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A B S T R A C T   

The Paris Climate Conference commits countries to contribute to reducing global warming through a Nationally 
Determined Contributions (NDCs) which implore on countries to reduce emissions for improved environmental 
quality. Recognizing the importance of innovation and financial sector development to environmental quality, 
several countries have embarked on identifying ways to improve environmental quality. However, studies on the 
tripartite linkages among innovation, financial development and pollution relationships have produced mixed 
findings. Furthermore, a plethora of the existing studies have relied on only carbon dioxide (CO2) emissions thus 
neglecting other anthropogenic activities which impact on the environment. More tellingly, how countries’ levels 
of innovation moderate financial development–pollution link is yet to be studied. By relying on data from 27 
selected industrialized countries spanning 1991–2014 in examining the tripartite relationships, we find that, 
while innovation lowers environmental pollution, beyond a certain threshold level, higher innovation exacer-
bates environmental degradation. Furthermore, while improved financial development increases pollution, 
higher innovation dampens the environmental quality–reducing effect of finance. Results from our panel cau-
sality tests also reveal a feedback causal linkage between innovation and ecological footprint, and a one-way 
causality from CO2 emissions to innovations. However, irrespective of the indicator of environmental pollu-
tion, financial development and pollution evolve independently, albeit differences at the country levels.   

1. Introduction 

Pollution and rising temperatures are two principal global issues 
regarding the environment over the past few decades. The major source 
of these two problems is the greenhouse gas emissions. According to the 
IPCC (2019), the key greenhouse gases of crucial concern are carbon 
dioxide (CO2), Nitrous oxide (N2O) and Methane (CH4). Among these 
greenhouse gas pollutants, CO2 emissions are increasingly lethal owing 
to its deleterious impact on the human health as well as the environ-
ment. EPA (2017) highlights that, while CH4 and N2O respectively ac-
count for 16% and 4% of global emissions, CO2 comprise 76%. 

Undoubtedly, calls to reducing emissions have led to global action 
and the adoption of international protocols. Key among these protocols 
is the Kyoto Protocol, which commits states to reduce greenhouse gas 
emissions. More recently, the Paris Climate Conference organized in 

2015 also encouraged countries to reduce emissions. A crucial outcome 
of this Conference was the global action plan, which commits all the 196 
participating countries to contribute in reducing global warming. 
Consequently, a Nationally Determined Contributions (NDCs) implore 
on countries to leverage their individual efforts to lower national 
emissions for improved environmental quality. It is however imperative 
to note that, the success of the Paris Climate Conference in reducing 
emissions depends on countries’ energy consumption and the commit-
ment of major polluters/emitters to reduce emissions particularly CO2. 
Evidence abound that, the G–20 countries which commands 85% of 
global gross domestic product (GDP), as the world leading economies 
are the largest CO2 emitters with average CO2 emissions accounting for 
80% of global greenhouse gas emissions (Climate Transparency, 2019). 

The need to reduce pollution and improve environmental quality 
have led to efforts aimed at identifying key factors influencing 
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emissions. For instance, existing studies have identified economic 
growth (Charfeddine and Mrabet, 2017; Dauda et al., 2019); urbaniza-
tion (Shahbaz et al., 2015, 2016; Adams and Klobodu, 2017; Salahuddin 
et al., 2019); institutions (Abid, 2017; Adams and Klobodu, 2017); 
foreign direct investment (Shahbaz et al., 2018; Nasir et al., 2019; Haug 
and Ucal, 2019); and renewable energy consumption (Cheng et al., 
2019) among others, as crucial factors affecting pollution. Increasingly, 
innovation and countries’ level of financial sector development have 
gained traction regarding their roles in environmental degradation. 
According to Maranville (1992), innovation involves the discovery and 
uptake of better solutions technologies and products. Thus, innovation 
could involve the practical adoption and usage of an invention in order 
to make a useful impact in society. Gu and Wang (2018) opine that, 
innovation is a proximal tool which aids in decreasing greenhouse gas 
emissions on the environment. As a result, countries have promoted 
research and development (R&D) investments through budget pro-
visions for R&D. Thus, higher innovation lowers emissions (see Su and 
Moaniba, 2017; Aldieri et al., 2019). However, there is also evidence 
that pollution increases with innovation as higher R&D spending could 
lead to more energy consumption (Raiser et al., 2017; Mushtaq et al., 
2020). Similarly, improved financial sector development provides 
financial resources that support the consumption of energy efficient 
fuels in a way that improves environmental quality (Al–Mulali and Sab, 
2012; Tamazian et al., 2009) even though other researchers disagree 
with the pollution–reducing effect of financial development (see Zhang, 
2011; Abbasi and Riaz, 2016; Charfeddine and Kahia, 2019). 

Undoubtedly, while research efforts on innovation–financial devel-
opment–pollution relationships continue to grow albeit inconclusive, 
those pertaining to the industrialized economies are scanty. More so, 
majority of those relating to these industrialized countries have also 
produced mixed findings. This study therefore aims at exploring the 
relationships among innovation, financial development and environ-
mental pollution by using the industrialized countries as a case. Our 
choice for this region hinges on two reasons: First, majority of the G–20 
countries are industrialized and contribute significantly to global 
emissions. Second, the industrialized countries have relatively improved 
innovation activities and financial sector development hence making it 
imperative to examine the extent to which innovation and financial 
development influence their emission levels. 

For the most part, the varying evidence makes it difficult for policy 
makers regarding the precise policies necessary to reduce emissions and 
environmental pollution. In addition to the different direction of effects 
of innovation and financial development, a plethora of the literature 
have heavily relied on CO2 emissions to proxy environmental degrada-
tion, neglecting ecological footprint. Meanwhile, ecological footprint 
highlights the impact of anthropogenic actions with respect to carbon, 
fishing, forest, soil, air and land. By combining all these sources of 
pollution, the ecological footprint is an all-inclusive indicator of 
degradation. However, we are yet to see a study that examined how 
innovation and financial development relate to ecological footprint. 
More tellingly, what is also unknown, so far, is how innovation play-
s–out in financial development–pollution nexus. In other words, how 
countries’ level of innovation mediate the relationship between finan-
cial development and pollution is yet to be studied. 

Given the research gaps observed above, this research principally 
aims at filling those gaps and by so doing, it contributes significantly to 
the existing literature in so many ways: First, this study provides a 
pioneering evidence on the impact of innovation on ecological footprint 
as a comprehensive indicator of pollution. In addition, we also use the 
standard CO2 emissions in examining how innovation influences pollu-
tion. In this endeavour, this study reveals the disproportionate effects of 
innovation on the different measures of environmental pollution. Sec-
ond, relative to the existing studies that used either the bank– or mar-
ket–based indicators of financial development, we go beyond the use of 
the single–based indicators of financial development by relying on a 
proxy of financial sector development index, which combines the 

multidimensional nature of the financial sector. To the extent that, both 
the bank– and market–based financial systems are well–developed 
particularly in the industrialized countries, a measure of financial sector 
that incorporates these different dimensions in investigating financial 
development–pollution nexus is a step in the right direction. Third, we 
also examine whether innovation–pollution relationship exhibits 
threshold effects where the precise impact of innovation is conditioned 
on countries’ level of innovation. Fourth, beyond the direct effects of 
innovation and financial development, this study also unearths the 
mediating role of innovation in financial development–pollution nexus. 
By doing this, we reveal whether or not the impact of financial devel-
opment on environmental degradation is mediated by the state of 
innovation. Methodology, in addition to applying a technique, that 
controls for the endogeneity and proliferation of instruments, we also 
investigate for the causal patterns among innovation, financial devel-
opment and environmental pollution, by applying a panel causality 
technique, that controls for the individual country heterogeneities, 
hence overcoming the issues of cross–sectional dependence that are 
often present in panel studies. 

By relying on 27 industrialized countries, we find that, while inno-
vation lowers environmental pollution, beyond a certain level of inno-
vation, higher innovation activities exacerbate environmental 
degradation. Furthermore, while improved financial development in-
creases pollution, innovation dampens the positive impact of financial 
development on pollution. We also document substantial differences 
with regard to the causal relationships among innovation, financial 
development and environmental pollution, at both the panel and indi-
vidual country levels. 

The rest of the study is organized as follows: Section 2.0 reviews the 
literature. Section 3.0 specifies data issues and empirical strategy. Sec-
tion 4.0 presents the empirical results of the study. Conclusion and key 
policy implications are highlighted in Section 5.0. 

2. Innovation–financial development–pollution relationships: A 
review 

This section presents the literature review on innovation–financial 
development–pollution relationships. We divide this section into two 
parts: the first part is devoted to studies examining the linkage between 
innovation and environmental pollution while the second section re-
views the literature regarding financial development and pollution link. 

2.1. Innovation and environmental pollution relationships 

Indeed, calls for cleaner environmental quality have led to search for 
ways of reducing environmental pollution. Increasingly, the need to 
innovate has been flagged as a channel through which countries can 
deploy to mitigate emissions. Anecdotally, innovations in the area of 
renewable energy production aids in decreasing excessive energy con-
sumption hence dampening carbon related emissions. Similarly, through 
innovation, new forms of biofuels and energy efficient vehicles and 
appliances are invented all of which aid to reduce related emissions. 

Undoubtedly, research on the impact of innovation on environ-
mental pollution is growing in an astounding manner even though the 
findings are inconclusive largely driven by different country settings, 
estimation approaches and time periods. For instance, Kumar and 
Managi (2009) empirically examined the technological innova-
tion–carbon emissions link in 80 economies spanning 1971–2000. Re-
sults from their maximum likelihood approach reveal that, while 
technological innovation helped to CO2 emissions in developed coun-
tries, with regard to most developing economies, improved innovation 
increases emissions. Carrion–Flores and Innes (2010) also show that, 
environmental innovations significantly lower pollution in US. This 
notwithstanding, Wang et al. (2012) observe that fossil–fuel innovation 
activities have insignificant impact on emissions, while the impact of 
carbon–free innovation activities is far being clear. This finding is 
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inconsistent with Zhao et al. (2013) who report that technological 
innovation reduces emissions in China. In Malaysia, Yii and Geetha 
(2017) present a different perspective by showing that, environmental 
quality–enhancing effect of innovation is only significant in the short 
term with no long-term impact. Further results from their Granger 
causality test reveal that, innovation leads emissions only in the short 
run. Shahbaz et al. (2018) used data covering 1955–2016 to examine 
energy innovation–carbon emissions nexus in France. The authors find 
that, energy innovation – proxied by real R&D expenditures for energy 
innovation – significantly reduces carbon emissions. This finding is 
inconsistent with Mushtaq et al. (2020) who observe positive and sig-
nificant coefficient of innovation suggesting that innovation degrades 
the environment at the national level in China. However, by dis-
aggregating the sample according to the regions, findings reveal that, 
while innovation degrades the environment in Northwest region, in the 
case of Eastern and Southwest regions, higher innovation improves 
environmental quality. 

Beyond these time series studies, which centered only on single 
countries, another strand of the literature presents evidence on inno-
vation–emissions nexus using panel datasets. For instance, using data on 
14 countries in OECD over the period 1975–2005, Wurlod and Noailly 
(2016) report that, while environmental innovation dampens energy 
intensity of industrial sectors, the impact of innovation on carbon 
emissions is far from being conclusive. Santra (2017) also finds that 
innovation increased consumption of energy and carbon emissions in 
the Brazil, Russia, India, China and South Africa (BRICS) economies. By 
sourcing data from 70 countries and applying the generalized method of 
moments (GMM) technique, Su and Moaniba (2017) investigate the 
impact of innovation on climate change. Results from their study reveal 
that, innovations in liquid–fuels and natural gas significantly reduce 
environmental pollution. Raiser et al. (2017) found that innovation 
proxied by number of patents applications inhibit climate change miti-
gation. Using OECD countries however, Aldieri et al. (2019) observe that 
innovation aids in decreasing CO2 emissions thus contrasting Raiser 
et al. (2017) findings. 

Yan et al. (2017) investigate the effect of innovation on CO2 emis-
sions in 15 major economies over the period 1992–2012. Using pat-
ent–based innovation, the authors find no evidence of significant effect 
of innovation on carbon emissions. By disaggregating innovation into 
different forms, Yan et al. (2017) observe a dampening impact of clean 
innovation while that of gray innovation is unclear. 

Mensah et al. (2018) rely on data from 28 individual OECD econo-
mies for the period spanning 1990–2014 to investigate the impact of 
innovation on CO2 emissions. Results from their autoregressive distrib-
uted lags (ARDL) show that, while innovation generally aids in miti-
gating carbon emissions in most OECD countries, the precise direction 
and magnitude of effect is conditioned on the individual countries. By 
using 18 developed and developing economies, Dauda et al. (2019) 
suggest that, innovation reduces carbon emissions in G–6 economies. 
However, higher innovation increases environmental degradation in 
BRICS and Middle East and North Africa (MENA) economies. 

More recently, Nguyen et al. (2020) determine the role of informa-
tion technology, innovation and finance in pollution relying on data 
from 13 selected G–20 economies. The authors find that, while both 
information technology and spending on innovation reduce pollution, 
well–developed financial sector increases carbon emissions. By invoking 
the simultaneous equation modelling on 24 OECD data spanning 
1993–2014, Ahmad et al. (2020) find that, fossil–fuels, innovation and 
FDI are major determinants of CO2 emissions. According to the authors, 
higher innovation does not reduce carbon emissions in the region. This 
finding is particularly inconsistent with Nguyen et al. (2020) as observed 
above. Relying on 27 European Union (EU) countries between 1992 and 
2014, Tobelmann and Wendler (2020) find that, while environmental 
innovation – measured by environmental patent applications – signifi-
cantly dampen carbon emissions, relatively general innovative activities 
do not reduce emissions. Further findings also show heterogeneity with 

regard to the level of effect where in well–developed economies, envi-
ronmental innovation led to lower pollution compared to the least 
developed economies. By using BRICS economies over the period 
1980–2016, Khattak et al. (2020) find heterogeneous effect of innova-
tion on pollution. The authors find that, with the exception of Brazil, 
innovation activities do not improve on environmental quality in China, 
India, Russia, and South Africa. Further results from their causality es-
timations reveal a two-way causality between innovation and carbon 
emissions. 

Indeed, we infer that the precise impact of innovation on environ-
mental degradation is inconclusive. Interestingly, the direction of cau-
sality has also produced mixed findings. For instance, Zhao et al. (2013) 
find that, technological innovation leads CO2 emissions in China. In the 
case of Malaysia, Ali et al. (2016) observe a feedback causality between 
technological innovation and CO2 emissions only in the short-run. 

2.2. Financial sector development and environmental pollution 
relationships 

Schumpeter’s (1911) seminal theoretical work first highlighted the 
growth–enhancing impact of well-developed financial systems on eco-
nomic growth. According to Schumpeter (1911), financial sector en-
hances growth by providing the needed financial services and resources. 
Following from this, the empirical studies on finance–growth nexus has 
grown with a strong consensus that well-developed financial sectors 
critically promote economic growth (see Levine et al., 2000; Levine, 
2004; Ibrahim and Alagidede, 2018). According to Levine (2004), 
improved financial sectors promote overall economic growth by 
allowing capital accumulation and savings mobilization, ameliorating 
information asymmetry, monitoring investment and exchange of goods 
and services, among others. Increasingly, countries levels of financial 
sectors have been proffered to have an important role for the environ-
ment. For instance, the financial sector is seen to monitor emissions 
through promoting technological advancement in the energy sectors 
necessary for lowering emissions (Abbasi and Raiz, 2016; Salahuddin 
et al., 2015). By making financial capital available for creative activities 
and financing R&D activities, financial sectors can play an important 
role in environmental deterioration by aiding in decreasing emissions 
(Sadorsky, 2010). Following from this argument, environmental pollu-
tion decreases with financial sector development. Empirically, Tam-
azian et al. (2009) find a negative link between finance and emissions in 
BRICS. Other studies also show that, environmental quality improves 
with financial development in China (Jalil and Feridun, 2011), South 
Africa (Shahbaz et al., 2013a), Malaysia (Shahbaz et al., 2013b) and 
Pakistan (Abbasi and Riaz, 2016). By relying on data from 24 transition 
economies, Tamazian and Rao (2010) show that, financial liberalization 
increases environmental quality via reduction in carbon emission. By 
applying the bootstrap bounds testing technique on French data span-
ning 1955–2016, Shahbaz et al. (2018) unearth that, financial sector 
inhibits emissions thus enhancing clean environment. 

Similarly, Al–Mulali and Sab (2012) observe that financial sector 
enhances clean environment by decreasing emissions through the 
execution of sound financial strategies. Paramati et al. (2017) find that 
improvement in the stock market lowers emission only in the well-
–developed economies among the G–20 countries. Abid (2017) relies on 
data spanning 1990–2011 from 41 EU and 58 Middle East and African 
economies. Results from their system GMM show that, environmental 
degradation decreases with financial development and this finding holds 
irrespective of the region. This finding, which is consistent with 
Al–Mulali and Sab’s (2012) study suggests that, higher financial devel-
opment enhances environmental quality. 

Beyond the environmental quality–enhancing effect of financial 
sector, there is another strand of literature suggesting that, well-
–developed financial sector may increases pollution by enhancing 
manufacturing outputs, which may subsequently lead to degradation 
(Charfeddine and Kahia, 2019). Zhang (2011) concluded that 
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well-developed financial sectors magnify carbon emissions due to inef-
ficient resource allocation to firms. Richard’s (2010) study show that, an 
increase in financial instability leads to higher environment degrada-
tion. This evidence is consistent with Shahbaz’s (2013) study who finds 
that, financial instability increases environmental pollution in Pakistan. 
However, Abbasi and Riaz (2016) find that, well-developed financial 
sectors do not dampen emissions. Rather, higher increases in financial 
development heightens pollution. On the causal nexus, the authors note 
that, increases in financial development and efficiency of the stock 
markets lead to variations in CO2 emissions. Nazir et al. (2019) also 
report that, improved financial sectors heighten pollution in ASEAN. 
Similarly, Haug and Ucal (2019) also find that carbon emissions increase 
with financial development. By using data from G–7 and N–11 econo-
mies, Zafar et al.,’s (2019) study reveals some interesting findings. The 
authors show that, higher bank-based financial development lowers 
pollution in G–7 economies, while increasing pollution in N–11 

economies. Further findings also reveal that stock markets increase 
degradation in G–7 economies, while reducing same in N–11 economies. 
With regard to the direction of causality, Zafar et al. (2019) provide 
evidence of bidirectional causality banking development index and CO2 
emissions for G–7 countries and unidirectional causality for N–11 
countries. However, further results show that a bidirectional causality 
between stock market and environmental degradation for all the coun-
tries considered. 

Ozturk and Acaravci (2013) show that improvement in countries 
financial systems do not result in emissions reductions in Turkey. 
Consistent with Ozturk and Acaravci (2013), Charfeddine and Kahia 
(2019) also conclude that, well-developed financial sectors do not in-
fluence environmental quality in MENA, which the authors attribute to 
the nascent nature of their financial markets. 

Thus, from the foregoing, preponderance of evidence on financial 
development–pollution studies is mixed. Similarly, findings on their 

Table 1 
Some selected works on the innovation–financial development–pollution impact.  

Authors Time period 
and sample 

Estimation approach Proxy of innovation Proxy of financial 
development 

Proxy of 
environmental 
degradation 

Key finding 

Cheng et al. (2019) 1996–2015 
35 OECD 
countries 

Panel quantile 
regression 

Number of patents – CO2 emissions Innovation insignificantly 
affects CO2 emissions 

Álvarez–Herránz 
et al. (2017) 

1990–2014 
28 OECD 
countries 

Generalized Least 
Squares (GLS) 

Public budget in energy R&D 
on energy intensity 

– CO2 emissions Energy innovation 
enhances environmental 
quality 

Su and Moaniba 
(2017) 

1976–2014 
70 countries 

Generalized method 
of moments (GMM) 

Patent data – Global greenhouse 
gas emissions 

Innovation positively 
affects the environment 

Zhang et al. (2017) 2000–2013 
China 

System GMM Pollution governance – CO2 emissions Environmental innovation 
reduces CO2 emissions 

Aldieri et al. (2019) 1981–2011 
10 European 
countries 

Panel cointegration Energy from combustible 
renewables and waste (% of 
total energy use) 

– CO2 emissions Innovation positively 
affects environmental 
conditions 

Yu and Du (2019) 1997–2015 
China 

Random effect R&D investment – CO2 emissions Innovation reduces CO2 

emissions  

Yii and Geetha 
(2017) 

1971–2013 
Malaysia 

Vector error correction model 
(VECM) 

Number of patents 
applications 

– CO2 

emissions 
Technology innovation negatively 
affects pollution only in the short- 
run 

Nguyen et al. 
(2020) 

2000–2014 
13 countries 
in G–20 

Fully modified ordinary least 
squares (FMOLS), fixed effects 
and quantile regressions 

Gross domestic 
spending on R&D 

Private credit, market 
capitalization and liquid 
liabilities 

CO2 

emissions 
Innovation reduces CO2 emissions 

Mensah et al. 
(2018) 

1990–2014 
28 OECD 
countries 

Autoregressive distributed lag 
(ARDL) 

Patent application – CO2 

emissions 
Innovation reduces pollution with 
variations across the countries 

Tobelmann and 
Wendler 
(2020) 

1992–2014 
27 EU 
countries 

GMM Patent counts of 
environmental patent 
applications 

– CO2 

emissions 
Environmental innovation reduces 
CO2 emissions while general 
innovation does not decrease 
emissions 

Khattak et al. 
(2020) 

1980–2016 
BRICS 
economies 

Common correlated effect mean 
group (CCEMG) 

Patents by residents per 
capita 

– CO2 

emissions 
Except Brazil, innovation does not 
reduce CO2 emissions in BRICS  

Ahmad et al. 
(2020) 

1993–2014 
24 OECD 
countries 

Simultaneous equation 
modelling (SEMs) 

R&D 
expenditures 

– CO2 

emissions 
Innovation increases pollution 

Haug and Ucal 
(2019) 

1974–2014 
Turkey 

ARDL and Nonlinear 
(NARDL) 

– Private credit CO2 

emissions 
Finance increases pollution 

Paramati et al. 
(2017) 

1991–2012 
All G–20 
countries 

FMOLS – Stock market capitalization CO2 

emissions 
Finance decreases pollution in developed 
economies while increasing degradation in 
developing economies 

Charfeddine and 
Kahia (2019) 

1980–2015 
24 MENA 
countries 

Panel vector 
autoregressive (PVAR) 

– Private credit CO2 

emissions 
Finance does not reduce pollution 

Zafar et al. (2019) 1990–2016 
G–7 and N–11 
countries 

Panel cointegration – Bank credit, liquid 
liabilities and stock market 
indicators 

CO2 

emissions 
Impact is conditioned on the measure of 
finance and region 

Abid (2017) 1990–2011 
58 MEA and 41 
EU countries 

System GMM – Domestic credit CO2 

emissions 
Finance lowers degradation 

Nasir et al. (2019) 1982–2014 
ASEAN–5 
economies 

Dynamic DOLS and 
FMOLS 

– Bank credit, listed 
companies and 
international debt 

CO2 

emissions 
Finance increases degradation  
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causal relationships are also far from being conclusive. For instance, 
Bekhet et al. (2017) find a one-way causal pattern running from finan-
cial development to emissions in United Arab Emirates, Oman and 
Kuwait. Zhang (2011) also found financial development-led emissions in 
China consistent with Ozturk and Acaravci (2013) in Turkey. However, 
Bekhet et al. (2017) found one-way causal nexus where emissions lead 
financial sector in Saudi Arabia and Qatar. In Malaysia, Shahbaz et al. 
(2013a,b) find a feedback causal link between financial development 
and emissions. These findings are akin to Al–Mulali and Sab (2012). 
However, using data spanning 1980–2012, Salahuddin et al.,’s (2015) 
Granger causality test shows that, financial sector development and 
pollution are independent as they find no evidence of causality. 

We provide a summary of the literature in Table 1 regarding the 
innovation–financial development–pollution linkages. Indeed, it is clear 
from the literature that, studies on these linkages are mixed and far from 
being settled. In addition, as shown in Table 1, none of the existing 
research efforts have used ecological footprint as a measure of pollution. 
Furthermore, none of the studies have used multidimensional indicator 
of financial development in a way that combines the different compo-
nents of the financial system. This study therefore contributes to the 
discussion by critically examining the relationships among innovation, 
financial development and environmental pollution by using ecological 
footprint – a more nuanced indicator of pollution – and a composite 
index of financial development. 

3. Methodology 

3.1. Data 

This study uses on balanced panel dataset comprising 27 selected 
industrialized countries over the period 1991–2014. These countries can 
be found beneath Table 2 below. The choice of the time period and 
countries was based on the availability of data particularly for our key 
variable of interests. Given the aim of this study, we proxy environ-
mental quality by the ecological footprint which indicates the ecological 
activities that a given population requires to manufacture the natural 
resources it consumes and assimilates the waste. According to Global 
Footprint Network, the ecological footprint is computed based on the 
use of six areas of productive surfaces. These six areas are carbon de-
mand on land, grazing land, built-up land, cropland, fishing grounds and 

forest area. CO2 emissions, which we also use to measure environmental 
quality takes care of the burning of fossil fuels. Thus, the higher the 
ecological footprint and emissions, the higher the environmental 
degradation and vice versa. With regard to innovation, we use the gross 
domestic spending on research and development (R&D) defined as the 
total expenditure on R&D as a percentage of GDP. This measure has also 
been used in recent literature (see Aluko et al., 2020; Nguyen et al., 
2020). Turning to financial development, relative to earlier studies as 
indicated in Table 1 that rely on either bank–based or market–based 
measure, we employ a recently developed multidimensional index of 
financial sector development which is based on the depth, access and 
efficiency of the financial markets and institutions of countries. The 
index is computed using six sub–indices and are subsequently normal-
ized to range between 0 and 1. Countries whose index is closer to 1 
implies that, the financial system in that country is well-development. 
The reverse also holds for countries with values closer to 0 (see Svir-
ydzenka, 2016). We follow the existing studies to include key control 
variables notably real GDP per capita (in constant 2010 U.S. dollars), 
urbanization, human capital, trade openness, energy consumption and 
population growth. While Table 2 summarizes the data and data sources, 
Table 3 presents the descriptive statistics of all the variables used. 

From the descriptive statistics in Table 3, we find an average 
ecological footprint of 5.330 while that of CO2 emissions per capita and 
innovation are 0.440 and 1.568% of GDP respectively. The mean of 
financial sector development is 0.602 revealing the relatively well-
–developed financial systems in the countries as the index is closer to 1. 
The higher real GDP per capita reaffirms the high-income levels of the 
countries. Values of the coefficient of variation suggest that, population 
growth is the most volatile followed by trade openness and CO2 
emissions. 

3.2. Models specifications 

Given that the objective of this research is to investigate the effect of 
innovation and financial development on environmental degradation, 
we specify a baseline model where environmental degradation is made 
to depend on its lag, innovation, financial development and other con-
trols. We express this in the following model: 

ENDEit =ϖoENDEit− 1 + ϖ1INNOit + ϖ2FINit + ϖ3CONit + μit (1)  

where ENDEit is the vector of environmental degradation comprising 
ecological footprint and CO2 emissions; ENDEit− 1 is its lag used to 
measure initial conditions of environmental degradation in the coun-
tries; INNOit and FINit denote innovation and financial development 
respectively; CONit represents a vector of controls; μit is the error term 
while i and t respectively denote country and time indices. 

Thus, from equation (1), innovation and financial development 

Table 2 
Summary of data.  

Variables Summary description Source of data 

Ecological 
footprint 

Ecological footprint per capita Global Footprint 
Network (GFN) 

CO2 emissions CO2 emissions (kg per PPP $ of GDP) World Development 
Indicators (WDI) 

Innovation Gross domestic spending on R&D (% of 
GDP) 

OECD 

Financial 
development 

Computed as an index of financial 
access, financial depth and financial 
efficiency of both financial markets 
and financial institutions 

Svirydzenka (2016) 

Real GDP per 
capita 

GDP per capita (constant 2010 US$) WDI 

Urbanization Urban population (% of total 
population) 

WDI 

Human capital School enrollment, primary (% gross) WDI 
Trade openness Imports plus exports (% of GDP) WDI 
Energy 

consumption 
Energy use (kg of oil equivalent per 
capita) 

WDI 

Population 
growth 

Population growth (annual %) WDI 

Note: The 27 countries are Australia, Belgium, Canada, China, Denmark, 
Finland, France, Germany, Hungary, Ireland, Italy, Japan, Korea, Mexico, 
Netherlands, Norway, Poland, Portugal, Romania, Russia, Singapore, Slovak 
Republic, Spain, Switzerland, Turkey, United Kingdom and United States. 

Table 3 
Descriptive statistics.   

Mean Standard 
deviation 

Coefficient of 
variation 

Minimum Maximum 

EF 5.330 2.106 0.395 0.061 10.481 
CO2 0.440 0.314 0.714 0.066 2.039 
INNO 1.568 0.820 0.442 0.177 4.077 
FD 0.602 0.207 0.344 0.107 1.000 
RGDPPC 32,176.41 20,049.46 0.623 786.1297 91,565.73 
URB 73.584 13.339 0.181 27.312 100.000 
HCAP 102.775 5.339 0.052 79.857 124.376 
OPEN 83.132 66.137 0.796 16.013 437.326 
ENCON 3893.401 1772.676 0.455 736.851 8455.547 
POPG 0.607 0.743 1.224 − 1.853 5.321 

Note: EF = Ecological footprint; CO2=Carbon dioxide emissions; INNO-
=Innovation; FD=Financial development; RGDPPC = Real GDP per capita; 
URB=Urbanization; HCAP=Human capital; OPEN = Trade openness; ENCON =
Energy consumption; POPG=Population growth. 
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reduces degradation if their respective coefficients (ϖ1 and ϖ2) are 
negative and significant at conventional levels. In addition to these 
direct impacts, we also investigate whether the countries’ level of 
innovation mediates the impact of financial development on degrada-
tion. In this essence, we introduce an interactive term of INNOit and FINit 
thus producing the equation below: 

ENDEit =ϖoENDEit− 1 +ϖ1INNOit +ϕ1INNO2
it +ϖ2FINit +ϖ3CONit

+ψ(INNOit ×FINit) + εit
(2)  

where is country fixed effect which is unobservable; νt is time-related 
effects while εit is idiosyncratic random term. 

Based on equation (2), the coefficient of the multiplicative interac-
tive term is indicated by ψ and this coefficient is expected to shed light 
on how innovation influences financial development–degradation 
nexus. From equation (2), we can document four possible conclusions: 
(i) when ϖ2 > 0 and ψ > 0, then financial development increases 
environmental degradation and higher innovation heightens the 
degradation effect of finance; (ii) when ϖ2 > 0 and ψ < 0, then the 
implication is that financial development increases degradation and 
higher innovation dampens the environmental degradation effect of 
finance; (iii) when ϖ2 < 0 and ψ > 0, we find that financial develop-
ment decreases degradation and higher innovation dampens the envi-
ronmental quality effect of finance; (iv) when ϖ2 < 0 and ψ < 0, we 
conclude that financial development decreases degradation and higher 
innovation amplifies the environmental quality effect of finance. Beyond 
this, we compute the net effect of financial development, which is 
examined by differentiating equation (2) with respect to finance as 
shown in equation (3) below: 

∂ENDEit

∂FINit
=ϖ2 + ψINNOit (3) 

In order to examine the threshold effects of innovation on degrada-
tion, we include a square term of innovation in equation (1) as shown in 
equation (4) below: 

ENDEit =ϖoENDEit− 1 + ϖ1INNOit + ϕ1INNO2
it + ϖ2FINit + ϖ3CONit + μit

(4)  

From equation (4), we determine the nature of the threshold using the 
signs of ϖ1 and ϕ1. Specifically, if ϖ1 < 0 and ϕ1 > 0, the innova-
tion–pollution link exhibits a U–shaped relationship and if ϖ1 > 0 and 
ϕ1 < 0, we conclude that, the relationship between innovation and 
pollution is inverted U–shaped. 

Indeed, the inclusion of the lagged term of degradation into the 
equations show possible correlation between the drivers of environ-
mental degradation and the random term. This is because ENDEit− 1 
depends on εit− 1 which also influences . In the case, the models spec-
ified may suffer from Nickell (1981) bias because of the potential cor-
relations. Furthermore, there is potential endogeneity given the nature 
of our regressors. We therefore control for these using the two-step 
system generalized method of moments (GMM). 

The system GMM estimator (see Arellano and Bond, 1995; Blundell 
and Bond, 1998) which is superior to the difference estimator of Are-
llano and Bond (1991) relies on instrumental variables. However, 
Roodman (2009a) argues that, using the system GMM especially when T 
is small might lead to instrument proliferation because of the higher 
number of internally determined instruments. As a consequence, too 
many instruments potentially over fit the instrumented variables. Based 
on this, Roodman (2009b) extends Arellano and Bover (1995) which 
limits the number of instruments, avoids proliferation. In addition, the 
new extension proposed by Roodman (2009b) takes care of cross–sec-
tional dependence eminent in the panel. Thus, the extended estimation 
procedure, which is adopted in this study, relies on forward orthogonal 
deviations. 

We check the validity of the results by examining the identification 
process, simultaneity issues and exclusion restriction assumption un-
derlying the identification process. To address the simultaneity, we rely 
on the forward differenced instrumental variables, which uses the Hel-
met transformations to remove any fixed effects, which might bias our 
models because of its correlation with the lagged term of environmental 
degradation. We also examine the exclusion restrictions using the 
Difference-in-Hansen Test (DHT) which tests the null hypothesis that, 
the exclusion restriction assumption holds. Indeed, the procedure for 
authenticating the hypothesis regarding the exclusion restriction is not 
different from the criterion based on the Sargan/Hansen test that is 
employed in more traditional instrumental variable estimation ap-
proaches (see Acquah and Ibrahim, 2020; Tchamyou et al., 2019). 

4. Empirical findings 

This section analyzes the results of the study where we begin by 
examining the validity of our results. For all the estimated models in 
Table 4, the p–values (0.0000) of the F–test reveal the overall signifi-
cance of our models. Our tests of over-identifying restrictions (OIR) 
show the validity of our instruments given that we do not reject the null 
hypotheses of the Sargan and Hansen tests. We also do not find evidence 
of serial correlation and fails to reject that for the second order [AR(2)]. 
The null hypotheses of the DHT for exogeneity of the instruments are not 
also rejected. Roodman’s (2009b) rule of thumb is also upheld given that 
the number of instruments are lower than the number of groups. Results 
from our correlation matrix do not show high correlations among the 
regressors and there was no multicollinearity problem. We do not show 
these results due to space but are available upon request. All these affirm 
the reliability of our results. 

Starting with the effect of innovation and financial development on 
ecological footprint, based on column 1, Table 4, we find a negative 
effect of innovation on ecological footprint where a 1% increase in 
innovation dampens ecological footprint by 0.6283%. Thus, the damp-
ening effect of innovation suggests that higher innovation improves 
environmental quality. This finding is not far–fetched. Innovations in 
cleaner and ecological sustainable process permit the opening up of new 
power sources, which reduces the dependence of fossils leading to lower 
degradation. For the most part, higher innovations that lead to discovery 
of new ideas on types of energy that are environmentally–friendly, 
promotes green manufacturing in a way that exerts efficient use of land 
and consumption help dampen ecological footprint (Xu and Lin, 2018). 
Ahmed et al. (2020) note that, Germany largely uses the flue–gas 
desulphurization tools and in the case of France, nuclear energy are 
well-used. However, Japan relies on both the nuclear energy and 
flue–gas desulphurization tools all of which improves the environmental 
quality through their reduction of greenhouse gases. The dampening 
effect of innovation on environmental degradation is consistent with 
Nguyen et al.,’s (2020) study. 

With regard to financial development in Table 4, we observe a pos-
itive and marginally significant effect on ecological footprint where 
financial deepening heightens ecological footprint with a coefficient of 
1.6350. Thus, improved financial development do not support envi-
ronmental quality given our sample evidence. For the most part, while 
innovation aids in improving environmental quality through its damp-
ening impact on ecological footprint, higher financial development 
erodes environmental quality. Indeed, given the relative coefficients of 
innovation and financial development, we observe that, the dampening 
environmental quality effect of financial development is about 2.6 times 
higher than the environmental quality–enhancing effect of innovation. 
There are several routes through which, improved financial develop-
ment inhibits the quality of the environment. One critical channel is 
through economic growth. To the extent that higher financial sector 
enhances overall growth (Ibrahim and Alagidede, 2018), Zhang (2011) 
notes that, higher economic growth increases consumption of energy in 
the production of goods and service. Consequently, such increased 
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energy consumption degrades the environment. In addition, well-
–developed financial systems attract both domestic and foreign in-
vestments, which also come at a cost to the environment through 
increased carbon emissions. Indeed, there is also evidence that, efficient 
financial intermediation makes more financial resources available to 
businesses which makes the production of high–energy intensive goods 
relatively affordable to agents, thus increasing energy consumption. 

Given that improved financial development increases ecological 
footprint, we investigate the moderation role of innovation in finance-
–ecological footprint nexus. In other words, we investigate whether 
higher innovation dampens or magnifies the positive effect of finance on 
ecological footprint as specified in equation (2). The results are pre-
sented in column 2. In this regression, the coefficients of innovation and 
financial development maintain their respective negative and positive 
signs albeit different magnitude of effects. Interestingly, while the co-
efficient of innovation increases (in absolute terms) suggesting higher 
improvement in environmental quality, the coefficient of financial 
development reduces. Thus, relative to the earlier evidence in column 1, 
our results show that, the environmental quality–enhancing impact of 
innovation is higher than the dampening impact of financial develop-
ment. Turning to the mediating role of innovation in financial devel-
opment–ecological footprint nexus, the study finds a negative and 

significant coefficient of the interactive term. Given the positive impact 
of financial development and the negative coefficient of the interactive 
term, we conclude that, while improved financial development increases 
ecological footprint, higher innovation lowers the deleterious uncondi-
tional impact of financial sector development on environmental quality. 
We evaluate the net effect, which hinges on the unconditional/direct 
effect, the conditional/indirect effect and the corresponding coefficient 
of the interactive term. And as argued by Brambor et al. (2006), the 
criteria for assessing the overall effect in interactive regressions should 
not exclusively be based on only the coefficients of the interactive terms. 
In this endeavour, we evaluate the net effects of financial development 
by taking the derivative of ecological footprint with respect to finance 
and the result is assessed at the mean, minimum and maximum level of 
innovation. In doing this, the net effect of financial development via 
innovation on ecological footprint when evaluated at the mean of 
innovation is − 2.882%. The same partial derivative when evaluated at 
the minimum level of countries’ innovation is 0.336% while its 
maximum level produces a net effect of − 8.685%. Thus, while the 
dampening net effect is higher when innovation is at its maximum, 
innovation does not dampen the negative effect of financial develop-
ment on environmental quality when innovation is at its minimum. 
What we found is that, at the lowest level of innovation, rather than 

Table 4 
Innovation, financial development and environmental quality.   

Ecological footprint (EF) CO2 emissions 

1 2 3 4 5 6 

Constant 2.8681 
(0.741) 

4.5419 
(0.457) 

3.7410 
(0.549) 

0.5172 
(0.221) 

0.4526 
(0.269) 

0.2781 
(0.524) 

Lagged EQ 0.7103*** 
(0.001) 

0.8193*** 
(0.001) 

0.9789*** 
(0.000) 

0.9249*** 
(0.000) 

0.9392*** 
(0.000) 

0.9619*** 
(0.000) 

INNO − 0.6283* 
(0.092) 

− 1.1703** 
(0.047) 

− 0.5774*** 
(0.007) 

− 0.0008** 
(0.013) 

− 0.0184** 
(0.042) 

− 0.0161** 
(0.039) 

INNO2 – – 0.4107* 
(0.080) 

– – 0.0114* 
(0.062) 

FD 1.6350* 
(0.063) 

0.7452* 
(0.072) 

0.6234 
(0.199) 

0.0076 
(0.504) 

0.0596** 
(0.035) 

0.1032*** 
(0.009) 

INNO × FD  – − 2.3130** 
(0.046) 

− 1.3010* 
(0.053) 

– − 0.0292* 
(0.057) 

− 0.1519** 
(0.012) 

RGDPPC 0.2582* 
(0.054) 

1.0491* 
(0.062) 

0.3206* 
(0.073) 

0.0278*** 
(0.000) 

0.0045*** 
(0.000) 

0.0095*** 
(0.000) 

URB 0.3055 
(0.493) 

− 0.9121 
(0.381) 

− 0.5964 
(0.214) 

0.0015 
(0.942) 

− 0.0984 
(0.014) 

− 0.1103 
(0.102) 

HCAP 1.424 
(0.217) 

1.9583 
(0.358) 

0.5964 
(0.214) 

0.0416 
(0.122) 

0.1272 
(0.116) 

0.0265 
(0.155) 

OPEN − 0.0911 
(0.306) 

− 0.5555 
(0.207) 

− 0.5724 
(0.596) 

− 0.0002 
(0.960) 

− 0.0192** 
(0.050) 

− 0.0160 
(0.114) 

POP − 0.0841 
(0.358) 

− 0.0696 
(0.415) 

− 0.0293 
(0.515) 

0.0004 
(0.828) 

0.0005 
(0.773) 

0.0001 
(0.944) 

ENCONS 0.9863 
(0.188) 

0.0170 
(0.056) 

0.3771 
(0.037) 

0.0422*** 
(0.008) 

0.0004** 
(0.016) 

0.0319** 
(0.044)  

Diagnostics 
AR(1) − 3.36 

(0.001) 
− 2.03 
(0.042) 

− 2.85 
(0.004) 

− 2.30 
(0.021) 

− 2.25 
(0.024) 

− 2.33 
(0.020) 

AR(2) 1.14 
(0.253) 

1.58 
(0.113) 

1.50 
(0.133) 

− 0.72 
(0.474) 

− 0.91 
(0.364) 

− 0.61 
(0.541) 

Sargan OIR 8.44 
(0.208) 

3.91 
(0.688) 

7.16 
(0.412) 

15.31 
(0.289) 

15.02 
(0.240) 

14.65 
(0.261) 

Hansen OIR 8.59 
(0.198) 

6.41 
(0.379) 

4.97 
(0.664) 

12.50 
(0.487) 

12.91 
(0.376) 

10.54 
(0.568) 

DHT for instruments: 
a. GMM instruments for levels 
(i) Hansen test excluding group 2.91 

(0.405) 
1.09 
(0.579) 

0.40 
(0.819) 

1.21 
(0.876) 

1.21 
(0.751) 

10.18 
(0.253) 

(ii) Difference (null H = exogenous) 3.49 
(0.322) 

0.44 
(0.931) 

1.59 
(0.663) 

11.28 
(0.257) 

11.70 
(0.231) 

9.64 
(0.380) 

Instruments 16 16 17 16 16 17 
p–value of F–test 0.000 0.000 0.000 0.000 0.000 0.000 

Notes: *, ** and *** denote significance at 10%, 5% and 1% respectively. EF = Ecological footprint; CO2=Carbon dioxide emissions; INNO=Innovation; FD=Financial 
development; RGDPPC = Real GDP per capita; URB=Urbanization; HCAP=Human capital; OPEN = Trade openness; ENCON = Energy consumption; 
POPG=Population growth. 
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counteracting the debilitating impact of financial development, coun-
tries’ level of innovation magnifies the environmental degradation 
through its positive net effect. This therefore suggests that, higher 
innovation is good for environmental quality and the absence of inno-
vation heightens pollution. 

While this holds, there are concerns that, unbridled innovation could 
also hamper environmental quality. For instance, higher innovation in a 
form of increased domestic financing of R&D activities could be based 
on the increased usage of unsustainable energy fuels. Dauda et al. (2019) 
observe that, the significant initial costs of innovations do not make it 
easier to completely do away with unclean energy. Along the same line, 
Raiser et al. (2017) argue that majority of these inventors protect their 
concepts and designs from third parties, thus limiting and restricting 
their global access. In this essence, it becomes difficult to innovate 
without degrading the environment. To the extent that government fi-
nances researchers, from their R&D budget to innovate might lead to 
fierce competition among researchers to protect their invention and this 
can increase degradation as researchers attempt to leap–frog. Thus, 
excessive and unbridled innovation beyond a certain point might be 
unhealthy for the environment. This therefore suggests that, there could 
be potential threshold level of innovation beyond which the impact of 
innovation changes. 

We investigate for this possible threshold level by including a square 
term of innovation into the environmental quality equation. The find-
ings are shown in column 3. From the results, the coefficient of the level 
effect of innovation maintains its negative and significant impact con-
firming the earlier evidence on innovation–environmental quality link. 
However, the coefficient of the square term of innovation is positive. 
Thus, given the difference in signs of the level and threshold effects 
suggest the existence of U–shaped link between innovation and pollu-
tion. The implication is that, while innovation dampens ecological 
footprint at lower levels, unbridled level of innovation beyond a certain 
point could exacerbate environmental pollution. We determine the 
turning of innovation by differentiating the ecological footprint equa-
tion with respect to innovation and the outcome is set to zero. In this 
exercise, we find a threshold value of 0.703% suggesting that, domestic 
expenditure on R&D (% of GDP) higher than this threshold value is 
unhealthy for the environment. 

Albino et al. (2014) observe that, the EU, USA and Japan are the most 
innovative countries yet they do not have declining levels of emissions. 
According to them, the reluctance of inventors and countries to transfer 
pollution–mitigating technologies could possibly result in increased 
pollution on the back of higher innovation. Raiser et al. (2017) maintain 
that, transfer of efficient technology is crucial in allowing access to 
technologies capable of mitigating global emissions. Unfortunately, in-
tellectual property rights prevent free access to individually patented 
technologies. Consequently, such efficient technologies lie within the 
control of few inventors. 

From Fig. 1, the study notes that, among the 27 countries, four 
countries (Mexico, Romania, Turkey and Poland) are below this 
threshold while the remaining 23 countries are above the threshold. 
Given this threshold, we evaluate its strength in mitigating the negative 
effect finance on ecological footprint. By plugging in the threshold 
value, we obtain a net effect of finance of − 0.881%. Thus, by keeping 
innovation around the optimal threshold value, innovation does not 
only limit environmental pollution, it still has the capacity to dampen 
the negative effect of financial development on ecological footprint. 
Interestingly, in this regression, the unconditional deleterious effect of 
financial development loses significance while the conditional effect is 
still negative and significant. 

With regard to our controls, the study shows that, only the effect of 
economic growth is positive and marginally significant at 10%. This 
effect is upheld irrespective of the regression (see columns 1 to 3). Thus, 
higher economic growth increases ecological footprint. A key implica-
tion is that, higher income level increases individuals’ aggregate de-
mand and resource consumption with consequential effect on the 
environment. For the most part, such higher resource consumption is 
associated with environmental degradation. This finding is particularly 
akin to some existing literature (see Shahbaz et al., 2015; 2016; Ahmed 
et al., 2020; Charfeddine and Mrabet, 2017). While the precise impact of 
urbanization is mixed, a plethora of the existing literature suggests a 
positive link with environmental degradation (see Salahuddin et al., 
2019; Ahmed et al., 2020; Al–Mulali and Ozturk, 2015; Adams and 
Klobodu, 2017). For instance, Charfeddine and Mrabet (2017) observe 
that, because urbanization is associated with higher economies of scale, 
well–developed service sector, improved waste management techniques 

Fig. 1. Thresohold values and country performance.  
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and usage of green technologies, increasing urbanization lowers envi-
ronmental quality. However, our evidence does not support this asser-
tion given the insignificance of the coefficients. Similarly, human 
capital, trade openness, population and energy consumption do not 
significantly influence ecological footprint. 

As a robustness analysis, we proxy pollution by CO2 emissions per 
capita in order to examine its relationship with the regressors. Beginning 
with innovation in column 4, consistent with the earlier evidence, we 
notice a negative and significant effect suggesting that, higher innova-
tion reduces CO2 emissions. More tellingly, a unit–percentage rise in 
innovation decreases CO2 emissions by 0.0008%. Indeed, innovations in 
sound technology play a critical function in decreasing carbon emis-
sions. This finding is akin to recent studies (see Santra, 2017; Shahbaz 
et al., 2018; Mensah et al., 2018). Relying on OECD, Mensah et al. 
(2018) find that innovation has the potential to drive the substitution of 
fossil fuels for the consumption of cleaner power, all of which play-out in 
reducing CO2 emissions. Aldieri et al. (2018) further also find evidence 
that innovation activities lower carbon emissions in OECD. 

Interestingly, relative to our earlier finding in column 1, Table 4, the 
impact of financial development on emissions is insignificant although 
the coefficient is positive. Similar to column 2, we determine the 
mediating role of innovation in finance–emissions nexus in column 5. 
Here, while the impact of innovation maintains its negative and signif-
icant effect, the coefficient of financial development gains significance 
indicating that, a unit-percentage rise in finance spurs emissions by 
0.0596%. This notwithstanding, the coefficient of the multiplicative 
interactive term is negative suggesting that, while financial develop-
ment increases environmental degradation, higher level of innovations 
dampen the deleterious impact of finance on carbon emissions. By 
evaluating the net effect of financial development, we find a net effect of 
0.0138% and 0.0052% at the mean and minimum levels of innovation 
respectively. However, at the maximum value of innovation, we docu-
ment a net effect of − 0.0594%. Interestingly, compared to the maximum 
point, innovation is unable to fully mitigate the deleterious impact of 
financial development on carbon emissions at its mean and minimum 
levels given the positive net effects. In column 6, we examine for 
possible threshold effects of innovation by including its square term into 
CO2 emissions equation. Given the negative impact of innovation and 
the positive sign of the threshold term confirm the U–shaped link be-
tween pollution and innovation. A determination of the turning point of 
innovation produces a value of 0.706% which is qualitatively similar to 
the earlier threshold value with the same four countries (Mexico, 
Romania, Turkey and Poland) operating below the threshold while the 
remaining 23 countries are above the threshold. Thus, while innovation 
is good for environmental quality, excessive innovation above the 
threshold increases environmental degradation. An evaluation of the net 
effect of financial development on CO2 emissions at the threshold of 
innovation produces − 0.004%. Hence, by keeping gross domestic 
spending at the threshold does not only directly dampen degradation, it 
also indirectly mitigates the environment–damaging effect of financial 
development. 

By turning attention to the control variables, consistent with what we 
earlier found, real GDP per capita positively and robustly increases CO2 
emissions with coefficients ranging between 0.0095 and 0.0278. 
Consistent with the earlier finding, urbanization does not significantly 
impact CO2 emissions. Shao et al. (2017) note that, the population 
structure reflects variations in the lifestyle where the urban dwellers live 
under varying socio–metabolic modes. However, Tobelmann and Wen-
dler (2020) opine that, with the presence of energy consumption, the 
impact of urbanization on pollution is expected to be insignificant. In 
addition, human capital and population do not significantly influence 
CO2 emissions. Similarly, for the most part, the impact of trade openness 
on emissions is imaginary. Interestingly, while energy consumption does 
not matter for ecological footprint, higher energy consumption signifi-
cantly increases CO2 emissions. 

Thus, from the foregoing, we document that, while innovation 

reduces environmental degradation, excessive innovation does not al-
ways lower environmental degradation, suggesting that, 
too–much–of–a–good–thing might be bad. This notwithstanding, the 
environmental quality–enhancing effect of innovation is higher with 
ecological footprints relative to CO2 emissions. Furthermore, well-
–developed financial sector increases environmental degradation which 
is dampened by improved innovation. 

Indeed, given these inter–linkages among innovation, financial 
development, ecological footprints and CO2, a critical issue worth 
consideration is the examination of their respective causal patterns 
particularly in the industrialized countries. This is because these coun-
tries have well–developed financial systems, higher gross domestic 
savings on R&D and contribute more to global emissions. To determine 
the casual nexuses among innovation, financial development and envi-
ronmental quality, we invoke the recently developed panel causality 
technique propounded by Dumitrescu and Hurlin (2012, henceforth 
DH). Although all the countries considered are industrialized econo-
mies, evidence from the coefficient of variation in Table 3 shows dif-
ferences in the level of inter–variability in the variables as they exist in 
the respective countries. Indeed, given the individual heterogeneity 
across the cross–section of countries, the DH technique as a Granger 
non–causality approach controls for the individual country differences 
and as well resolves the potential issues regarding the cross–sectional 
dependence by correcting the critical values of the panel causality test 
statistic while building on a block bootstrapping approach. Leveraging 
the context of a bivariate panel vector autoregressive (VAR), the DH 
causality is specified as: 

Yi,t = β1i +
∑p

p=1
α(p)

1i Yi,t− p +
∑p

p=1
ϖ(p)

1i Zi,t− p + ε1i,t; i = 1, 2, 3,…,N; t

= 1, 2, 3,…,T (5)  

Zi,t = β2i +
∑p

p=1
α(p)

2i Zi,t− p +
∑p

p=1
ϖ(p)

2i Yi,t− p + ε2i,t; i = 1, 2, 3,…,N; t

= 1, 2, 3,…,T (6)  

where Y and Z are stationary variables which could represent innova-
tion, financial development, ecological footprint or CO2 emissions 
depending on the two variables under consideration in the causality test, 
and β1i and β2i are fixed (individual–specific) effects. We assume iden-
tical lag order p for all cross–sections where we choose the optimal lag 
length relying on the Bayesian information criterion. We further permit 
the autoregressive parameters (α(p)

1i , α(p)
2i ) and regression coefficients 

(ϖ(p)
1i , ϖ(p)

2i ) to vary across the countries. 
The DH panel causality is based on a Wald statistic which examines 

the homogeneous non–causality (HNC) hypothesis of absence of cau-
sality for all cross–sections (H0 : ϖi = 0, i = 1,2, 3, …N) against the 
alternative hypothesis of heterogeneous non–causality (HENC) of the 
presence of causality for at least one cross–section (H1 : ϖi = 0, i =

1, 2,3,…N1;ϖi ∕= 0,i = N1 + 1,N1 + 2,N1 + 3,…N). The Wald statistic is 
computed by averaging individual Wald statistics of Granger non-
–causality tests. 

Indeed, applying this test requires that all the series do not have unit 
roots and are stationary in nature. We therefore determine the unit 
properties of the variables using the Pesaran (2007) Cross–sectional 
Augmented Dickey–Fuller (CADF) panel unit root test which controls for 
the heterogeneity across cross–sections and assumes cross–sectional 
dependence in form of a single unobserved common factor. Following 
Pesaran (2007), the CADF panel unit root test is shown as: 

ΔQi,t = δi + ϑiQi,t− 1 + γiQt− 1 +
∑p

j=0
γijΔQi,t− j +

∑p

j=0
ΔQi,t− j + εi,t (7)  

where Qt− 1 = 1
N
∑N

i=1
Qi,t− 1 and ΔQt = 1

N
∑N

i=1
Qi,t. The CADF test statistic is 
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computed by averaging the individual CADF test statistics with the null 
hypothesis suggesting the absence of unit root of the variable for all the 
cross–sections under the assumption of cross–sectional dependence 
against the alternative hypothesis of unit–root for some cross–sections. 

Beyond the Pesaran (2007) CADF panel unit root test, we also test for 
the error cross–sectional dependence in the panel settings by applying 
the Pesaran et al. (2008) cross–sectional dependence test which is 
unbias–adjusted form of the Breusch and Pagan (1980) Lagrange 
Multiplier (LM) test for error cross–sectional independence. The Pesaran 
et al. (2008) cross–sectional dependence test is consistent under error 
cross–sectional dependence of any fixed order with its test statistic 
computed as: 

LMadj =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

N(N − 1)

√
∑N− 1

i=1

∑N

j=i+1

(T − p)ρ̂2
i,j − μTi,j

vTi,j
→N(0, 1) (8)  

where T is the time interval, N is number of cross–sections, and ρ̂ij is the 
pairwise correlation coefficient between cross–sections. 

Similar to the Pesaran (2007) CADF, the Pesaran et al. (2008) 
cross–sectional dependence tests the null hypothesis that the errors in 
the panel are cross–sectionally independent against the alternative hy-
pothesis of error cross–sectional dependence in the panel model. 

Table 5 presents findings on the stationarity properties and cross-
–sectional dependence test. From the Table, we observe that, innova-
tion, financial development, ecological footprint and CO2 emissions are 
all stationary at levels. This holds whether or not we include a time 
trend. In this case, we use the level form of the series for the DH panel 
causality test. Furthermore, given the low p–values, we do not fail to 
reject the null hypothesis that the errors are cross–sectionally indepen-
dent in favour of the existence of cross–sectional dependence. Thus, the 
confirmation that our errors are cross–sectionally dependent further 
affirms our use of the DH causality test. 

To the extent that we confirm the stationarity properties of our 
variables, we present findings of the DH causality tests in the following 
Tables. Beginning with the causal link between innovation and ecolog-
ical footprint in Fig. 2, by taking all the countries as a group, we find a 
bidirectional causality running in both directions. Thus, while innova-
tion causes change in ecological footprint, past values of ecological 

footprint also drives innovation suggesting the existence of a feedback 
effect. While this holds at the panel level, we observe substantial vari-
ations at the individual country levels. For instance, from Table 6, we do 
not find causality from any direction between innovation and ecological 
footprint in 11 countries (Australia, Belgium, Denmark, Hungary, 
Ireland, Korea, Mexico, Netherlands, Norway, Romania and United 
Kingdom). Thus, in these countries, innovation on one hand, and 
ecological footprint on the other evolve independently. However, for the 
remaining 17 countries, the study finds evidence of bidirectional cau-
sality in five countries (Portugal, Russia, Singapore, Spain and Turkey) 
and a unidirectional or one-way causality flowing from innovation to 
ecological footprint in seven economies (China, France, Italy, Japan, 
Slovak Republic, Switzerland and United States). In these seven coun-
tries, improving the level of innovation precedes ecological footprint 
while ecological footprint leads innovation in four countries (Canada, 
Finland, Germany and Poland). 

With regard to the innovation and CO2 emissions in Table 7 and 
Fig. 3, as a panel, we find a unidirectional or one-way causal nexus from 
emissions to innovation suggesting that, for these industrialized coun-
tries, the level of CO2 emissions propel innovations albeit variations at 
the country levels. For instance, while we do not find causality between 
innovations and CO2 emissions in 12 countries (Belgium, France, 
Ireland, Japan, Korea, Netherlands, Norway, Portugal, Romania, Slovak 
Republic, Switzerland and United Kingdom), there is a unidirectional or 
one–way causality flowing from emissions to innovation in eight coun-
tries (China, Germany, Hungary, Italy, Poland, Russia, Singapore and 
United States) and from innovation to emissions in four economies 
(Canada, Finland, Mexico and Spain). Our innovation-led emissions is 
consistent with Zhao et al. (2013). Remarkably, we observe a feedback 
causality in three countries (Australia, Denmark and Turkey). In these 
three countries, where two–causality is noticed, improvement in inno-
vation results in changes in CO2 emissions and at the same time, the level 
of CO2 emissions propel innovation. This finding is akin to Ali et al.,’s 
(2016) study in Malaysia (see Fig. 3). 

Turning to financial development–ecological footprint nexus, we do 
not find evidence of causality when the countries are pooled together. 
Thus, financial development and ecological footprint are completely 
neutral. The implication is that, development of the countries’ level of 
financial systems do not lead ecological footprint. At the same time, 
ecological footprint does not also trigger changes in financial develop-
ment. The independence of financial sector development and ecological 
footprint is documented in 19 out of the 27 countries as shown in Fig. 4.  
Furthermore, there is also no evidence of bidirectional causality. How-
ever, our study unearths unidirectional causal trend flowing from 

Table 5 
Stationarity property and cross–sectional dependence test results.   

Without trend With trend 

Panel A: Pesaran (2007) CADF panel unit root test 
Innovation − 7.245 (0.000) 

*** 
− 3.833 (0.000) 
*** 

Financial development − 4.145 (0.000) 
*** 

− 4.345 (0.000) 
*** 

Ecological footprint − 6.984 (0.000) 
*** 

− 2.874 (0.003) 
*** 

Carbon dioxide − 5.211 (0.000) 
*** 

− 2.185 (0.008) 
*** 

Panel B: Pesaran et al. (2008) CD test 
Innovation = f (Ecological footprint) 143.66 (0.000) 

*** 
11.87 (0.000)*** 

Ecological footprint = f (Innovation) 353.05(0.000) 
*** 

83.12 (0.000)*** 

Innovation = f (Carbon dioxide) 26.18 (0.000)*** 21.72 (0.000)*** 
Carbon dioxide = f (Innovation) 64.13 (0.000)*** 18.33 (0.000)*** 
Financial development = f (Ecological 

footprint) 
98.43 (0.000)*** 97.52 (0.000)*** 

Ecological footprint = f (Financial 
development) 

34.80 (0.000)*** 16.11 (0.000)*** 

Financial development = f (Carbon 
dioxide) 

231.41 (0.000) 
*** 

96.57 (0.000)*** 

Carbon dioxide = f (Financial 
development) 

21.66 (0.000)*** 17.20 (0.000)*** 

Notes: *** denotes significance at 1% level. Fig.s in the parentheses ( ) are the 
p–values. We performed the Pesaran (2007) CADF panel unit root test using one 
lag. 

Fig. 2. Causal inferences between innovation (INNO) and ecological foot-
print (EF). 
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Table 6 
Causality results between innovation and ecological footprint.  

Countries H0: Innovation (INNO) does not cause ecological footprint 
(EF) 
H1: Innovation (INNO) does cause ecological footprint (EF) 

H0: Ecological footprint (EF) does not cause innovation 
(INNO) 
H1: Ecological footprint (EF) does cause innovation (INNO) 

Causality inference 

Wald statistic p–value Decision Wald statistic p–value Decision 

All countries (Panel) 4.531 0.000*** Don’t accept 3.311 0.000*** Don’t accept Bidirectional (INNO ↔ EF) 
1. Australia 0.160 0.692 Accept 0.662 0.425 Accept No causality 
2. Belgium 0.591 0.450 Accept 1.161 0.294 Accept No causality 
3. Canada 1.859 0.187 Accept 10.354 0.004** Don’t accept Unidirectional (EF → INNO) 
4. China 4.761 0.041** Don’t accept 0.672 0.421 Accept Unidirectional (INNO→EF) 
5. Denmark 0.481 0.495 Accept 1.628 0.216 Accept No causality 
6. Finland 0.233 0.634 Accept 4.102 0.056* Don’t accept Unidirectional (EF→ INNO) 
7. France 3.117 0.092* Don’t accept 0.156 0.696 Accept Unidirectional (INNO → EF) 
8. Germany 2.212 0.152 Accept 4.583 0.044** Don’t accept Unidirectional (EF→ INNO) 
9. Hungary 1.851 0.188 Accept 0.089 0.767 Accept No causality 
10. Ireland 1.605 0.219 Accept 1.531 0.230 Accept No causality 
11. Italy 5.291 0.032** Don’t accept 0.242 0.627 Accept Unidirectional (INNO → EF) 
12. Japan 20.179 0.000*** Don’t accept 1.770 0.198 Accept Unidirectional (INNO → EF) 
13. Korea 0.260 0.615 Accept 2.297 0.145 Accept No causality  

14. Mexico 0.036 0.850 Accept 0.000 0.994 Accept No causality 
15. Netherlands 0.163 0.690 Accept 0.036 0.850 Accept No causality 
16. Norway 0.504 0.485 Accept 0.648 0.430 Accept No causality 
17. Poland 2.432 0.134 Accept 6.958 0.015** Don’t accept Unidirectional (EF→ INNO) 
18. Portugal 4.835 0.039** Don’t accept 4.215 0.053* Don’t accept Bidirectional (INNO ↔ EF) 
19. Romania 0.052 0.820 Accept 1.855 0.188 Accept No causality 
20. Russia 12.491 0.002*** Don’t accept 9.299 0.006*** Don’t accept Bidirectional (INNO ↔ EF) 
21. Singapore 3.885 0.062* Don’t accept 4.117 0.056* Don’t accept Bidirectional (INNO ↔ EF) 
22. Slovak Republic 16.262 0.001*** Don’t accept 0.402 0.533 Accept Unidirectional (INNO→EF) 
23. Spain 13.398 0.002*** Don’t accept 26.501 0.000*** Don’t accept Bidirectional (INNO ↔ EF) 
24. Switzerland 12.297 0.002*** Don’t accept 0.783 0.386 Accept Unidirectional (INNO→EF) 
25. Turkey 7.635 0.012** Don’t accept 4.471 0.047** Don’t accept Bidirectional (INNO ↔ EF) 
26. United Kingdom 0.423 0.523 Accept 0.033 0.856 Accept No causality 
27. United States 5.316 0.031** Don’t accept 0.842 0.369 Accept Unidirectional (INNO → EF) 

Notes: ***, **, and * respectively represent significance at 1%, 5%, and 10% levels. Computation of p–values is based on 100 bootstrap replications. “Accept” means 
“Do not reject H0” while “Don’t accept” implies “Reject H0”. 

Table 7 
Causality results between innovation and CO2 emissions.  

Countries H0: Innovation (INNO) does not cause CO2 

H1: Innovation (INNO) does cause CO2 

H0: CO2 does not cause innovation (INNO) 
H1: CO2 does cause innovation (INNO) 

Causality inference 

Wald statistic p–value Decision Wald statistic p–value Decision 

All countries (Panel) 1.597 0.480 Accept 5.434 0.020** Don’t accept Unidirectional (CO2 →INNO) 
1. Australia 3.361 0.081* Don’t accept 14.341 0.001*** Don’t accept Bidirectional (INNO ↔ CO2) 
2. Belgium 1.131 0.300 Accept 0.376 0.546 Accept No causality 
3. Canada 2.997 0.098* Don’t accept 2.304 0.144 Accept Unidirectional (INNO → CO2) 
4. China 0.551 0.466 Accept 11.759 0.002*** Don’t accept Unidirectional (CO2 → INNO) 
5. Denmark 4.658 0.043** Don’t accept 4.033 0.058* Don’t accept Bidirectional (INNO ↔ CO2) 
6. Finland 3.097 0.093* Don’t accept 1.684 0.209 Accept Unidirectional (INNO → CO2) 
7. France 0.005 0.939 Accept 1.496 0.235 Accept No causality 
8. Germany 1.155 0.295 Accept 22.429 0.000*** Don’t accept Unidirectional (CO2→ INNO) 
9. Hungary 0.374 0.547 Accept 9.507 0.005*** Don’t accept Unidirectional (CO2→ INNO) 
10. Ireland 0.028 0.867 Accept 0.331 0.571 Accept No causality 
11. Italy 0.710 0.409 Accept 23.448 0.000*** Don’t accept Unidirectional (CO2→ INNO) 
12. Japan 1.667 0.211 Accept 1.404 0.249 Accept No causality 
13. Korea 0.003 0.955 Accept 1.074 0.312 Accept No causality  

14. Mexico 7.159 0.014** Don’t accept 2.845 0.107 Accept Unidirectional (INNO → CO2) 
15. Netherlands 0.474 0.498 Accept 0.820 0.375 Accept No causality 
16. Norway 0.089 0.768 Accept 0.018 0.892 Accept No causality 
17. Poland 0.302 0.588 Accept 5.369 0.031** Don’t accept Unidirectional (CO2 → INNO) 
18. Portugal 0.361 0.554 Accept 1.499 0.234 Accept No causality 
19. Romania 0.332 0.570 Accept 0.446 0.511 Accept No causality 
20. Russia 0.392 0.538 Accept 9.041 0.006*** Don’t accept Unidirectional (CO2 → INNO) 
21. Singapore 0.029 0.865 Accept 5.558 0.028** Don’t accept Unidirectional (CO2 → INNO) 
22. Slovak Republic 2.740 0.113 Accept 1.823 0.191 Accept No causality 
23. Spain 3.400 0.080* Don’t accept 1.380 0.253 Accept Unidirectional (INNO → CO2) 
24. Switzerland 0.707 0.410 Accept 2.759 0.112 Accept No causality 
25. Turkey 5.109 0.035** Don’t accept 10.096 0.004*** Don’t accept Bidirectional (INNO ↔ CO2) 
26. United Kingdom 0.343 0.564 Accept 0.027 0.869 Accept No causality 
27. United States 1.948 0.178 Accept 10.848 0.003*** Don’t accept Unidirectional (CO2 → INNO) 

Notes: ***, **, and * respectively represent significance at 1%, 5%, and 10% levels. Computation of p–values is based on 100 bootstrap replications. “Accept” means 
“Do not reject H0” while “Don’t accept” implies “Reject H0”. 

M. Ibrahim and X.V. Vo                                                                                                                                                                                                                       



Journal of Environmental Management 284 (2021) 112057

12

financial development to ecological footprint in five countries (Japan, 
Netherlands, Russia, Singapore and Turkey) and a unidirectional cau-
sality from pollution proxied by ecological footprint to financial devel-
opment in three economies (Belgium, China and Slovak Republic). 

With regard to the causality between financial development and 
emissions, we do not find support for any causality as a panel. Consistent 
with financial development–ecological footprint causal link, financial 
development and CO2 emissions also evolve independently given our 
sample evidence. This finding is akin to Salahuddin et al.,’s (2015) study 
in Gulf Cooperation Council (GCC). At the country–levels, out of the 27 
countries, the independence of financial development and CO2 emis-
sions is confirmed in 16 countries as shown in Fig. 5 (Australia, Belgium, 
Canada, Denmark, France, Germany, Ireland, Italy, Netherlands, Nor-
way, Portugal, Singapore, Spain, Switzerland, United Kingdom and 
United States). For the remaining 11 countries, we document financial 
development–led CO2 emissions in seven countries (China, Finland, 
Hungary, Japan, Korea, Mexico and Poland) indicating that, in these 
countries, well–developed financial systems drive emissions. That said, 
our study also reveals a one-way or unidirectional causal pattern flowing 
from emissions to financial development in three economies (Romania, 
Slovak Republic and Turkey) suggesting that, in these countries, the 
level of emissions precede financial sector development. However, in 
Russia, consistent with Al–Mulali and Sab (2012), our findings support 
for the presence of bidirectional causality between financial 

development and emissions. Thus, while financial development drives 
emissions, the level of emissions also influences financial development 
indicating a lead–lag effect. 

By examining Tables 6 and 7, we notice that innovation and envi-
ronmental quality are completely independent in six countries (Belgium, 
Ireland, Korea, Netherlands, Norway and United Kingdom) irrespective 
of the proxy of environmental quality. Similarly, based on Tables 8 and 
9, we do not find evidence to support the existence of causal relationship 
between financial development and environmental quality in 13 coun-
tries (Australia, Canada, Denmark, France, Germany, Ireland, Italy, 
Norway, Portugal, Spain, Switzerland, United Kingdom and United 
States). 

5. Conclusion and policy implications 

The Paris Climate Conference and the existing Kyoto Protocol 
commit countries to contribute in reducing global warming through a 
Nationally Determined Contributions (NDCs). This is because reduction 
in emissions lowers environmental pollution, which improves quality of 
life. However, reducing emissions is contingent on individual country 
efforts. Recognizing the importance of innovation and financial sector 
development to environmental quality, several countries have embarked 
on rigorous expenditure on research and development (R&D) aimed at 
identifying various ways to improve environmental quality. However, 
studies on the tripartite linkages among innovation, financial develop-
ment and pollution relationships have produced mixed findings leaving 
policy makers under quandary regarding the precise effect of innovation 
and financial development on pollution. Furthermore, majority of the 
existing literature have used only CO2 emissions to measure degradation 
hence neglecting other anthropogenic activities, which affect the envi-
ronment and contribute to global pollution. 

In this study, we rely on 27 selected industrialized countries to 
examine the relationships among innovation, financial development and 
pollution proxied by ecological footprint and CO2 emissions. Findings 
based on our estimations show that, while increases in innovation 
reduce environmental pollution with huge effects on ecological footprint 
relative to CO2 emissions, we observe threshold effects of innovation 
and U–shaped in particular, suggesting that, beyond the estimated 
threshold levels of innovation, higher innovation exacerbates environ-
mental degradation. Further results also reveal that, while well-
–developed financial development is associated with environmental 
degradation, improved innovation dampens the degradation effect of 

Fig. 3. Causal inferences between innovation (INNO) and CO2 emissions.  

Fig. 4. Causal inferences between financial development (FD) and ecological 
footprint (EF). 

Fig. 5. Causal inferences between financial development (FD) and emissions.  
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Table 8 
Causality results between financial development and ecological footprint.  

Countries H0: Finance (FD) does not cause ecological footprint (EF) 
H1: Finance (FD) does cause ecological footprint (EF) 

H0: Ecological footprint (EF) does not cause finance (FD) 
H1: Ecological footprint (EF) does cause finance (FD) 

Causality inference 

Wald statistic p–value Decision Wald statistic p–value Decision 

All countries (Panel) 1.5916 0.520 Accept 1.750 0.370 Accept No causality 
1. Australia 1.332 0.262 Accept 1.369 0.255 Accept No causality 
2. Belgium 1.367 0.255 Accept 5.121 0.035** Don’t accept Unidirectional (EF → FD) 
3. Canada 0.054 0.817 Accept 1.111 0.304 Accept No causality 
4. China 0.393 0.537 Accept 13.378 0.002*** Don’t accept Unidirectional (EF → FD) 
5. Denmark 0.007 0.930 Accept 0.038 0.846 Accept No causality 
6. Finland 1.025 0.323 Accept 0.579 0.455 Accept No causality 
7. France 0.046 0.832 Accept 0.168 0.686 Accept No causality 
8. Germany 0.674 0.421 Accept 1.486 0.236 Accept No causality 
9. Hungary 0.018 0.892 Accept 2.494 0.130 Accept No causality 
10. Ireland 0.187 0.669 Accept 0.008 0.926 Accept No causality 
11. Italy 0.242 0.627 Accept 0.002 0.961 Accept No causality 
12. Japan 8.890 0.007*** Don’t accept 0.504 0.485 Accept Unidirectional (FD → EF) 
13. Korea 0.470 0.501 Accept 0.477 0.497 Accept No causality  

14. Mexico 0.838 0.371 Accept 0.002 0.958 Accept No causality 
15. Netherlands 8.150 0.009*** Don’t accept 0.060 0.808 Accept Unidirectional (FD → EF) 
16. Norway 0.589 0.451 Accept 0.147 0.705 Accept No causality 
17. Poland 0.402 0.532 Accept 0.394 0.536 Accept No causality 
18. Portugal 0.146 0.705 Accept 1.109 0.304 Accept No causality 
19. Romania 0.629 0.436 Accept 0.479 0.496 Accept No causality 
20. Russia 4.941 0.037** Don’t accept 0.154 0.698 Accept Unidirectional (FD → EF) 
21. Singapore 4.062 0.057** Don’t accept 0.669 0.422 Accept Unidirectional (FD → EF) 
22. Slovak Republic 1.001 0.328 Accept 16.712 0.001*** Don’t accept Unidirectional (EF → FD) 
23. Spain 2.217 0.152 Accept 0.008 0.926 Accept No causality 
24. Switzerland 0.265 0.612 Accept 0.144 0.707 Accept No causality 
25. Turkey 3.701 0.068* Don’t accept 0.429 0.519 Accept Unidirectional (FD → EF) 
26. United Kingdom 0.097 0.758 Accept 0.001 0. 977 Accept No causality 
27. United States 1.214 0.283 Accept 0.215 0.647 Accept No causality 

Notes: ***, **, and * respectively represent significance at 1%, 5%, and 10% levels. Computation of p–values is based on 100 bootstrap replications. “Accept” means 
“Do not reject H0” while “Don’t accept” implies “Reject H0”. 

Table 9 
Causality results between financial development and CO2 emissions.  

Countries H0: Finance (FD) does not cause CO2 

H1: Finance (FD) does cause CO2 

H0: CO2 does not cause finance (FD) 
H1: CO2 does cause finance (FD) 

Causality inference 

Wald statistic p–value Decision Wald statistic p–value Decision 

All countries (Panel) 2.207 0.110 Accept 2.039 0.630 Accept No causality 
1. Australia 0.018 0.894 Accept 0.659 0.426 Accept No causality 
2. Belgium 1.568 0.225 Accept 0.212 0.649 Accept No causality 
3. Canada 2.766 0.112 Accept 1.170 0.292 Accept No causality 
4. China 6.904 0.016** Don’t accept 0.370 0.549 Accept Unidirectional (FD → CO2) 
5. Denmark 1.961 0.176 Accept 1.397 0.251 Accept No causality 
6. Finland 3.018 0.097* Don’t accept 0.344 0.563 Accept Unidirectional (FD → CO2) 
7. France 0.335 0.568 Accept 0.222 0.642 Accept No causality 
8. Germany 0.022 0.881 Accept 0.220 0.643 Accept No causality 
9. Hungary 4.701 0.042** Don’t accept 0.003 0.959 Accept Unidirectional (FD → CO2) 
10. Ireland 0.517 0.480 Accept 0.730 0.402 Accept No causality 
11. Italy 0.702 0.411 Accept 0.014 0.906 Accept No causality 
12. Japan 6.314 0.020** Don’t accept 1.382 0.253 Accept Unidirectional (FD → CO2) 
13. Korea 3.130 0.092* Don’t accept 2.199 0.153 Accept Unidirectional (FD → CO2)  

14. Mexico 5.990 0.023** Don’t accept 1.629 0.216 Accept Unidirectional (FD → CO2) 
15. Netherlands 2.399 0.137 Accept 2.620 0.121 Accept No causality 
16. Norway 1.433 0.245 Accept 0.201 0.658 Accept No causality 
17. Poland 4.442 0.047** Don’t accept 0.865 0.363 Accept Unidirectional (FD → CO2) 
18. Portugal 2.424 0.135 Accept 0.139 0.712 Accept No causality 
19. Romania 0.020 0.886 Accept 3.628 0.071* Don’t accept Unidirectional (CO2 → FD) 
20. Russia 4.576 0.044** Don’t accept 8.945 0.007*** Don’t accept Bidirectional (FD ↔ CO2) 
21. Singapore 2.073 0.165 Accept 1.130 0.300 Accept No causality 
22. Slovak Republic 1.695 0.207 Accept 15.229 0.000*** Don’t accept Unidirectional (CO2 → FD) 
23. Spain 0.563 0.461 Accept 0.042 0.838 Accept No causality 
24. Switzerland 1.249 0.276 Accept 0.158 0.694 Accept No causality 
25. Turkey 0.266 0.611 Accept 11.370 0.003*** Don’t accept Unidirectional (CO2 → FD) 
26. United Kingdom 0.058 0.811 Accept 0.137 0.714 Accept No causality 
27. United States 0.455 0.507 Accept 0.046 0.830 Accept No causality 

Notes: ***, **, and * respectively represent significance at 1%, 5%, and 10% levels. Computation of p–values is based on 100 bootstrap replications. “Accept” means 
“Do not reject H0” while “Don’t accept” implies “Reject H0”. 
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financial development. This evidence holds irrespective of the measure 
of environmental pollution. Results from our panel causality tests reveal 
a feedback causal relation between innovation and ecological footprint, 
and a one-way causal link from CO2 emissions to innovations. However, 
irrespective of the indicator of environmental pollution, we do not find 
evidence of causality between financial development and pollution 
suggesting that, financial development and environmental degradation 
evolve independently although there are substantial differences at the 
individual country levels in terms of the causal nexuses in innovation, 
financial development and pollution. 

At the policy level, while our study underscores the need to innovate 
in order to reduce pollution, unbridled innovation may also exacerbate 
degradation. Thus, identifying the optimal level of innovation is crucial 
in order to mitigate pollution on the back of innovation. Given the 
average domestic expenditure on R&D (% of GDP), majority of the 
countries in this study have exceeded the estimated threshold levels 
indicating that their level of innovations do not dampen pollution. With 
this evidence, it crucial for policy makers to re–align R&D spending in a 
way that is consistent with environmental quality. Well–coordinated 
efforts, planning, execution and transfer of sound technology could help 
avoid duplication of efforts in order to ensure efficient use of the R&D 
budget allocations. It is also crucial for financial sectors to re–direct 
financial resources towards technologies that support green growth and 
low emission projects. 

Findings on the causal relations should help guide in policymaking. 
For instance, beyond the country–specific evidences, by taking the 
industrialized countries as a group, policies aimed at influencing inno-
vation will help in driving ecological footprint and those policies that 
also target CO2 emissions will in turn drive changes in innovation. We 
proffer two key areas for further research. It would be remarkable to 
provide far more nuanced and in–depth analysis on the threshold effects 
of innovation using sample-splitting approach, which does not rely on 
the imposition of exogenous threshold term. In doing this, how pollution 
respond to changes in innovation when countries are below or above the 
estimated threshold would be unearthed. In addition, future studies 
could also examine possible time–varying causal relationships using a 
frequency–domain approach, which is capable of revealing the causal 
links at different periods. 
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