renewable energy share negatively affects the eco-
logical footprint and contributes to E.S. in emerging economies.

Regarding our target variables, G.T.I. negatively influences ecological footprint and
contributes to E.S. in emerging economies. Thus, the result is consistent with the
hypothesis (H1b). Therefore, the increase in G.T.I. related to the environment is crit-
ical for long-term E.S. as it significantly decreases ecological footprints. However,
energy intensity has a positive and significant effect on ecological footprint and nega-
tively affects E.S. Moreover, long-run and short-run effects of G.T.I. on E.S. using
P.M.G./A.RD.L. are consistent with the results of FM.O.L.S. and D.O.L.S. Regarding
short tun effects, energy intensity has a negative effect on E.S. in the short run (See
Table S4 in Supplementary material, available online).

4.5. The moderating role of green technological innovation

We further investigate the moderating role of sustainable technological innovation on
the impacts of energy intensity on G.G. and E.S. (Tables 3 and 4). The impact of the
interaction term of G.T.I. and energy intensity on G.G. is positive and statistically sig-
nificant (Table 3). Also, the interaction of G.T.I. and energy intensity has a negative
and statistically significant effect on the ecological footprint (Table 4). Moreover, the
impact of the interaction term of G.T.I. and F.D.I. on G.G. is positive and statistically
significant. Finally, the interaction of G.T.I. and F.D.I. has a negative and substantially

Table 4. The impacts of G.T.I. on E.S. (F.M.O.L.S. & D.O.L.S. estimators).

Model 4 Model 4 Model 5 Model 5 Model 6 Model 6
Variables F.M.O.LS. D.O.LS. F.M.O.LS. D.O.LS. F.M.O.LS. D.O.LS.
logGDP;; 0.352%** 0.333*** 0.344%** 0.284%** 0.410%*** 0.370%**
(0.013) (0.014) (0.015) (0.014) (0.016) (0.014)
logGl;; —0.035* —0.124%%%* 0.128%** 0.600%** —1.240%** —0.233%**
(0.020) (0.026) (0.047) (0.060) (0.083) (0.044)
logFDl;; 0.137%** 0.279%*** 0.120%** 0.197%** —0.045* 0.072%**
(0.017) (0.022) (0.018) (0.020) (0.027) (0.022)
Logpopi; 0.417%%* 0.433%%* 0.407%** 0.423%** 0.361%%* 0.395%**
(0.020) (0.020) (0.021) (0.019) (0.023) (0.020)
logEl; 0.292%** 0.322%** 0.328*** 0.430%** 0.257*** 0.288***
(0.017) (0.018) (0.019) (0.020) (0.019) (0.016)
LogR;; —0.024%** —0.027** —0.022* —0.022** —0.090%** —0.034%**
(0.011) (0.011) (0.011) (0.010) (0.012) (0.010)
logGlit*logEl; —0.010%** —0.005%**
(0.000) (0.000)
logGlit*logFDl;; —0.054%** —0.010%**
(0.004) (0.002)
Obs. 714 714 714 714 714 714
R2 0.827 0.900 0.932 0.937 0.904 0.831

Notes: ***, ** & * significant at 1%, 5% & 10%, respectively, the standard error in parenthesis, i=1, ... ,25.
Source: Authors calculations.


https://doi.org/10.1080/1331677X.2023.2167223
https://doi.org/10.1080/1331677X.2023.2167223

14 D. G. BOROJO ET AL.

significant impact on the ecological footprint. Thus, the findings consistent with our
hypotheses. To further discuss the marginal effects of energy intensity and F.D.I. on
G.G. and E.S. with respect to G.T.I., we calculate the partial derivative of G.G. and E.S.
subject to energy intensity and F.D.I. (see Supplementary Material, available online).

The results indicate the negative effect of energy intensity is decreasing subject to
G.T.I, implying that countries investing in G.T.I. mitigate the negative effect of
energy intensity on progress toward G.G. Also, the marginal effect of F.D.I. on G.G.
conditional to G.T.I. is decreasing, implying that the negative effect of FD.I. on G.G.
is decreasing with respect to G.T.L, implying that countries investing in G.T.I. and
promoting environmental policies that facilitate G.T.I. minimize the pollution haven
effects of F.D.I.

The results further imply that the marginal effect of energy intensity and F.D.I. on
ecological footprint is conditional to G.T.I., providing evidence that promoting G.T.I.
by developing new technologies, services, products, and business models that posi-
tively affect the environment and technological advancements in energy conservation
and pollution prevention help mitigate the impact of energy intensity on E.S. in
emerging economies and reduces pollution haven effects of F.D.I.

5. Discussions and policy implications

This study’s findings show that G.T.I. has a robust positive direct impact on G.G.
and a negative effect on ecological footprint, providing evidence that G.T.I. promotes
progress toward G.G. and E.S., which can contribute to attempts of the green revolu-
tion in emerging economies (Tables 3 and 4). Therefore, G.T.I. is an important driv-
ing factor in promoting the G.G. and E.S. as it can generate green technological
progress and improve the allocation rate of resources in emerging economies.

These findings are consistent because most emerging economies are striving to
expand G.T.I. For example, Chile and South Africa already have advanced green
hydrogen strategies consistent with sustainable development (UNCTAD, 2022).
Moreover, South Africa launched a green economy accord to promote energy effi-
ciency, green products, and energy consumption. Also, Colombia, Mexico, Peru, and
other emerging economies have developed green growth strategies and economy-
environment interlinkages (Capozza & Samson, 2019). Therefore, G.T.I. is key to
green growth in emerging economies. It helps them decouple economic growth from
natural capital depletion, thus promoting G.G. and E.S.

The findings of this study support modern growth theories that suggest techno-
logical innovation positively influences G.G. (Acemoglu et al, 2016). Besides, these
results are congruent with the results of Sohag et al. (2021), Meiling et al. (2020),
Ahmad et al. (2020), Erdogan et al. (2020) and Churchill et al. (2019) that provide
evidence of positive impacts of G.T.I. on progress toward G.G. Also, it could directly
reduce pollutant emissions, thus meeting the requirements of E.S. In this regards, the
findings are inline with the findings of Liguo et al. (2022), Su et al. (2022), Khattak
and Ahmad (2022a), Xin et al. (2021) and Ahmad and Zheng (2021) that found a
negative relationship between CO2 emissions and green innovation. However, the
results contradict the findings of Santra’s (2017) claim that G.T.I. negatively affects
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G.G. and E.S. by increasing carbon emissions and will contribute to the depletion of
ecological resources.

On the other hand, energy intensity has a significant negative effect on G.G. and E.S.,
implying that an increase in energy intensity adversely affects G.G. and E.S. in emerging
economies. These findings are expected and in line with our hypothesis as the mix of
energy sources is diverse across emerging economies, but fossil fuels generally dominate
(Capozza & Samson, 2019). Also, the findings are congruent with the results of Sharma
et al. (2020). Besides, the findings imply that the adverse impact of energy intensity on
G.G. and E.S. is weaker after we control for moderating role of G.T.I. on the impacts of
energy intensity on G.G. and E.S., providing evidence that economies that promote
environmental policies related to G.T.I. reduce the adverse impact of energy intensity
via energy efficiency. In other words, policy actions and strategies promoting G.T.I. by
developing new technologies and economic models that positively affect the techno-
logical advancements in energy efficiency help reduce energy intensity in emerging mar-
kets and contribute to G.G. and E.S. These findings, therefore, confirm that promoting
G.T.I. improves G.G. and E.S. by moderating the effects of energy intensity on G.G. and
E.S.; therefore, there is no energy rebound effect in emerging economies.

These findings are significant for emerging economies because energy efficiency is
a critical strategy to speed up the green revolution. In these economies, energy effi-
ciency investment often competes with other economic priorities (Haack et al., 2016)
though it can offer an immense low-cost energy resource. Thus, G.T.I. can unlock its
potential in emerging economies because energy savings can counterbalance two-
thirds of energy requirements due to G.T.I. improvements (Tandon & Ahmed, 2016).
For example, technological progress plays a positive role in improving energy effi-
ciency in China (Chen et al., 2019), which other emerging economies replicate.

Our findings also support the neoclassical growth theory postulating that techno-
logical innovation can enhance energy efficiency. Therefore, improving energy effi-
ciency through improving G.T L. is the key measure emerging economies can take for
energy conservation and emission reduction to improve E.S. and facilitate G.G.

Moreover, the effects of F.D.I. on G.G. and E.S. are negative and statistically sig-
nificant, confirming the pollution haven hypothesis in emerging economies. This
result can be loosely explained by the fact that competition among emerging econo-
mies to attract F.D.I. may relax environmental standards for foreign firms, thus
encouraging firms in developed countries to move their pollution-intensive produc-
tion to developing countries. It also can be argued that emerging economies’ growth
benefits from globalization are attained at the cost of the environment because the
economies adopt looser environmental standards, which is common in most emerg-
ing economies (Pao & Tsai, 2011). Thus, economic gains from F.D.I. could be offset
by the adverse ecological effect of F.D.I. because it could easily be ignored because of
the growth-promoting tendency of F.D.I. (Pao & Tsai, 2011).

Theoretically, our results support the negative of F.D.I., in the sense that increased
F.D.I. inflows could lead to increased emissions (Shahbaz et al.,, 2015) because
increased FDI may promote increased production and consumption by exploiting the
environment and depleting natural resources. For example, China is frequently cited
as an example of the connection between F.D.I. inflow and emissions (Demena &
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Afesorgbor, 2020). increase in F.D.I. and the subsequent high economic growth in
China were accompanied by high industrial emissions, forcing China to develop
green investment incentives to support firms investing in green assets. Lastly, the
effects of the interaction term of G.T.I. and F.D.I. on G.G. and E.S. are positive and
statistically significant, indicating that the negative effect of F.D.I. on G.G. and E.S. is
decreasing subject to G.T.I., indicating that countries investing in G.T.I. minimize the
pollution haven effects of F.D.I.

Therefore, this study will have several practical contributions to policymakers and
governments in emerging economies. First, this study calls for a shift in the policy
paradigm in emerging economies to more investment in G.T.I. to promote G.G. and
E.S. Though most emerging economies have emphasised overall innovation as part of
development strategies, G.T.I. has not been the primary focus and remains small
(Capozza & Samson, 2019). Therefore, emerging economies should develop policies
promoting G.T.I. to speed up the green revolution.

Second, energy efficiency is a fundamentally unexploited opportunity in emerging
economies to promote G.G. and E.S. Therefore, emerging economies should empha-
sise improving energy efficiency through promoting G.T.I. and eco-friendly technolo-
gies. They should also implement energy efficiency regulations and promotion
schemes. Thus, encouraging demand for energy efficiency technologies through pub-
lic procurement policies which some emerging economies (for example, Turkey) have
been implementing, is also worthwhile to speed up the pathway of the green revolu-
tion in emerging economies. Third, emerging economies need to support consumers
to use energy-efficient products to control the negative effects of energy intensity on
G.G. and E.S. Fourth, emerging economies should subsidise foreign firms investing in
G.T.I to mitigate the adverse effects of F.D.I. on G.G. and E.S. Besides, well-targeted
policies should be formulated to attract F.D.I. that can contribute to G.G. and E.S. in
emerging economies.

Finally, this study has some limitations. The findings of this study are based on
the periods 1990-2018 because the latest updated year for ecological footprint is 2018
in the latest edition of G.F.N. Even though the period is sufficient to provide concrete
findings, future works should include recent data during a volatile period which was
and has been affected by COVID-19 and Russia-Ukraine war-induced geopolitical
uncertainty. It is, also, worthwhile to investigate the impacts of G.T.I. on G.G. and
E.S. using firm-level data.
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Appendix A
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Figure A1. Economic growth pattern. Source: Calculated by authors from W.D.I. indicators.

60000000
~ 50000000
g
;’ 40000000
C‘)\' =)
© 30000000
Qg
*= 20000000
5
10000000
0
N v ] 0 D O yo> e
) V) ) ) ) O O SIS S N o
CRC ARG NG I OO RO IR U (P PR
v.

Year

B World mSample countries

Figure A2. CO, emissions. Source: Calculated by authors from W.D.I. indicators.
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Figure A3. Ecological footprint. Source: Calculated by authors from G.F.N. data.
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Figure A4. Renewable energy share growth. Source: Calculated by authors from W.D.I. indicators.
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Figure A5. Net F.D.l. inflow. Source: Calculated by authors from W.D.I. indicator.
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Figure A6. The growth rate of G.G. Source: Calculated by authors from O.E.C.D data.
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