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Abstract: The aim of this study is to explore the impact of economic growth (GDP), energy consumption,
foreign direct investment, oil price, and exports on carbon emissions by employing yearly time series
data for Italy for the period 1971–2019. For this purpose, we employed the autoregressive distributed
lag (ARDL) model and wavelet coherence approach to analyze the interconnections among variables.
The cointegration results confirm the long-run association between our variables. Our findings show
that GDP has a positive impact on carbon emissions, while the square of GDP has a negative impact,
thus confirming the presence of the EKC hypothesis. Further, oil prices have a detrimental impact on
carbon emissions both in the long- and short-term; on the contrary, foreign direct investment, energy
consumption, and exports promote environmental degradation. We propose some important policy
recommendations based on these findings to address the environmental constraints.

Keywords: energy consumption; GDP; carbon emissions; ARDL model; wavelet coherence; Italy

1. Introduction

The world environment is highly disturbed due to the production and consumption
activities of human beings around the globe. On a daily basis, print, electronic and social
media update us with different kinds of natural disasters from different corners of the
world; those disasters include fire, land sliding, windstorms, flooding, and insect and pest
outbreaks. For example, the outburst of flooding in Australia and Pakistan, wildfire in
Russia, Japan’s tsunami, and the earthquake in Haiti are all outcomes of climate change.
Climate change is also responsible for the diminishing of glaciers, similarly, the early
melting of the rivers and stream ice. Moreover, global warming and climate change have
widely affected the health of small living organisms to the largest ones because, with the
environmental change, the quality of drinking water is becoming poor each next day; as a
result, the contaminated water is a source of multiple diseases such as diarrhea, hepatitis
A, cholera, dysentery polio, and typhoid. Similarly, global warming and environmental
change have polluted the air; air pollution is also a source of multiple diseases like chronic
obstructive pulmonary disease (COPD), ischemic heart disease, lung cancer, stroke, and
lower respiratory infections in children. Carbon emissions (CO2) represent a significant
force in the degradation of overall environmental quality.

However, the production activities and the modification of land are rendering the
emission of CO2 [1]. In awe of the increasing threat from global warming, developed
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and developing nations have ratified international agreements for the reduction of CO2
emissions, such as the Kyoto Protocol and the Paris Agreement [2]. The Paris Agreement
was initiated in December 2015 with the main objective of combating global warming. It is
concluded by the [3] that most of the developing countries, such as Turkey, South Africa,
and India, are contributing to greenhouse gases (GHGs), especially CO2 emissions. Now,
in modern-day environmental pollution is one of the major issues; therefore, the research
on environmental quality and those influential factors involved in CO2 emissions [4–8].

Basically, environmental change is accelerated due to rapid industrialization, popu-
lation growth, and increasing energy consumption. Meanwhile, CO2 emissions are the
main source of the greenhouse effect. In the last three decades, the relationship between
economic growth (GDP) and CO2 emissions has been extensively examined by a large
number of researchers. Additionally, the emissions of greenhouse gases and their ultimate
impact on climate change are at the forefront of policy debates. However, those countries
that had signed the pact in the mid of 1990 realized that stronger rules and regulations
were required to minimize the emission of CO2. Similarly, in 1997 the Kyoto Protocol’s
aim was to legally bind the reduction in carbon, and the given target for the developed
countries was enforced; in addition, the second era of the Kyoto Protocol was started on
the 1 January 2013 and ended in 2020.

Hence, avoiding carbon emission in such an alarming situation is the need of hours
because Mother Nature is completely disturbed by the ongoing production and consump-
tion activities of human beings. One of the main forces which is playing a crucial role in
the degradation of the environment is carbon emission. CO2 emissions are accelerated by
energy consumption which is used as a factor of production. In the modern world, the race
for higher growth among nations has further increased CO2 emissions. While taking the
environment into consideration, the Environmental Kuznets Curve (EKC) hypothesis has
become an obligatory argument in the literature of economics.

However, to identify the connection between economic growth and pollution [9],
developed the well-known EKC hypothesis; according to the EKC hypothesis, in the early
stages of economic growth, the environmental quality degrades, but if the income level
of a country reaches that specified threshold the environmental quality starts improving.
The main argument of the EKC hypothesis is that the countries with higher income are
able to avoid environmental degradation because of the better systems with the adoption
of green technologies; in contrast, the developing countries are not this able to cope with
environmental problem degradation the way developed economies has taken over this
issue due to insufficient resources [10]. Through the canonical work of [9], we can trace the
EKC hypothesis, formally known as the EKC by Kuznets [11], who initially exposed the
correlation between economic growth and income inequality which is U-shaped. For more
than 20 years till that date, the relationship between economic growth and carbon emission
has been a hotspot for a large number of researchers who have tested this relationship
under the EKC hypothesis [12–16].

Therefore, the main concern in the case of economic growth, which is dependent upon
energy consumption (EC), has become a source of discussion for environmental economists,
especially in the 21st century. The EC plays an important role in the derivation of global
warming [17]. As mentioned above, economic growth depends upon the EC; Ref. [7] has
clearly mentioned that the magnificent development of economies around the globe has
increased the demand for energy consumption, such as fossil fuel. In addition, the world
energy outlook has identified that this demand will further grow by 48% for the period of
2017 to 2040.

By tradition, energy intensity in Italy is at the lowest level; at both levels of GDP and
household consumption. The Italian National Agency of Energy Consumption (ENEA)
reports that the primary EC in 2019 was 151.5 million tons of oil equivalent (Mtoe); however,
since 2005, EC has declined with resemblance to the 1950s EC; the overall consumption of
energy in 2019 stood at 111.2 Mtoe. Moreover, it is reported on a sectoral basis that the drop
in the EC is due to the reduction in the EC share of the industrial sector (−35.3%), similarly,



Energies 2023, 16, 5885 3 of 23

the transport sector (−10%), in contrast, the energy in the services sector was (+36.8%),
accompanied by the households (+12.2%) in the period of 2000 to 2019. This meant that the
Italian economy could not achieve a zero-carbon footprint in terms of energy use. However,
it has been reported that, compared to other countries in the European Union, Italy’s
government gives environmental issues less priority. The lack of a comprehensive strategy
to reduce pollution is often mentioned as a major flaw in Italy’s environmental strategy.
There is also no explicit carbon or environmental tax in Italy, and the country has no set
goal for reducing its carbon footprint. Figure 1 shows that in 2018, after Germany, Italy was
the EU member with the second-highest CO2 emissions. Therefore, Italian policymakers
are curious about the variables that threaten Italy’s ability to maintain a healthy ecosystem.
The targets which are set by the National Integrated Energy and Climate Plan (PNIEC) to
be achieved by 2030 are renewable energy, reduction in CO2 emissions, energy efficiency,
and energy security for development and sustainable economic growth.
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Further, not only the developing but the developed countries also rely on the inflow
of foreign direct investment (FDI) in the country. Though, the inflow of FDI is helpful in
the creation of employment opportunities, the enhancement of productivity, the diffusion
of technology, the formation of human capital, and economic integration [18]. On the one
hand, economists have stated that FDI is a source of sustainable economic growth, and
it also introduces innovative technologies in the host country [19]. On the other hand,
policymakers and researchers have also indicated that the inflow of FDI is degrading
the quality of the environment [7,20]. Moreover, it is also claimed that the FDI through
polluting industries is causing CO2 emissions. This way, FDI is degrading the environment
of the host country [21,22].

Based on the above discussions, the present work aims to empirically evaluate the
relationships between GDP, oil price, foreign direct investment, energy consumption,
exports, and CO2 emissions in the presence of the EKC hypothesis by utilizing annual
data for the period 1971–2019. To this purpose, this study contributes to the existing
literature in numerous ways. First, to our best knowledge, no study has yet explored
the relationship between CO2 emissions, GDP, oil price, foreign direct investment, energy
consumption, and exports in the context of the EKC hypothesis, particularly in the case of
Italy. Second, most of the researchers in the literature examined the relationships among
the above variables by utilizing traditional econometric approaches such as DOLS, FMOLS,
and VECM. However, the current study applies the ARDL approach with OLS and FMOLS
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models as robustness to examine the variable’s long- and short-run dynamics. Further, this
study also employs the wavelet coherence approach to obtain information on the association
between carbon emissions and other variables at various frequencies and time periods. The
main benefit of the wavelet technique is represented by its capacity to demonstrate the
mechanics of evolving trends, cyclic arrays, and non-stationarity issues, which is crucial
for understanding economic factors. The wavelet coherence (WTC) and the continuous
wavelet transform (CWT), which are elements of the wavelet analysis, provide a deeper
understanding of the interactions among variables at various frequencies, in-phase and
out-of-phase co-movements, and lead/lag variables. The wavelet technique also enables
more precise monitoring of shocks that alter the course of the business cycle. To our best
knowledge, no previous studies have used this technique to gather information on the
relationships and causality between the above variables in Italy at various frequencies and
time periods.

The rest of the study is organized as follows. The pertinent literature is reviewed in
Section 2. Information about data, variables, models, and estimation methods is provided in
Section 3. The empirical findings are discussed in Section 4. Finally, Section 5 summarizes
general findings and their implications for policy and practice.

2. Literature
2.1. GDP and CO2 Emissions

By using different econometric approaches and datasets, various studies examined the
validity of the EKC hypothesis for individual and group countries. The empirical studies
that examined the relationship between economic growth and CO2 emissions in the form of
the Environmental Kuznets Curve Hypothesis (EKC) included [22] Pakistan, [23] ASEAN
countries, [24] China and India, [25] Turkey, [26] and the USA. However, the literature
provides diverse findings about the existence of the EKC hypothesis. For example, some
researchers support the existence of the EKC hypothesis, whereas some studies revealed
a U-shaped connection between GDP and environmental degradation and confirmed the
non-validity of the EKC hypothesis. Ref. [27] conducted research on the linkage between
GDP and the environment in Singapore and confirmed the validity of the EKC hypothesis.
Similarly, Ref. [28] examined the linkage between GDP and environmental degradation
and suggested the EKC hypothesis. Ref. [29] observed the connection between GDP and
CO2 emissions in six West African nations. They employed a panel quantile approach for
empirical analysis. Their findings confirmed the non-validity of EKC.

Ref. [30] studied the correlation between CO2 emissions and GDP in Vietnam. They
examined this relationship by applying cointegration and causality techniques. The results
of the study showed a long-term connection among research factors. Further, [31] also
confirmed the presence of EKC by using annual time-series data of GDP and CO2. The
results of the ARDL approach showed that the relationship between economic growth and
CO2 emissions is positive, while the relationship between the square terms of economic
growth and CO2 emissions is negative. These outcomes confirmed the validity of the EKC
hypothesis in the BRIC.

Further, Ref. [32] explored the linkage between CO2 emissions, EC, and GDP. Their
long-run outcomes established the presence of the EKC hypothesis. In the case of China,
Ref. [33] examined the relationship between CO2 emissions, GDP, and EC by using data
from 28 Chinese provinces. Their outcomes verified the non-validity of EKC. Ref. [22]
researched the symmetric and asymmetric impact of GDP on CO2 emissions in Pakistan
for the period 1971–2014. They applied the linear and nonlinear ARDL cointegration
methodologies to confirm the EKC. The outcomes of both models established the validity
of the EKC hypothesis. Ref. [34] investigated the relationship between CO2 emissions
and their determinants in Turkey from 1960 to 2013. They found support in favor of the
EKC hypothesis. Similar to this, Ref. [35] confirmed the EKC hypothesis in the BRICS
nations. Ref. [36] studied the association between environmental degradation and selected
indicators in Nigeria. Their outcomes suggested the presence of the EKC hypothesis.
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Further, Ref. [37] explored the connection between GDP and environmental deterioration
in South Korea from 1971 to 2017. Their outcomes also confirmed the validity of the EKC
hypothesis. In a similar way, Refs. [38,39] confirmed the validity of the EKC hypothesis in
Indonesia and India, respectively. Table 1 lists existing studies that investigated the EKC.

Table 1. Summary of studies on EKC hypothesis.

Author(s) Sample Time Period Methods Outcomes

[40] Turkey 1961–2010 ARDL EKC
[22] Pakistan 1971–2014 ARDL, NARDL EKC
[26] USA 1960–2010 ARDL EKC
[25] Turkey 1971–2014 ARDL EKC

[41] Europe 1960–2005 ARDL, VECM EKC for Italy and
Denmark

[42] Turkey 1960–2013 ARDL, VECM EKC

[43] European
countries 1980–2014 Panel OLS,

FMOLS, FE No EKC

[44] Nigeria 1971–2015 ARDL EKC

[45] BRICS 1980–2016 CCEMG
technique EKC

[46] GCC countries 1980–2017 STIRPAT model,
PMG EKC

Note: ARDL: autoregressive distributed lag model. NARDL: nonlinear ARDL. VECM: Vector error correction
model. OLS: ordinary least square. PMG: pooled mean group. EKC: environmental Kuznets curve. FMOLS: fully
modified ordinary least square. CCEMG: common correlated effects mean group. STIRPAT: stochastic impacts by
regression on population, affluence, and technology. FE: fixed effect.

2.2. Energy Consumption and CO2 Emissions

Using the ARDL and VECM Granger causality tests, Ref. [47] studied the relationship
between CO2 emissions and non-renewable energy in China. According to their results,
rising energy demand results in rising environmental degradation. Ref. [48] examined
the nexus between EC and CO2 emissions in 25 OECD economies between 1990 and
2014. Their findings revealed that EC raises CO2 emissions. Similar findings were also
reported by [49] for Indonesia and [50] for Pakistan. Ref. [51] analyzed the relationship
between energy utilization and CO2 emissions in the USA. They discovered a statistically
significant positive connection between energy utilization and environmental degradation.
Ref. [52] explored the nexus among FDI, EC, GDP, and environmental quality in Turkey
for the period 1970–2020. The outcomes of the novel dynamic simulated ARDL approach
indicated that rising EC deteriorated the quality of the environment. Bangladesh [53]
investigated the relationships between CO2 emissions and EC. By applying ARDL and
the causality test, they confirmed linear causality between EC and CO2 emissions. Similar
findings were also discovered by [54] in the case of Saudi Arabia. Ref. [55] investigated
the influence of EC, GDP on environmental deterioration in Mexico and discovered a
significant favorable influence of EC on environmental degradation. Similarly, Ref. [56]
observed the interlinkages among GDP, EC, and CO2 emissions. Their findings revealed a
positive association between EC and environmental degradation.

2.3. Foreign Direct Investment and CO2 Emissions

FDI and trade openness have frequently been studied in the literature when analyz-
ing the influence of external elements on environmental sustainability in a country or
region [57]. In this respect, Ref. [28] found that rising environmental contamination is a
byproduct. Ref. [58] investigated the presence of PHH (pollution haven hypothesis) in
20 countries. They discovered that FDI increases pollution in emerging countries while
lowering environmental degradation in developed countries. Furthermore, Ref. [59] looked
at the connection between CO2 emissions and FDI in BRI nations. Their findings revealed
the existence of PHH. Similar findings were made by [60], who discovered that FDI signifi-
cantly enhances China’s environmental degradation. On the contrary, Ref. [61] revealed an
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insignificant linkage between FDI and CO2 emissions in BRI countries. Ref. [62] examined
the influence of FDI, EC, tourism, and CO2 emissions in Bangladesh. The empirical findings
illustrate a favorable effect of FDI on CO2 emissions.

Moreover, Ref. [63] utilized the dynamic simulated ARDL model to observe the impact
of FDI on environmental degradation, and they observed that FDI promotes environmental
sustainability. Ref. [64] studied the linkage between FDI and environmental deterioration
in Pakistan. The findings demonstrated that FDI enhances ecological deterioration. Similar
to this, Ref. [22] observed the linkage between FDI and the environment in Pakistan
and confirmed the validity of PHH, while [65] studied the connection between FDI and
CO2 emissions in developing nations. Their findings showed that FDI significantly and
positively harms the environment. Moreover, Ref. [66] scrutinized the relationship between
FDI and environmental deterioration in OECD nations and found that FDI promotes
CO2 emissions. Ref. [67] examined the asymmetric connection among FDI, oil prices,
and CO2 emissions by utilizing data from Gulf Cooperative Council economies. They
discovered that FDI harms the environment and confirmed the PHH. Ref. [68] analyzed
the consequences of FDI and other factors on India’s environmental quality and showed
a positive correlation between FDI and environmental quality. Ref. [69] looked into the
impact of GDP and FDI on the quality of the environment in 15 Asian emerging nations.
They argued that FDI contributed to environmental deterioration, supporting the presence
of PHH. By applying the PMG-ARDL technique, Ref. [46] analyzed the nexus between FDI
and the environment in GCC nations. They identified that FDI exerts a long-term positive
impact on the environment.

2.4. Exports and CO2 Emissions

Regarding the connection between EXP and environmental degradation, Ref. [23]
presented a theoretical justification, arguing that EXP influences CO2 emissions through
three channels. First of all, a rise in EXP raises energy demand [70]. Secondly, increased
EXP necessitates greater usage of natural reserves [71]. Last but not least, increasing exports
makes it necessary for businesses to be more competitive on a global scale, which lowers
production costs and levels of carbon emissions through the use of technologically modern
equipment [72,73]. While evidence suggests that higher EXP increases EC in the economy
and thus degrades environmental quality if the country’s energy portfolio contains a higher
proportion of clean energy, an increase in EXP will improve environmental quality. Ref. [74]
explored the relationship between EXP and CO2 emissions in BRICS countries between
2000 and 2013. By applying the OLS method and panel quantile regression approaches,
they discovered that EXP intensifies CO2 emissions. Ref. [75] examined the consequences
of GDP, EC, and EXP on the quality of the environment in newly industrialized (NIC)
nations between 1979 and 2017. The empirical results showed that EXP has a harmful
impact on environmental sustainability. Ref. [76] studied the influence of FDI and trade on
environmental quality in Turkey by applying linear and nonlinear ARDL techniques. Their
outcomes demonstrated that negative shocks in EXP decrease environmental deterioration,
while positive shocks in exports have no significant impact on environmental deteriora-
tion. Ref. [23] examined the impact of imports and exports on environmental quality in
seven ASEAN countries, and empirical findings revealed a negative relationship between
variables. Similarly, Ref. [77] scrutinized the link between EXP and the environment in
Turkey and found that EXP exacerbates the country’s environmental problems. Ref. [78]
also highlighted that export growth increased carbon emissions in 189 countries between
1990 and 2011. Ref. [79] also discovered a deteriorating effect of EXP on the quality of
environmental data in 11 highly polluted Asian nations. However, with regard to a panel
of 65 advanced and developing nations between 1981 and 2012, Ref. [72] discovered that
higher exports are related to less environmental degradation.
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2.5. Oil Price and CO2 Emissions

Another area of literature that has received significant attention in recent times is
the connection between OP and the environment. The cost of energy plays an essential
role in the growth of any economy. Oil price fluctuations have different impacts on oil
exporting and importing economies. Numerous studies have documented that rising OP
results in lower oil consumption, which in turn lowers environmental degradation [80,81].
On the contrary, a rise in energy costs signals a shortage of oil, which prompts the oil-
importing nations that rely on that source of energy to look for alternative energy sources,
hence lowering CO2 emissions [82]. Concerns about climate change and restrictions on oil
imports from a selected group of suppliers (OPEC) are two additional elements that push
oil-importing nations to expand their energy sources by switching to cleaner sources of
energy [83–85].

Although empirical findings on the association between crude OP and CO2 emissions
provide diverse outcomes, Ref. [86] explored the relationship between OP and environ-
mental deterioration and suggested an inverse relationship, meaning that a rise in OP
reduces CO2 emissions in Turkey. Ref. [87] observed that a rise in OP has a short-term
effect on GDP and carbon emissions but a gradual long-run effect. Ref. [81] discovered
an adverse impact of OP on CO2 emissions. Further, Ref. [22] assessed the impact of OP
shocks on environmental degradation in Pakistan during the period 1971–2014. Their
findings showed that increases in OP intensified environmental deterioration in the short
run. Recently, Ref. [88] applied the FMOLS approach to explore the relationship among
OP, EC, and CO2 emissions in 30 European countries and discovered a negative correlation
between OP and CO2 emissions. In a similar way, Ref. [89] looked into the connection
between CO2 emissions and OP in India and discovered a negative connection. Ref. [90]
examined the effect of OP and oil price volatility on GHG emissions in 26 European Union
countries, 22 oil-producing countries, China, and the USA using the Driscoll–Kraay model.
The impact of oil prices on GHG emissions is asymmetrical between oil-exporting and
-importing economies. Oil price increase in oil-importing countries reduces GHG emissions;
contrarily, its impact enhances emissions in oil-exporting nations. Ref. [91] also revealed
similar results in the case of G-7 countries. Their findings showed that OP and oil rents
exert a negative impact on CO2 emissions and represent the major drivers of clean energy
consumption. Ref. [92] examined the causal relationship between OP and carbon intensity
in 28 European countries. The findings revealed an inverted U-shaped relationship between
OP and CO2 emissions.

It is evident from this literature review that there has been much debate on the
relationship between GDP, FDI, OP, EC, EXP, and CO2 emissions. However, to our best
knowledge, we found no empirical study in the context of Italy. The originality of the
present study is that it is the first study to use a wavelet coherence approach to gather
information on relations and causal interactions among the above variables at multiple
frequencies and timescales. As a result, the current study fills identified gaps in the literature
in order to expand recent research on Italy and enlighten policymakers on environmental
policies that will aid in the reduction of environmental pollution.

3. Data and Methodology
3.1. Data and Variables

The objective of the present work is to examine the causal connection among CO2
emissions, GDP, FDI, OP, EC, and EXP in Italy and to confirm the existence of the EKC
hypothesis. To carry out the empirical analysis, we used annual data for Italy from 1970 to
2019. Carbon emissions (measured in metric tons) per person is our dependent variable,
while the explanatory variables are gross domestic product (GDP) per person in constant
2010 US dollars, foreign direct investment (FDI) per person, oil prices (measured in dollars
per barrel), energy consumption (measured in million tons of oil equivalent) per person
and exports (constant 2010 US$) per person. Data for CO2 emissions, GDP, FDI, and
EXP are collected from the World Bank database. Data regarding oil price and energy
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consumption have been taken from UNCTID and British Petroleum Statistical Review,
respectively. Table 2 depicts the variables unit of measurement and sources. Further, in
order to eliminate the heteroscedasticity issue, we transformed the variables by taking their
natural logarithm. The econometric model we used to analyze the relationship among
variables is as follows:

lnCO2t = β0 + β1lnGDPt + β2lnGDP2
t + β3lnFDIt + β4lnOPt + β5lnECt + β6lnEXPt + µt (1)

where LNCO2t denotes logarithm of per capita carbon emissions, LNGDPt denotes logarithm
of per capita GDP, LNGDP2

t denotes square of GDP, LNFDIt denotes logarithm of FDI,
LNOPt denotes logarithm of oil prices, LNECt denotes logarithm of energy consumption and
LNEXPt denotes logarithm of exports; µt is error term and t denotes time period. According
to the EKC hypothesis, the relationship between GDP and CO2 emissions should take the
form of an inverse U-shaped curve. In the case of Italy, the EKC hypothesis is demonstrated
to be true if the estimated value of GDP is positive and the square of GDP is negative.

Table 2. Data explanation and sources.

Variables Symbol Measurement Sources References

Carbon emission CO2 Metric tons per capita World Bank [31]
Gross domestic

product GDP Constant 2010 US$ per
capita World Bank [45]

Foreign direct
investment FDI Per capita inflow of FDI UNCTAD [22]

Oil price OP Per barrel Statista [22]

Energy
consumption EC Per capita (million tons oil

equivalent)

British
Petroleum
Statistical
Review

[52]

Exports EXP Per capita constant 2010
US$ World Bank [23]

3.2. Autoregressive Distributed Lag Model (ARDL)

Several econometric techniques have been utilized in the current literature to an-
alyze the long-run connections among variables. Examples include the Philip-Hansen
test [93], the FMOLS methodology [94], and cointegration methods [95,96]. However, the
present study applied the ARDL cointegration methodology recommended by Pesaran
et al. Refs. [97,98] to examine the long-term relationship between variables. This approach
has a certain benefit over the other cointegration techniques. The primary advantage of
the ARDL approach is that it does not require variables to have the same integration order.
This approach can be applied as long as variables are I(0) and I(1) or a mixture of both.
It estimates the short- and long-run dynamics in a single equation. It provides better
outcomes even for small datasets than conventional cointegration techniques. We applied
this technique to examine the long-term connection between CO2 emissions, GDP, FDI, OP,
EC, and EXP. The UECM (unrestricted error correction model) for the ARDL approach is
given as bellows:

∆lnCO2t = β0 + ∑
p
i=1 β1∆lnCO2t−1+∑

p
i=1 β2∆lnGDPt−1+∑

p
i=1 β3∆lnGDP2

t−1+

∑
p
i=1 β4∆lnFDIt−1 + ∑

p
i=1 β5∆lnOPt−1 + ∑

p
i=1 β6∆lnECt−1+∑

p
i=1 β7∆lnEXPt−1+λ1∆lnCO2t−1+

λ2∆lnGDPt−1 + λ3lnGDP2
t−1 + λ4lnFDIt−1 + λ5lnOPt−1 + λ5lnECt−1 + λ5lnEXPt−1 + εt

(2)

The optimal lag lengths can be determined by using the Akaike information criterion
(AIC). The null hypothesis of no cointegration among variables (H 0 : λ1= λ2 = λ3 = λ4 = λ5
= λ6 = λ7) is tested against the alternate hypothesis of cointegration among variables
(H 1 : λ1 6= λ2 6= λ3 6= λ4 6= λ5 6= λ6 6= λ7).

In order to determine the long-run cointegration among variables, the estimated value
of the F-statistics is compared to the upper and lower critical boundary values. If the
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estimated F-statistics value is greater than the upper bounds of the critical values, the H0
of no cointegration can be rejected, meaning that a long-term cointegration exists among
the research variables. On the other side, if obtained F-statistics value is smaller than the
lower critical boundaries, we are unable to reject the H0 null of no cointegration, which
suggests no long-term connection among research factors. However, the decision would
be uncertain if the anticipated value of F-statistics falls inside the lower and upper critical
boundaries, the decision would be uncertain.

After the validation of long-run relationship among variables, short-run dynamics are
estimated by incorporating the error correction model (ECM) into the ARDL framework
specified as follows:

∆lnCO2t = β0 + ∑
p
i=1 β1∆lnCO2t−1+∑

p
i=1 β2∆lnGDPt−1+∑

p
i=1 β3lnGDP2

t−1+

∑
p
i=1 β4∆lnFDIt−1 + ∑

p
i=1 β5∆lnOPt−1 + β6 ∆lnECt−1 + β7∆lnEXPt−1+θECTt−1 + εt−1

(3)

where θ is the associated coefficient of the ECT (error correction term), which also shows the
speed of adjustment towards the long-run stability. The value of ECT should be negative
and statistically significant.

3.3. Wavelet Coherence Approach

In addition, the present study also used the wavelet coherence approach to capture
the correlation and causality between research factors simultaneously. We employed ADF
and PP tests to study the integration order of GDP, FDI, EC, EXP, OP, and CO2 emissions.
Additionally, structural breaks in variables were confirmed using the [99] stationarity
test. In accordance with the objective of the study, we utilized the wavelet approach to
learn more about the time-frequency dependency among GDP, FDI, EC, EXP, OP, and CO2
emissions in Italy, employing yearly data ranging from 1961 to 2018. Ref. [100] developed
the wavelet approach. The time series variables are likely to exhibit non-stationarity at
their level, which is a well-known and widely acknowledged fact. The underlying problem
with frequency-domain approaches, notably Fourier Transformation, is that by relying
solely on the frequency domain, the time domain information is essentially neglected [101].
Furthermore, the structural time series breaks have an impact on the expected outcomes
of standard causality approaches with predetermined parameters (s). If the standard
time-domain technique is not followed, time series variables that are estimated but not
stationary will produce biased estimates [102]. Therefore, to avoid these complications in
the estimations, the present study applied the wavelet coherence technique.

A wavelet (v) belongs to the Morlet wavelet family presented in Equation (4) as follows:

v(t) = π−
1
4 e−ivte−

1
2 t2

(4)

where v represents the frequency employed to limited time series; i denotes p(t), \ = 0, 1, 2,
3, . . ., N − 1; and

√
−1.

Two basic factors of a wavelet are time and location (signified by k) and frequency
(expressed by f ). Time series is transformed to a time-frequency domain before being
transferred to wavelet transformation, as stated by [103]. v is changed, leading to the
development of k, f. This explanation is demonstrated by Equation (5):

vk, f (t) =
1√
h

v

(
t− k

f

)
, k, f ∈ R, f 6= 0 (5)

Using the time series data p(t), Equation (6) displays the continuous wavelet function
as follows:

vp(k, f ) =
∫ ∞

−∞
p(t)

1√
f

v

(
t− k

f

)
dt (6)
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Refs. [55,104] assert that after adding coefficient v in the equation, the time series
variable p(t) is indicated to be revived in Equations (7) and (8). However, Equation (6) is
used to estimate p(t) as follows:

p(t) =
1

Cv

∫ ∞

0

[∫ ∞

−∞
|wp(a, b)|2da

]
db
b2 (7)

To reflect the vulnerability of CO2 emissions, GDP, EC, FDI, OP, and oil price, the
wavelet power spectrum (WPS) is demonstrated as follows:

WPSp(k, f )
∣∣Wp(k, f )

∣∣2 (8)

The cross-wavelet transformation (CWT) method converted the time-series variable
in Equation (8) into Equation (9). In order to visualize any connection between two time
series (p(t) and q(t)) in combined time-frequency-based causalities, we adopted the wavelet
coherence technique. The (CWT) applied on the two-time series is given in Equation (9)
below:

Wpq(k, f ) = Wp(k, f ) Wq(k, f ) (9)

The CWT of CO2 emissions, GDP, EC, FDI, OP, and EXP, in Italy using annual time
series data covering the period 1971–2018 are shown by Wp(k, f ) and Wq(k, f ), respectively,
as indicated by [105]. They also created the equation for squared wavelet coherence,
demonstrated in Equation (10):

R2(k, f ) =

∣∣S( f−1Wpq(k, f )
)∣∣2

S
(

f−1
∣∣Wp(k, f )

∣∣2)S
(

f−1
∣∣Wq(k, f )

∣∣2) (10)

If the R2 (k, f ) value is close to one, time series factors are related, or a causal relation-
ship among variables exists at a particular frequency, which is enclosed by a black line and
colored red. On the other hand, if it approaches zero, there is no indication of connection or
causality between the two variables and is depicted by the blue color, although R2 (k, f ) only
conveys information about the degree of correlation between variables but not its direction.
As a result, [105] established a method to identify wavelet coherence discrepancies by
using deferral indicators in the wavering of two-time sequences [101]. The derived wavelet
coherence difference mechanism equation is displayed in Equation (11) as follows:

φpq(k, f ) = tan−1

(
L
{

S
(

f−1Wpj(k, f )
)}

O
{

S
(

f−1Wpj(k, f )
)}) (11)

where L stands for a hypothetical operator and O for a real part operator.

4. Empirical Results
4.1. Descriptive Statistics

Table 3 presents the descriptive statistics of the considered variables. It is evident
that GDP has the highest mean value, followed by EC, FDI, OP, EXP, and CO2 emissions.
Further, the standard deviation is a measure that indicates how closely the data is grouped
around the mean value. The closer the clustering around the mean, the lower the standard
deviation. This reasoning leads to the conclusion that EC is closer to its mean, followed
by CO2 emissions, EXP, GDP, OP, and FDI. The Jarque-Bera test reveals that each variable
under consideration is normally distributed. Overall, the findings indicate that GDP, FDI,
OP, EXP, EC, and CO2 emissions show a positive trend (Figure 2). Table 4 reports the
correlation between the variables. The results illustrate that most variables are positively
correlated with CO2 emissions, while exports are negatively correlated with CO2 emissions.
Further, a significant and positive association is found between FDI, OP, EC, and EXP
and GDP. Additionally, a moderately positive association was also discovered between
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EC and OP and EXP and EC. The significant correlation between the research variables
demonstrates that any policy change for GDP, FDI, OP, EC, and EXP has a substantial
influence on the environmental quality in Italy.
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Figure 2. Time trend plots (source: authors’ own creation).
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Table 3. Descriptive statistics.

LCO2 LGDP LFDI LOP LEC LEXP

Mean 1.920 10.296 4.212 3.171 4.740 3.108
Median 1.915 10.386 4.308 3.245 4.720 3.108

Max. 2.106 10.552 6.615 4.695 4.912 3.450
Min. 1.662 9.780 0.435 0.191 4.541 2.719

Std. dev. 0.116 0.230 1.646 1.026 0.097 0.195
Skewness −0.170 −0.828 −0.315 −0.975 0.259 −0.108
Kurtosis 2.104 2.407 2.088 4.260 2.050 2.146

Jarque-Bera 1.915 6.450 2.455 11.230 2.339 1.617
Probability 0.039 0.293 0.004 0.274 0.262 0.446

Obs 50 50 50 50 50 50

Table 4. Correlation matrix.

LCO2 LGDP LFDI LOP LEC LEXP

LCO2 1.000
LGDP 0.464 1.000
LFDI 0.247 0.794 1.000
LOP 0.091 0.754 0.540 1.000
LEC 0.888 0.742 0.521 0.361 1.000

LEXP −0.017 0.739 0.617 0.803 0.341 1.000

4.2. Unit Root Test Results

It is widely known that non-stationary variables might lead to spurious regression
and biased analysis. It is important to analyze the stationarity properties of data series
prior to evaluating the variable’s long- and short-run dynamics. We employed the two
most popular stationarity tests, namely, the ADF and PP proposed by, respectively, to
prevent the issue of spurious regression. Table 5 reports the results for both stationarity
tests and illustrates that research variables contain a unit root since we cannot reject the
null hypothesis of a unit root. But after taking the first difference, we can reject the null
hypothesis of the unit root and confirms that all the variables become stationary. Since
the traditional unit root test does not consider structural breaks in series, we also utilized
the [99] stationarity test to capture the breaks in data series. The results of the structural
break test are shown in Table 6 and suggest that variables at the level are non-stationary.
However, after taking the first difference, the variables turn into stationary.

Table 5. Unit root tests.

ADF PP

Variables Level First Difference Level First Difference

LCO2 −1.409 −6.189 *** −1.471 −6.187 ***
LGDP −1.144 −6.180 *** −0.754 −6.185 ***

LGDP-SQ −1.082 −6.080 *** −0.683 −6.086 ***
LFDI −3.150 −3.423 * −6.152 −34.610 ***
LOP −2.922 −6.476 *** −2.937 −6.465 ***
LEC −0.939 −5.448 *** −1.123 −5.429 ***

LEXP −2.492 −6.688 *** −2.492 −6.693 ***
Notes: *** p < 0.01, * p < 0.1.
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Table 6. Zivot and Andrews structural break unit root test.

Variables Level First Difference

Test Statistic Break Year Test Statistic Break Year

LCO2 −0.319 2007 −5.145 *** 2007
LGDP −3.506 1999 −5.881 *** 1980

LGDP-SQ −3.596 1999 −5.145 *** 1991
LFDI −0.655 1983 −21.817 *** 2012
LOP −1.437 1981 −6.933 *** 1980
LEC −1.806 2006 −5.998 *** 2014

LEXP −2.807 1978 −7.675 *** 2009
Notes: *** p < 0.01.

4.3. ARDL Results

The stationarity test results suggest that none of the considered variables is integrated
at I(2). The next step of the estimation procedure determines whether there is a long-term
link that exists among variables. For analyzing the long-term cointegration, we applied
the bounds test cointegration approach. The null hypothesis of no cointegration among
variables is tested against the alternative hypothesis of cointegration. Table 7 reports the
outcomes of the bounds test cointegration approach and suggests that the estimated value
of F-statistics exceeds the upper boundaries crucial values at a 1% significant level. This
outcome explains that we can reject the null of no cointegration again the alternative and
supports the hypothesis that CO2 emissions, GDP, FDI, OP, EC, and EXP have a long-term
cointegration. The estimated outcomes of short- and long-term association among CO2
emissions and its influencing factors are reported in Tables 8 and 9, respectively. The
findings show that economic expansion has a favorable and statistically significant effect
on CO2 emissions in Italy. According to this, a 1% upsurge in GDP led to a 14.89% long-
term increase and a 35.52% short-term increase in CO2 emissions in Italy. In contrast,
findings demonstrate that the squared of GDP has a detrimental effect on the level of
CO2 emissions both in the long- and short-run. These findings show that for every 1%
rise in squared GDP, CO2 emissions are reduced by 0.74% over the long term and by
1.71% over the short run. These results confirm the existence of the EKC hypothesis
exists in Italy. These outcomes are consistent with the [41,42,45]. Turning to the OP, the
results demonstrate that OP is adversely and significantly associated with CO2 emissions.
According to these findings, a 1% rise in OP results in a considerable short and long-term
decrease in environmental degradation by 0.027% and 0.04%, respectively. These results
agree with those of [88,90]. Additionally, studies by [91,92] showed a negative correlation
between OP and environmental deterioration and concluded that rising OP levels in G7
and EU 28 countries imply lower CO2 emissions. Furthermore, the results demonstrate
that FDI has a negative effect on Italy’s environmental quality over the short- and long-
term. According to the estimated results, a 1% increase in FDI considerably intensifies
environmental degradation by 0.039% in the long term and 0.010% in the short run. These
results confirm the existence of the pollution heaven hypothesis in Italy. Our findings
concur with those [22] for Pakistan, [46] for the GCC countries, and [62,106] for Italy. In the
case of EC, the estimated parameters of EC are positive and significant over the long- and
short-term. These findings illustrate a 1% rise in EC enhances the environmental damage
by 0.52% in the short-run and 0.60% in the long-run. This outcome is not surprising;
many researchers have shown the negative effect of EC on environmental sustainability.
Ref. [107] emphasized that EC is a major indicator of environmental deprivation and
intensifies CO2 emissions. However, decreasing EC to lower CO2 emissions would not
be an effective strategy for any industrialized country. The only way to improve the
environmental quality without compromising the level of growth is by incorporating clean
energy sources (e.g., biomass, solar energy, and wind power). These findings are in line
with those of [108]. They investigated the cross-country and country-specific associations
and discovered that the usage of clean energy is environmentally beneficial and enhances
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the quality of the environment, whereas the usage of traditional energy increases the
volume of CO2 emissions, which worsens the environment. Finally, in the case of exports,
the outcomes reveal that the exports are positively related to environmental degradation at
a 1% significance level. These outcomes explain that a 1% increase in exports intensifies
carbon emissions by 0.08% and 0.07% in the long- and short-run, respectively. Our findings
are in line with other studies [74,77,79]. They stated a positive relationship between exports
and environmental degradation. Furthermore, the coefficient value of the error correction
term ECTt−1 is significant and negative. This finding also verifies the existence of long-
term cointegration between variables and explains that any divergence from long-run
equilibrium is fixed by 36.1% yearly.

Table 7. Bounds test estimates.

F-Statistics H0: No Level Relationship

Significance I(0) I(1)

Optimal lag-length
F-statistics

(3, 3, 3, 2, 3, 3, 2)
12.791 *** 10% 1.99 2.94

K 6 5% 2.27 3.28
2.50% 2.55 3.61

1% 2.88 3.99
Notes: *** p < 0.01.

Table 8. ARDL long-run results.

Dependent Variable Regressors Coefficients Std. Error t-Statistics

LCO2 LGDP 14.891 3.879 3.839 ***
LGDP-SQ −0.740 0.192 −3.852 ***

LFDI 0.039 0.007 5.271 **
LOP −0.027 0.008 −3.289 ***
LEC 0.525 0.170 3.085 **

LEXP 0.081 0.038 2.138 **
Notes: *** p < 0.01, ** p < 0.05.

Table 9. ARDL short-run results.

Dependent Variable Regressors Coefficients Std. Error t-Statistics

LCO2 LGDP 35.528 4.012 8.855 ***
LGDP-SQ −1.713 0.198 −8.638 ***

LFDI 0.010 0.001 6.915 **
LOP −0.041 0.006 −7.075 ***
LEC 0.663 0.078 8.458 ***

LEXP 0.071 0.026 2.768 **
Coint. Eq. (−1) −0.361 0.318 −11.351 ***

Notes: *** p < 0.01, ** p < 0.05.

4.4. Robustness Check

In this study, we also employed the DOLS and FMOLS methods to verify the ro-
bustness of ARDL estimates. Tables 10 and 11 present the results of DOLS and FMOLS,
respectively. These findings show that our ARDL results are in accordance with the DOLS
and FMOLS estimates.

4.5. Diagnostics Tests Results

Additionally, we performed a number of diagnostic checks to make sure the model was
stable. Table 12 presents the findings of serial correlation, normality, and heteroscedasticity
tests. The outcomes of these diagnostics tests confirm that the underlying model is good
and fits well. Further, to evaluate structural stability, we performed CUSUM and CUSUM-
SQ tests. Figure 3 displays the CUSUM and CUSUM-SQ visual assessments, respectively. It
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can be established that model dimensions are reasonably stable if plots stay within a crucial
boundary range of 5%. The graphs below demonstrate that CUSUM and CUSUM Square
are inside critical boundaries.

Table 10. Dynamics OLS results.

Variables Coeff. Std. Error t-Stat p-Value

LGDP 100.232 *** 15.881 6.311 0.024
LGDP-SQ −5.002 ** 0.789 −6.339 0.024

LFDI 0.235 ** 0.040 5.806 0.028
LOP −0.153 ** 0.030 −5.035 0.037
LEC 1.754 *** 0.96 18.248 0.003

LEXP 0.888 ** 0.126 7.064 0.019
Notes: *** p < 0.01, ** p < 0.05.

Table 11. Fully modified OLS results.

Variables Coefficients Std. Error t-Statistic Probability

LGDP 32.969 *** 1.243 26.534 0.000
LGDP-SQ −1.644 *** 0.061 −26.768 0.000

LFDI 0.072 *** 0.002 34.993 0.000
LOP −0.079 *** 0.003 −20.239 0.000
LEC 1.603 *** 0.037 42.712 0.000

LEXP 0.039 * 0.020 1.926 0.061
Notes: *** p < 0.01, * p < 0.1.

Table 12. Diagnostics tests statistics.

Diagnostics Tests X2 p-Value Decision

Breusch-Godfrey LM 0.986 0.473 No issue with serial correlation
Breusch-Pagan-Godfrey 0.703 0.776 No issue with Heteroscedasticity

ARCH test 0.019 0.889 No issue with Heteroscedasticity
Normality 3.708 0.157 Estimated residuals are normal

CUSUM and CUSUM-SQ Stable
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4.6. Wavelet Coherence Approach

We also applied the wavelet coherence approach to capture the causation and cor-
relation among CO2 emissions and regressors at various frequencies and time intervals.
Wavelet coherence between Italy’s CO2 emissions, GDP, FDI, OP, EC, and EXP is depicted
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in Figures 4–8. This technique was created in the field of econophysics to gather previously
undiscovered evidence [104]. As a result, the current study investigates short, medium,
and long-term causality and association among CO2 emissions and independent variables.
The level of significance when evaluating wavelet coherence is indicated by a thick black
contour centered on the Monte Carlo simulations. Moreover, periods 0–4, 4–8, and 8–16,
respectively, show the short, medium, and long terms in Figures 3–7. Furthermore, time is
shown on the horizontal, and frequency is shown on the vertical axes, respectively [101,103].
The white line depicts the cone of impact or impact area that will be utilized for an expla-
nation when studying wavelet coherence. The color range on the right side of the figure
indicates how strong the correlation is. The cold blue color indicates lower reliance between
the variables, whereas the red color denotes significant correlations between indicators.
Further, cold places outside of significant areas show little reliance. Additionally, the thick
black form in the figures, which was produced using a Monte Carlo simulation and ex-
hibits significance at a 5% level. The direction of causality and correlation among research
variables is portrayed by arrows in wavelet coherence. When two series have zero phase
differences, they move in harmony on a specific scale. Positive and negative relationships
among studied variables are depicted by the rightward and leftward arrows, respectively.
When two variables are in phase, it means they are moving in the same direction; when
they are out of phase, they are moving in opposing directions. Arrows indicating right-
ward down or leftward down suggest that the first series caused the second one, while
arrows indicating rightward or leftward up show that the second series caused the first
series. Figure 4 provides evidence of a positive link between CO2 emissions and economic
development over the medium term at various scales (frequencies) between 1974 and 2010.
Additionally, the upward and rightward arrows show that economic expansion in Italy
drives CO2 emissions. Additionally, Figure 5 illustrates that between 1980 and 2010, at
various scales (different frequencies), the medium-term arrows faced the left, indicating a
negative connection between CO2 emissions and FDI. Additionally, the leftward falling
arrows between 2005 and 2010 show that FDI is caused by CO2 emissions.
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In Figure 6, between 1978 and 1988, at various scales (frequencies), rightward arrows
show a positive and significant correlation between CO2 emissions and OP in the short and
medium term. In addition, between 1995 and 2005 (long term), the leftward arrows show
a negative correlation between CO2 emissions and OP. Also, a leftward upward arrow
during this era indicates that OP causes CO2 emissions in Italy. In Figure 7, no evidence of
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correlation is found between CO2 emissions and EXP between 1974 and 1993 at different
scales and different frequencies. However, between 1994 and 2010, rightward arrows
depict a positive and significant association between CO2 emissions and EXP. Additionally,
Figure 8 shows evidence of rightward arrows that demonstrate a significant and positive
association between CO2 emissions and EC at various scales (frequencies) between 1974
and 2016. The rightward ascending arrows in the same era demonstrate that EC precedes
CO2 emissions. In addition, a one-way causality runs from EC to CO2 emissions. This
conclusion implies that EC is a key predictor of environmental degradation in Italy.
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5. Conclusions and Policy Recommendations

The present research aims to examine the relationships between GDP, FDI, OP, EC, and
CO2 emissions by using annual time data for Italy from 1970 to 2019 in the presence of the EKC
hypothesis. The long- and short-run relationships are evaluated by using ARDL developed
by [97,98] DOLS and FMOLS approaches. We also used the wavelet coherence approach
by [100] to examine the correlation between CO2 emissions, GDP, FDI, OP, EC, and EXP. The
uniqueness of this technique is that it ascertains short- and long-run connections and causality
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among variables simultaneously at various time intervals and frequencies. The results of
the stationarity tests confirm that none of the variables under investigation are integrated
at I(2). Further, the bounds test cointegration results provide evidence that variables have
a long-term cointegration. The ARDL results suggest that GDP has a positive impact on
environmental degradation, while the square of GDP has a negative impact on CO2 emissions.
This outcome confirms the validity of the EKC hypothesis in Italy. Further, outcomes explain
that FDI influences CO2 emissions positively and significantly over the long- and short-run,
which supports the existence of the pollution heaven hypothesis in Italy. The outcomes also
reveal a significant positive connection between EC, EXP, and CO2 emissions.

Based on our findings, we suggest some important policy implications to the govern-
ment and authorities for the formulation of long-term policies. The findings suggest that
GDP, FDI, EC, and EXP are the main elements of environmental deprivation in Italy. In
order to achieve long-term environmental advantages, such as a carbon-free economy, it is
essential to decouple economic growth from environmental degradation. The government
should structure its economy around switching from traditional energy sources (fossil
fuels) that harm the environment by rising carbon emissions to clean energy sources (wind,
hydropower, biomass, solar, and geothermal) that support a quality environment and sus-
tainable growth. The government should encourage energy policies that promote the use of
renewable energy. Such energy policies might emphasize the advancement of industry 4.0,
carbon pricing, tariffs, and financial incentives for green energy technologies. Additionally,
sufficient funds should be allocated for the advancement of technology, R&D, innovation,
and renewable energy sources in order to enhance both the quality of the environment
and the effective production and use of energy. Regardless of a nation’s carbon emissions
level, stakeholders in the public and commercial sectors might make ongoing efforts to
start funding research and development in clean energy technology. Increased government
spending on energy research and development will promote capital inflows of FDI into the
economy and further raise the effectiveness of the production of energy resources. Further,
the government should adopt strict rules and regulations regarding the inflow of FDI into
the country. Additionally, efforts should be made to promote foreign-invested businesses’
adoption of carbon-reducing technology in sectors with high energy consumption by bring-
ing in foreign capital to reduce the polluting output of these businesses. It is important
to keep an eye on foreign investment in reasonably clean industries and to optimize their
industrial configuration. The demonstration, competitiveness, and technological spillover
effects of foreign money should be actively considered, and businesses should be assisted
in advancing production technology and cutting carbon emissions.
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