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Abstract: It is not a gainsaying that challenges to both healthy living and the environment are the
result of deteriorating environmental quality with the attendant effect on environmental sustainability.
To provide a solution to the issue, our study uses long time-series data from 1960 to 2018, and employs
an overlapping generational model, the Bayer–Hanck cointegration test, wavelet coherence, Fourier
Toda–Yamamoto, and Breitung–Candelon frequency-domain spectral causality tests to investigate the
causal relationships among carbon emissions (CO2), economic growth (GDP), and life expectancy (LE)
in Turkey. Different from the literature, we find a positive co-movement between life expectancy and
CO2 and a positive correlation between LE and GDP at different scales; CO2 has a causal relationship
with LE and a bidirectional causal relationship between LE and GDP, as well as short, medium,
and long-run causal relationships with LE; GDP has medium and long-run causal relationships
with LE, and LE has short, medium, and long-run causal relationships with GDP. Our findings
guide policymakers on their policy decision-making that will address the energy consumption,
environmental degradation, human health, environmental hazards, and allocation to science and
technology in Turkey with the aim of ensuring overall sustainable development.

Keywords: environmental pollution; human health; life expectancy; sustainability; time-domain
causality; Turkey

JEL Classification: C5; O40; Q43

1. Introduction

The challenges of healthy living along with the increasing threat of global warming
all around the globe are the result of the increasing deterioration in environmental quality
across the world [1]. Owing to the increasing attention of scholars towards global warming
and environmental challenges, the economic policymakers, and other stakeholders are
getting more interested in the relationship between environmental consequences and health
outcomes [2–4]. Air pollution has been a serious concern to the environmentalist and poli-
cymakers, especially the carbon emissions (CO2) from the rapid industrialization and the
use of energy, and this has been recognized as one of the determinants of health problems
around the world [1], as well as a major factor capable of affecting the achievement of
environmental sustainability [5–7]. Notably, one of the main contributors to global climate
change has been CO2, which has received considerable attention from policymakers, as
well as being the main focus in most of the research across different fields of study [1,5–8].
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From an economic perspective, CO2 is considered as the logical consequence of indus-
trial activities, which, although they create added value, are polluting; thus, CO2 emissions
are seen as a guaranteed effect of significant economic growth. Meanwhile, most studies
have generally focused on the trade-off between economic growth and CO2 emissions,
but the effects of environmental pollution on human health that affect society in terms of
life expectancy are substantial, as well as its effect on achieving environmental sustain-
ability [7]. Meanwhile, Mariani et al. [9] opined that the nexus between life expectancy
and environmental quality could go the other way round. Life expectancy is a measure
of the length of life expected of an individual to be lived at birth (Agbanike et al. [2]).
It is considered in the literature as significant nations’ health condition and individual
well-being indicator [3,4,10]. Alam et al. [11] and Shahbaz et al. [12] noted that since
individuals make up a nation, improving life expectancy is a significant and necessary
condition that is required for guaranteeing sustainable economic development. The reflec-
tion of life expectancy in the social, economic, and environmental condition of a nation is
demonstrated in some studies [2,12,13]; hence, the causal relationship among economic,
social, and environmental factors and life expectancy in a given country have become a
very important issue among policymakers, whereas, the empirical studies investigating the
relationship between economic growth and life expectancy [2,14], and carbon emissions
and life expectancy [1,15] have been mixed. In addition, the studies investigating the
relationship among economic growth, carbon emissions, and life expectancy together are
relatively rare and recent, especially in Turkey. Hence, this study aims to fill this identi-
fied gap in the existing literature by investigating the causal relationship among carbon
emissions, economic growth, and life expectancy in Turkey.

This study focuses on Turkey, owing to its rise and fall in economic growth [World
Bank, 2020], its ever-increasing carbon emissions [16], and the life expectancy of 77.44 years
as of 2018—above the world average of 72.6 years in the same year [17]. Turkey is con-
sidered to be a less developed country with a USD 754.41 billion GDP and USD 9042.49
per capita GDP as of 2019 [17]. Turkey as a less developed country has boosted its energy
needs in all sectors and is thus characterized as a rapid economic growth country with an
increased rate of rigid energy demand and urbanization, and these in no small measure
contribute to the increasing carbon emissions in the country (see Bilgen [18]). The devel-
opments in Turkey have resulted in the economy growing by 1.15% in 1960 and 7.47% in
2017 but plummeted to 0.877% in 2019. Such rapid economic growth between 1960 to 2017
has been accompanying by the “CO2 increase from 0.61 metric tons per capita in 1960 to
4.67 metric tons per capita in 2016 accounting for a 636% rise in metric tons per capita in
the country as of 2016” [17], even though, during the period under observation, the life
expectancy at birth improved from 45.37 years in 1960 to 77.44 years in 2018, which is
above the global average of 72.6 years [17].

According to “Turkiye Istatistik Kurumu” (TUIK) [19], the energy consumption in
Turkey generates greenhouse gas (GHG), which is mostly carbon emissions, having a
share of over 80% of total GHG in the country. Turkey received candidate status of EU
membership in 1999 after fulfilling the acquis, among which was its environmental issues;
however, Turkey has been found to be the third-highest CO2 emissions-generating country
among EU members [7,16], and this definitely will have implications for the people’s health
and/or life expectancy, which, in turn, has an effect on economic growth, and on carbon
emissions. It is then imperative to investigate the causal relationship between carbon
emissions, economic growth, and the life expectancy in the country, so as to guide the
policymakers in Turkey to redirect the “national environmental policies”, especially policies
related to mitigating the increase in CO2 emissions. Thus, this study investigates the causal
relationship between CO2 emissions and the life expectancy of Turkey’s population, using
some new econometric techniques to enhance the validity of our findings.

In this paper, we use the long time-series data from 1960 to 2018, employ the over-
lapping generational model to provide a theoretical background for our study, employ
ADF, PP, Zivot–Andrews, and Lee–Strazicich unit root tests to test for unit roots, use the
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Bayer–Hanck cointegration test to conduct a robust cointegration analysis, and employ
both time and frequency-domain causality tests to investigate the causal relationships
among economic growth, life expectancy, and the CO2 emissions in Turkey. Different from
the existing literature, using wavelet coherence techniques, we find positive co-movement
between life expectancy and CO2 emissions and positive correlations between life ex-
pectancy and economic growth at different scales. Using the Fourier Toda–Yamamoto
causality test, we find that CO2 has a causal relationship with life expectancy, establishing
a bidirectional relationship between life expectancy and economic growth. Employing
the Breitung–Candelon frequency-domain spectral causality test, we found that CO2 has
short-, medium-, and long-run causal relationships with life expectancy; economic growth
has medium- and long-run causal relationships with life expectancy; and life expectancy
has short-, medium-, and long-run causal relationships with economic growth. Generally,
our study provides new empirical evidence on the causal relationships among economic
growth, CO2, and life expectancy in Turkey. Our findings could be used for policymakers
on their policymaking on sustainability, energy consumption, environmental degrada-
tion, human health, environmental hazards, allocation to science and technology, and
pollution. Additionally, to the best of the author’s understanding, most studies that have
examined these interconnections used time-domain econometric techniques such as the
fully-modified ordinary least squares (FMOLS) and dynamic ordinary least squares (DOLS)
methods, in addition to the canonical cointegration regression (CCR), autoregressive dis-
tributed lag (ARDL), vector error correction model (VECM), and many more. Thus, the
present study fills the gaps in prior studies by utilizing the wavelet methodologies to
capture relationships at different frequencies and different periods. Moreover, the wavelet
approach is used because it offers information on both the phase and amplitude, which are
crucial to examine dissimilar time-series synchronization and the interconnection of these
economic variables over time.

The remainder of the study is structured as follows: Section 2 consists of the review
of related studies, Section 3 presents the empirical methodology, Section 4 presents the
empirical findings and discussions, and Section 5 rounds up the study with the conclusions.

2. Literature Review and Hypotheses Development
2.1. Literature Review

The exploration of the causal relationship between life expectancy and economic
growth has been conducted by many scholars in different regions across different periods
utilizing single-country and panel studies. However, there is no consensus on the findings
with mostly three strands observed in the literature, exhibiting negative, positive, and
non-linear relationships between them. Among the recent studies on this subject was
a study conducted in the African economy to investigate the relationship of variables
such as population, democracy, economic growth, and life expectancy; the study found a
positive and significant nexus between economic growth and life expectancy (Biyase and
Malesa [10]). The study employed two-stage least square and observed data from 1985 to
2017. Another study investigated the dynamic relationship between economic growth and
life expectancy in Pakistan applying the ARDL bounds test and found a positive influence
of economic growth on life expectancy (Wang et al. [14]). In addition, the study of Govdeli
et al. [20] investigated E7 countries using data from 1992 to 2016 and employed a causality
test and found a significant nexus between economic growth and life expectancy. A similar
finding was established by Shahbaz et al. [21], who did a similar study in sub-Saharan
Africa by employing a parametric cointegration test and found a positive and significant
relationship between the two variables.

Moreover, a non-linear causality was employed by Shahbaz et al. [12] to investigate
the scenario in Pakistan. The study suggested that sustainability is most possible in the
countries with the best health infrastructure and economic growth, and also that the
governments of the countries have a crucial role to play in ensuring the increase in the
life expectancy level of their people. Furthermore, a positive impact of life expectancy on
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economic growth was demonstrated in the study by Biyase and Malesa [10], which was
conducted in 10 Southern African countries using data from 1985 to 2017 and applied a
two-stage least square method, while a bidirectional relationship between the two variables
was found in the study by He and Li [15] which used 65 countries. Meanwhile, the study by
Sirag et al. [22] found that life expectancy plays a significant role in economic development
but suggested that it is up to a certain threshold. The finding is consistent with Yakita [23]
who revealed that an increase in longevity increases the balance of the growth rate. Several
studies agree with the position that life expectancy affects economic growth via the increase
of the investment in capital [15,24].

A negative link between economic growth and life expectancy was reported in some
studies. For instance, the study of Acemoglu and Johnson [25], conducted in 47 countries
under the category of developed and less developed countries of the world, revealed
a negative and insignificant relationship between the two variables. This finding was
corroborated by Leung and Wang [26] who examined the endogenous nexus between
life expectancy and output in a neoclassical growth model and found that an increase
in life expectancy is negatively related to the income per capita, resulting in a higher
dependency ratio.

Another dimension is the non-linear relationship between life expectancy and eco-
nomic growth. An example is a study by Boucekkine et al. [27] who investigated the
influence of life expectancy on economic growth through the overlapping generations
(OLG) model with a realistic survival law. The study demonstrates that the growth of
GDP per capita is ambiguously affected by an increase in life expectancy, and the influence
of life expectancy on GDP per capita growth is positive for low levels of longevity but
becomes negative after some level. A similar finding was found by Echevarria [28] who
shows in their study that a threshold level exists in the link between life expectancy and
output per capita, and their relationship manifests as an inverted U-style pattern. Moreover,
the demographic transition was suggested as a mediator in the relationship between life
expectancy and economic growth so as to demonstrate the non-linear relationship between
the two variables. The study suggests that before a demographic transition, an increase
in life expectancy raises the population, but decreases the growth of the population and
foster human capital accumulation subsequent to the demographic transition. Similarly,
Kunze [29] reveals that increasing life expectancy reduces economic growth under be-
quests being operative but found the existence of an inverted U-shape nexus between life
expectancy and economic growth if bequests were inoperative.

Meanwhile, some studies opined that the consequences of economic growth are often
reflected in the environmental deterioration [30,31], which in turn possibly affect health
outcomes (Sarkodie et al. [32]). For instance, some studies noted that energy consumption
in developing and developed countries are being considered as a significant cause for eco-
nomic development [33,34]. Meanwhile, Martins et al. [30] and Wang et al. [31] stated that
the degradation of the environment and air pollution owing to energy consumption has
become a serious and alarming health concern for people around the world. The studies
also opined that pollution emanating from the source of energy consumption also affects
social and economic causes. The increasing threats of gaseous emissions that are adding
to global warming and destructive issues of environmental degradation have brought the
issues of both environment and energy economics into eminence in the last few decades.
This is evident in the recent study by Sarkodie et al. [32], who found the increase in particu-
late matters to be a determinant of a reduction in life expectancy. It is also evident from the
literature that carbon emissions are considered as the main determinant of environmental
deterioration [5–7,35–38] while some studies suggested that it has an effect on health out-
comes [2,14,34]. In addition, these emissions in the form of air pollution were stated in some
studies to be caused by multiple sources of energy consumption [5–7,21,34,39]. Though
the studies that investigate the link between environmental degradation and its horrible
effects on the level of life expectancy have been scant, some studies demonstrate a positive
nexus between environmental degradation and life expectancy in their studies [3,4,40].
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The above literature review reveals that there are different findings on the nexus
between economic growth and life expectancy on the one hand, and the carbon emissions
and life expectancy on the other hand. In addition, the studies employed different methods
and samples for both country-specific and panel studies. Meanwhile, the investigation of
the causal relationship between economic growth, carbon emissions, and life expectancy,
especially in Turkey, has not been previously investigated. Therefore, our study aims
to fill the gap. Moreover, in order to reduce the bias of the estimated result and to en-
sure the validity of our findings, some new econometric techniques were employed for
our estimation.

2.2. Theory and Hypotheses
2.2.1. Theory

The trade-off that exists in the nexus between environmental quality and economic
growth depends on how people value the future (Clootens [41]). Clootens [41] noted that
a rational agent with high life expectancy will place a high value on the future and will
be more willing to forego their immediate welfare in favor of future gain. High longevity
makes people more sympathetic to the generations to come and/or other future selves [9].
Thus, it is expected that people should invest more in environmental quality to live longer.
This argument is demonstrated in the study by Ono and Maeda [42], who introduced the
idea of private maintenance based on life expectancy. In another study, it was revealed that
under a perfect “annuitization assumption”, a high life expectancy may enhance growth
and environmental quality in an OLG framework (Ono and Maeda [42]). On the other
hand, environmental quality determines life expectancy. Indeed, the natural environment
constitutes significant predictors of life expectancy through several mediums such as
natural disasters, climate change, pollution, and so on.

On that note, to investigate the causal relationship among carbon emissions, economic
growth, and life expectancy, we consider an overlapping generations model (Pecchenino
and Pollard [43], with the incorporation of environmental externalities by John and Pec-
chenino [44]). Among the assumptions of the models is that a negative aspect of the impact
of longevity on growth and the environment is captured by the reduction of unintentional
bequests. In addition, a longer life span results in smaller unintentional bequests and
therefore reduces the level of the young agents’ wealth. This indicates “a negative income
effect on investment in capital and environment, and a positive aspect of longevity is
captured by more investment in capital and the environment in preparation for longer life
expectancy” (Ono and Maeda [42]). Ono and Maeda [42] demonstrated that, under the
extended overlapping generation model, determining the relationship between longevity,
economic growth, and the environment is important in the annuity market.

In the study of Mariani et al. [9], two stylized facts about the link between life
expectancy and the environment, which are positively correlated, and both bimodally
distributed were presented. The study argues that these stylized facts are compatible
with—and give support to—the propositions of a two-way causality and the existence of
an “environmental poverty trap”, a situation where the life expectancy is considered to
be low with a poor environmental quality and a low level of economic growth. Indeed, if
the environment is a significant predictor of life expectancy, which is, in turn, a significant
determinant for economic growth and environmental expenditure, some economies may
be trapped in a vicious circle: “a poor longevity implies low environmental maintenance,
which leads to a high level of pollution that in turn keeps life expectancy low” Clootens [41].
Hence, the economy may not be able to develop, since life expectancy is an important
factor determining the economy.

2.2.2. Hypotheses

Longevity is usually suggested to be detrimental to both economic growth and the
environment due to the old peoples’ dissave, and that reduces investment in capital and
the environment. In another dimension, it is, in addition, suggested that longevity is
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beneficial for economic growth and the environment since young people invest more
in the economy and the environment in preparation for their longevity (life expectancy).
In order to investigate the causal relationship between the three variables (economic growth,
environment, and longevity), we focus on economic growth, environmental externalities as
carbon emissions, and longevity as life expectancy with the framework of an overlapping
generation model.

This study believes that an important role is being played by the annuity market in
the impact of longevity on economic growth and the environmental externalities (carbon
emissions), as well as a possible reverse relationship. In this instance of a perfect annuity,
agents annuitize all their wealth and bequeath nothing to their children. This removes the
negative income effect of longevity through unintentional bequests. Hence, life expectancy
could have a causal relationship with economic growth and the environment under a certain
condition. On the other hand, if the annuity is imperfect where there are some unintentional
bequests, longevity results in a decrease in unintentional bequests which is an indication
that a negative income impact on growth and the environment. Therefore, we hypothesize
a bidirectional relationship between life expectancy and economic growth. Meanwhile,
Mariani et al. [9] noted that the nexus between life expectancy and environmental quality
could be a reversal relationship, owing to the findings of some studies that environmental
quality is a significant determinant factor of health and morbidity; pollution, natural
resource depletion, deterioration of soil, etc. [45–47] are susceptible of increasing human
mortality (thus reducing longevity). Hence, we hypothesize a possible causal relationship
running from carbon emissions to life expectancy.

Based on the theory and extant literature reviewed, we conjecture the following
hypotheses:

Hypothesis (H1). There is a causal relationship between carbon emission and life expectancy.

Hypothesis (H2). There is a bidirectional causal relationship between life expectancy and eco-
nomic growth.

3. Data and Methodology
3.1. Data

The study aims to explore the causal impact of CO2 emissions and economic growth
on life expectancy (LE) in Turkey by using time-series data covering the period from 1960
to 2018. The current study transformed all the variables into natural logarithms to ensure
that all the series comply with normality [48]. In this study, the dependent variable is life
expectancy (LE) which is a measure of infant lifespan while the independent variables
are economic growth calculated as the GDP per capita constant at 2010 USD and CO2
emissions measured as metric tons. All the data utilized was sourced from the World Bank
(2020) database. The study econometric function illustrated as follows:

LEt = f (CO2t, GDPt), (1)

where LE, CO2, and GDP stand for life expectancy, CO2 emissions, and economic growth,
respectively.

3.2. Methodology

This section discusses the techniques employed in the empirical analysis. The tests and
estimations conducted in this study include stationarity, cointegration, wavelet coherence,
Toda–Yamamoto causality, Fourier Toda–Yamamoto causality, and frequency domain
causality tests. Figure 1 depicts the flow of the techniques employed.



Sustainability 2021, 13, 2924 7 of 20

Sustainability 2021, 13, x FOR PEER REVIEW 7 of 21 
 

3.2. Methodology 
This section discusses the techniques employed in the empirical analysis. The tests 

and estimations conducted in this study include stationarity, cointegration, wavelet co-
herence, Toda–Yamamoto causality, Fourier Toda–Yamamoto causality, and frequency 
domain causality tests. Figure 1 depicts the flow of the techniques employed. 

 
Figure 1. Analysis Flow Chart. 

3.2.1. Stationarity Tests 
The first step in this empirical analysis is to conduct stationarity tests because it is 

essential to conduct stationarity tests to determine the order of integration of series before 
further analyses are conducted. The traditional unit-root tests including Phillips and Per-
ron (PP) and augmented Dickey–Fuller (ADF) cannot be utilized if there is the existence 

Figure 1. Analysis Flow Chart.

3.2.1. Stationarity Tests

The first step in this empirical analysis is to conduct stationarity tests because it is
essential to conduct stationarity tests to determine the order of integration of series before
further analyses are conducted. The traditional unit-root tests including Phillips and
Perron (PP) and augmented Dickey–Fuller (ADF) cannot be utilized if there is the existence
of structural break(s) in a time series data due to inauthentic and prejudiced outcomes
which may disproportionately lead to a null hypothesis rejection [7]. To overcome their
limitations, we employ the Zivot–Andrews [48] unit root test and Lee–Strazicich [49] unit
root tests to capture one and two structural breaks, respectively, in the series.
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The Zivot–Andrews Unit Root Test

The Zivot–Andrews unit root test not only measures each variable’s unit root features,
but also takes one structural break into an account. The equation of Zivot and Andrews [48]
is shown in the following:

∆xt = ϕ + ϕxt−1 + πt + δDUt +
k

∑
j=1

dj∆xt−j + µt, (2)

∆xt = ϕ + ϕxt−1 + πt + γDTt +
k

∑
j=1

dj∆xt−j + µt, (3)

∆xt = β + βxt−1 + βt + θDUt + θDTt +
k

∑
j=1

dj∆xt−j + µt. (4)

where DUt is a dummy variable that occurs at each potential break-date (TB) for the mean
change and DTt is the corresponding pattern shift parameter such that

DUt =

{
1 . . . i f t > TB
0 . . . i f t < TB

and DUt =

{
t− TB . . . i f t > TB

0 . . . i f t < TB
. (5)

When applying the Zivot–Andrews unit root test, there are three possibilities, namely
intercept and pattern, and both trend and intercept. Equation (2) portrays the intercept
of Zivot–Andrews, Equation (3) illustrates the trend of Zivot–Andrews, and Equation (5)
encompasses both the intercept and trend of Zivot–Andrews. We select Equation (5) since
it blends both intercept and trend features together. The null hypothesis reveals in the three
models that the xt sequence contains a unit root with a drift that avoids any break in series,
while the alternate hypothesis indicates that the series is a trend-stationary phase with one
break that shows an unexplained point in time.

Lee–Strazicich Unit-Root Test

The Lagrange multiplier (LM) was initiated by Lee and Strazicich [49] centered on a
structural break test to evade the improper rejection issue associated with both Phillips–
Perron [50] and Zivot–Andrews [48] unit-root tests. Consider the following data-generation
phase (DGP):

yt = διZt + et, et = βet−1 + et, (6)

where a vector of exogenous parameter is illustrated by Zt and εt v I ID N
(
0, σ2). This test

enables the presence of an internally ascertained structural fracture based on two models,
namely the fracture (Model A) and trend (Model B). The interpretation of the two structural
breaks is as follows: Model A is recognized as Zt = [1, t, D1t, D2t] and allows two shifts
in the level in which Djt = 1 for t ≥ TBj + 1, j = 1, 2, and 0 otherwise.

yt = µo + δ1β1t + δ2β2t + yt−1 + vit, (7)

yt = µo + γt + δ1D1t + δ2D2t + v2t, (8)

where both vit and v2t denotes error terms correspondingly, d = (δ1, δ1), y is the trend
variable. The following equation is applied in conducting the regression.

∆yt = δι∆Zt +∅S̃t−j +
k

∑
i−1

λi∆S̃t−j + εt. (9)

The null hypothesis is depicted by ∅ = 0 and the LM T-statistics is depicted in
Equation (10):

P̃ = T∅̃. (10)
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to ascertain the endogenous breakpoint TBj. The minimum LM unit root test uses a grid
search by utilizing Equations (11) and (12):

LMp = in f p̃(λ̃), (11)

LMp = in f τ̃(λ̃), (12)

where λj =
TBj
T , j = 1, 2, and sample size depicted by T. In utilizing the LM test, the τ̃

takes into account the capriciousness of the coefficients estimated, which is more effective
than the coefficient test p̃ [51].

3.2.2. Cointegration Test

The next step is to conduct a cointegration test between the variables of interest.
This is done to verify long-run relationship between life expectancy, economic growth
and CO2 emissions. To capture cointegration among the parameters in the long run, we
used the combined cointegration test of Bayer and Hanck [52] which merged the Engle
and Granger [53], Boswijk [54], Johansen [55], and Banerjee et al. [56] cointegration tests.
As stated by Rjoub et al. [7], this cointegration test is centered on eradicating the needless
multiple test method to offer efficient approximations of the typical issue produced by
other co-integration tests. The formula of Fisher is utilized in the development of the
Bayer–Hanck [52] cointegration test to reinforce the test. Following the work of Bekun
et al. [57], the equation of Fisher is illustrated as follows:

EG− JOH = −2[ln (PEG) + ln(PJOH)] (13)

EG− JOH − BO− BDM = −2[ln (PEG) + ln (PJOH) + ln(PBO) ln (PBDM)] (14)

where Engle and Granger [53] and Johansen [55] significance level is illustrated by PEG and
PJOH, respectively. The Boswijk [54] and Banerjee et al. [56] significance level is illustrated
by PBO and PBDM, correspondingly.

3.2.3. Wavelet Approach

The next step is to capture the correlation and causality between the series at different
frequencies and time periods. Based on this, the present study employed the wavelet
coherence test. Therefore, to further achieve the objective of this study, we explored the
time-frequency dependence amongst life expectancy (LE), economic growth, and CO2
emissions (CO2) using the wavelet approach. The wavelet approach was initially employed
by Goupillaud et al. [58]. This wavelet coherence approach is becoming popular and
accepted in economic and finance literature because it can inspect the range and correlation
of behavior, determining the impact within the plot. The wavelet approach results are very
reliable compared to the other conventional causality-based time-domain approach that
tends to suffer from chaotic behavior and nonlinearity. This approach serves as a tool to
analyze the time series with multi-scale decomposition.

This study employed the wavelet family, v(t), following the transformation of the
central frequency into the Fourier sine and cosine from Gaussian windows and is defined
as follows:

v(t) = π−
1
4 e−ivte−

1
2 t2

p(t), n = 0, 1, 2, 3 . . . . . . N− 1; i is
√
−1, (15)

where w is utilized on a time series frequency that is limited: p(t), n = 0, 1, 2, 3 . . . . . . N −
1; i is

√
−1. The time series is transmuted into the time-frequency domain and transmits

to the change of wavelets. v Is converted and developing into vk, f . This formula can be
seen below:

vk, f (t) =
1√
h

v

(
t− k

f

)
, k, f ∈ R, f 6= 0 (16)
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where k describes the time and place, whereas f denotes the frequency. As stated by
Odugbesan and Adebayo [6] and Adebayo and Odugbesan [5], k and f are the main
parameters in the wavelet approach. The CWT equation is depicted as follows:

vp(k, f ) =
∫ ∞

−∞
p(t)

1√
f

v

(
t− k

a

)
ids, (17)

The revitalization of the time series variable p(t) is depicted by the following equation,
along with the coefficient w:

p(t) =
1

Cv

∫ ∞

0

[∫ ∞

−∞

∣∣wp(a, b)
∣∣2da

]
db
b2 (18)

The wavelet power spectrum (WPS) captures the time series of vulnerability. The
wavelet power spectrum equation is summarized below;

WPSp(k, )|FWP(k, f )|2 (19)

The time series cross wavelet transform (CWT) is as follows:

Wq(ork, f ) = Wp(k, f )Wq(k, f ) (20)

where the CWT of GDP, EN, TO, and URB parameters are depicted by Wp(k, f ) and Wq(k, f ),
correspondingly. The wavelet coherence square is illustrated by 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) (21)

The R2(k, f ) reveals the intensity of the interaction without including the nature of
this connection being recommended. Torrence and Compo [59] initiated a way of signifying
the association direction by wavering the two-time series by signifying deferrals. Equation
(10) depicts the phase difference:

φpq(k, f ) = tan−1

(
L
{

S
(

f−1Wpj(k, f )
)}

O
{

S
(

f−1Wpj(k, f )
)}) (22)

where O is the real component operator, while L is the imaginary operator.

3.2.4. Toda–Yamamoto and Fourier Toda–Yamamoto Causality Tests

The next step is to conduct a robustness check by using the novel wavelet coherence
test. To do so, we employ both Toda–Yamamoto causality and Fourier Toda–Yamamoto
causality tests to explore causality between (i) life expectancy and CO2 emission (CO2);
and (ii) life expectancy and economic growth (GDP). Toda and Yamamoto [60] propose an
interesting process that comprises the calculation of an augmented VAR that ascertains
the asymptotic distribution of the Wald statistics (asymptotic χ2 distribution), as this
method of testing is robust. Equations (23) and (24) below depict the Toda–Yamamoto
causality equation:

Yt = δo +
m

∑
i=1

ϑiYt−1 +
m+dmax

∑
i=m+1

ϑiYt−1 +
m

∑
i=1

β1Xt−1 +
m+dmax

∑
i=m+1

β1Xt−1 + µt, (23)

Xt = ωo +
m

∑
i=1

αiXt−1 +
m+dmax

∑
i=m+1

XiYt−1 +
m

∑
i=1

π1Yt−1 +
m+dmax

∑
i=m+1

π1Yt−1 + µt, (24)
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where Y and X stand for the variables, and ω, θ’s, δ’s, ϑ, ϑ’s and β’s are parameters of the
framework. Two phases are involved in executing this procedure. First, it includes lag
length and secondly selecting maximum order of integration (dmax).

In order to allow both gradual and smooth structural shifts in a causality analysis, the
investigators utilized the Toda–Yamamoto causality test, which is also known as a gradual
shift causality test. In the event of a structural break, the Fourier Toda–Yamamoto causality
test estimation is more accurate compared to the conventional unit root tests. Thus, Fourier
Toda–Yamamoto causality overcomes the issue attached to the traditional causality tests
when structural break(s) surfaced.

3.2.5. Breitung–Candelon Frequency-Domain Causality TEST

The last step in this empirical analysis is to capture causality in the short-, medium-,
and long-term by employing the frequency domain causality test proposed by Breitung and
Candelon [61]. Thus, the present study tends to catch the causal effects of CO2 emissions
(CO2) and economic growth (GDP) on life expectancy (LF) at different frequencies in Turkey.
The key distinction between the time domain method and the frequency-domain method is
that the “time-domain” method informs us where a particular change arises inside a time
series, while the “frequency-domain” method evaluates the extent of a specific variation in
time series” [62]. The frequency-domain allows the small sample data to eliminate seasonal
variations [63]. In addition, the frequency domain test can distinguish non-linearity and
causality stages, whereas the test also enables the identification of causality between
parameters at short, medium and long frequencies. Additionally, this causality test aids
different causalities in the long-, medium- and short-term, respectively.

4. Empirical Findings and Inferences

Table 1 depicts a description of the parameter employed in the current paper. CO2 emis-
sions (CO2) range from 0.612 to 5.090, life expectancy ranges from 45 to 77, while GDP
ranges from 3134 to 15,068. All the parameters utilized are platykurtosis, which shows the
ability of smaller outliers. Furthermore, the skewness of the utilized parameters is close
to zero. The outcomes of both skewness and kurtosis suggest that our data are normally
distributed. In particular, all the parameters are close to zero, signaling an indicator of
normal distribution. The Jarque–Bera findings additionally indicate that all factors are
normally distributed, as indicated by the p-value with the exclusion of GDP, which does
not conform to normality.

Table 1. Descriptive Statistics.

Variable Life Expectancy CO2 Emissions Economic Growth

Code LF CO2 GDP
Time 1960–2018
Mean 63.11790 2.586048 7229.986

Median 63.76300 2.628989 6404.016
Maximum 77.43700 5.090000 15068.98
Minimum 45.36900 0.612271 3134.777
Std. Dev. 9.642200 1.249366 3226.139
Skewness −0.193939 0.217269 0.855215
Kurtosis 1.810046 2.016545 2.819231

Jarque–Bera 3.850832 2.841849 7.272362
Probability 0.145815 0.241491 0.026353

Observations 59 59 59

The current study utilized the unit root tests to investigate the integration order of
the variables. It is generally recognized that most economic series have structural breaks.
Thus, our findings support the argument from Kirikkaleli and Adebayo [16] that utilizing
the conventional unit root tests could yield misleading results. The empirical findings from
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the unit root tests at trend and intercept are revealed in Table 2. The findings from the unit
root table revealed that variables are either I(0) or I(1).

Table 2. Unit root Tests.

Lee–Strachwich Unit-Root Zivot–Andrews Unit-Root
t-Statistic SB1 SB2 t-Statistic SB1

At levels

LE
K&T

−9.711 * 1979 2005 −1.359 2003
CO2 −5.755 ** 1994 2000 −5.222 ** 2001
GDP −5.486 1995 2008 −4.279 2001

At first difference

LE
K&T

−13.01 * 1981 1997 −6.889 * 1995
CO2 −8.113 * 1975 1999 −6.885 * 1978
GDP −7.328 * 1988 1992 −7.847 * 2003

Note: * and ** illustrates a 1 and 5% level of significance. SB1 and SB2 stand for one and two structural
breaks, respectively.

The research uses the Bayer–Hanck cointegration test [52] to analyze the cointegration
amongst the parameters in the long run. The Bayer–Hanck outcome together with the
Bayer–Hanck cointegration test is seen in Table 3.

Table 3. Bayer–Hanch cointegration test.

Model Specifications Fisher Statistics Fisher Statistics Cointegration Decision

EG-JOH EG-JOH-BAN-BOS
LE = f(CO2, GDP) 14.291 ** 25.813 *** Yes

Critical value Critical value
Significance level at

5% 10.576 20.143

Note: ** and *** illustrates 5% and 10% level of significance, respectively.

Interpretation is carried out inside the white cone, which is the cone of influence,
in Figures 1 and 2. In addition, the importance degree is shown by the thick black contour
built on the simulations of Monte Carlo. According to Pal and Mitra [64] and Kirikkaleli
and Adebayo [16], the time is shown on the horizontal axis, whereas the vertical axis
displays the frequency. In Figures 1 and 2, the higher the scale, the lower the frequency,
and vice versa. The area of significant correlation is depicted by the warmer colors whilst
lower dependence between the two time-series is illustrated by the cold colors (blue).

The arrows in Figures 1 and 2 illustrate the lead/lag phase interconnection. A phase
relationship is shown when the arrows point rightward (positive correlation between the
two time-series) while the out of phase interconnection is shown when the arrows are facing
leftward (negative correlation between the two time-series). Furthermore, rightward-up
(leftward-down) arrows mean second variables lead the first variable while the rightward-
down (leftward-up) arrows imply that the first variable leads the second variable. In Figure 1,
at different scales (different frequencies), the arrows are facing rightward between 1964
and 2015. This implies that life expectancy and CO2 emissions are in phase (positive
co-movement). Furthermore, the right-up arrows indicate that increased CO2 emissions
led to decreased life expectancy in Turkey, which means CO2 emissions are a strong
predictor of life expectancy. This finding is as expected since CO2 emissions deteriorate
the quality of the environment, thereby causing harm to people’s health. This outcome is
in contrast to the result of Balan [1], Agbanike et al. [2], Wang et al. [14], Wang et al. [31],
and Zaidi and Saidi [38], while it is congruent with the studies of those that found a
positive relationship between CO2 and life expectancy [3,4,9,40]. Figure 2 represents the
wavelet coherence between life expectancy and economic growth from 1960 to 2018 in
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Turkey. Furthermore, between 1964 and 2015 at different scales (different frequencies)
the arrows are rightward which indicates that life expectancy and economic growth are
in phase (positive correlation). Additionally, the rightward-up arrows and rightward
up arrows indicate a bidirectional causal interconnection between life expectancy and
economic growth (see Figure 3). This indicates that life expectancy can predict economic
growth and vice versa. This finding corresponds with the findings of Wang et al. [14],
He and Li [15], Sirag et al. [22], and Biyase and Malesa [10].
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The present study utilizes the Toda–Yamamoto and Fourier Toda–Yamamoto causality
tests to investigate the time-domain causal interconnection between life expectancy and
CO2 emissions and economic growth using a yearly dataset from 1960 to 2018. The Toda–
Yamamoto test outcomes reveal no causal linkage between life expectancy and CO2 emis-
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sions, which indicates that the null hypothesis cannot be rejected at the 5% and 10% level
of significance (see Table 4). This suggests that life expectancy does not lead to CO2 emis-
sions. Furthermore, we find causality from CO2 emissions to life expectancy, implying
that the hypothesis H1 is accepted at a 5% level of significance and suggesting that CO2
emissions can predict life expectancy and there is a causal relationship between carbon
emissions and life expectancy in Turkey. In addition, we find evidence of a bidirectional
causal interconnection between economic growth and life expectancy in Turkey. This il-
lustrates that life expectancy and economic growth can predict each other. Therefore, H2
is accepted and there is a bidirectional causal relationship between life expectancy and
economic growth. It is necessary to pinpoint that the Toda–Yamamoto test does not assume
structural(s) amongst the variables. Hence, the study further employs the Fourier Toda–
Yamamoto causality test, which considers the probable structural break(s) and the result
presented in Table 4. The empirical findings of Fourier Toda–Yamamoto causality tests also
affirm the outcome’s causal interconnection from CO2 emissions to life expectancy and the
bidirectional causal link between economic growth and life expectancy, thus, the Fourier
Toda–Yamamoto causality tests in the presence of structural break(s). It is worth noting
that the findings of the Toda–Yamamoto and Fourier Toda–Yamamoto causality tests affirm
the findings of the wavelet coherence technique.

Table 4. Toda–Yamamoto and Fourier Toda–Yamamoto Tests.

Toda–Yamamoto
Causality Test

Fourier
Toda–Yamamoto Test

Direction of
Causality Mwald-Stat Wald-Stat Decision

LE→CO2 3.912 8.511 Do not reject Ho
CO2→LE 8.612 *** 13.095 *** Reject Ho
LE→GDP 7.319 * 13.126 *** Reject Ho
GDP→LE 8.208 * 16.225 ** Reject Ho

Note: *, **, and *** denotes 1, 5, and 10% level of significance, respectively.

After exploring the causal interconnections between life expectancy, economic growth,
and CO2 emissions by utilizing the time-domain causality tests, the study further employed
the Breitung–Candelon frequency-domain spectral causality test to explore the causal
impact of CO2 emissions and economic growth on life expectancy. When interpreting the
frequency-domain spectral causality, the straight lines illustrate significance levels of 5 and
10% whereas the statistical tests at different frequencies between the intervals of (0, π) are
represented by a curve. Figure 4 represents the causal linkage from CO2 emissions to life
expectancy in Turkey. The finding reveals a causal interconnection between CO2 emissions
and life expectancy in the short-, medium-, and long-run. The outcomes show that CO2
emissions can predict life expectancy in Turkey in the short-, medium-, and long-run,
which implies that attention, should be given to CO2 emissions because they can hinder
life expectancy. Figure 5 represents the causal interconnection from life expectancy to CO2
emissions in Turkey. The finding reveals no evidence of causal linkage from life expectancy
to CO2 emissions in the short-, medium-, and long-run. As expected, this illustrates that
life expectancy cannot predict CO2 emissions. The causal link from economic growth to life
expectancy is illustrated in Figure 6. In the short run, there is no evidence of causal linkage
from economic growth to life expectancy. This illustrates that the null hypothesis cannot
be rejected at significance levels of 5 and 10%, respectively. However, in the medium-
and long-run, there is evidence of causal linkage from economic growth to life expectancy.
This illustrates that the null hypothesis is rejected at significance levels of 5 and 10%.
This outcome shows that economic growth can predict life expectancy in Turkey in the
medium- and long-run, which implies that consideration should be given to economic
growth as it can improve the life expectancy of people in Turkey. Figure 7 reveals the causal
interconnection from life expectancy to economic growth in Turkey. The finding reveals a
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causal association from life expectancy to economic growth in the short-, medium-, and
long-run. This reveals that the null hypothesis is rejected at significance levels of 5 and
10%. This outcome shows that life expectancy can predict Turkey’s economic growth in the
short-, medium-, and long-run, which infers that improving life expectancy can enhance
economic growth in Turkey.
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5. Conclusions and Inference

The increase in people’s life expectancy has resulted in the rapid aging and accumu-
lation of productive factors all around the globe. Though the impact of life expectancy
on economic growth is demonstrated in many studies, the positive or negative influence
of economic growth on life expectancy is still an open problem. In addition, some stud-
ies found a significant relationship between CO2 and life expectancy. Meanwhile, it is
possible to get a causal relationship among economic growth, carbon emissions, and life
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expectancy because economic growth triggers carbon emissions, and result in environ-
mental degradation with its consequence on the health outcomes like life expectancy and
overall sustainable development. The relationships have not been previously investigated,
especially in the case of Turkey. Therefore, in this paper, we investigate the sustainable
causal relationship among the three variables. To do so, in this paper, we test the fol-
lowing hypotheses: (i) a bidirectional relationship between life expectancy and economic
growth and (ii) a causal relationship between carbon emissions and life expectancy. To test
whether the hypotheses hold, we used the long time-series data from 1960 to 2018 and
employed the overlapping generational model that provides a theoretical background for
the study. We employ both ADF and PP unit root tests to examine orders of integration for
the variables, use Zivot–Andrews and Lee–Strazicich unit root tests to test whether there
is any structural break in the series, use the Bayer–Hanck cointegration test to conduct a
robust cointegration analysis that reveals the existence of long-run cointegration among the
variables, and employ both time and frequency-domain causality tests by using wavelet
coherence and Fourier Toda–Yamamoto techniques to investigate the cause and direction of
the relationship that exist between economic growth and life expectancy on the one hand,
and the CO2 emissions and life expectancy on the other hand, in addition to examining the
effects of economic growth and CO2 emissions on life expectancy at different frequencies
in Turkey.

Different from existing studies that focus on the directional causal relationship be-
tween economic growth and life expectancy on the one hand, and CO2 and life expectancy
on the other hand, we examine the time and frequency domain causality between the vari-
ables using the wavelet coherence techniques. The methods provide evidence that there is
a positive co-movement between life expectancy and CO2 emissions, showing that CO2
is a strong predictor of life expectancy, and there are positive correlations between life ex-
pectancy and economic growth at different scales. In addition, the Fourier Toda–Yamamoto
causality test was used to explore the time-domain causality between economic growth,
CO2, and life expectancy. The finding reveals that CO2 emissions influence life expectancy,
establishing a bidirectional relationship between life expectancy and economic growth.
Another novel finding of our study is the use of the Breitung–Candelon frequency-domain
spectral causality test to examine the causality among the variables at different stages.
The results show that CO2 has short-, medium-, and long-run causal relationships with LE
and GDP has medium and long-run causal relationships with life expectancy, while life
expectancy has short-, medium-, and long-run causal relationships with economic growth.
Generally, our study provides new empirical evidence justifying the causal relationships
among GDP, CO2, and LE in Turkey.

Our findings infer that the policymakers in Turkey should revise their strategies and
policies that will ensure the sustainability of the relationship between energy consumption
and environmental degradation, so as to ensure the protection of human health and their
longevity that will contribute to the overall sustainable development. In addition, the
budgetary allocation to the health sector should be improved so that the health-related
challenges could arise from environmental hazards that cause health-related problems
and affect longevity would be tackled. More importantly, the allocation to science and
technology should be increased so that the technological capabilities of the country can be
enhanced, geared towards moving away from the consumption of non-renewable energy
that is triggering CO2 emissions which could affect the achievement of environmental
sustainability in the country. In Turkey, policymakers should strengthen well-functioning
environmental agencies that are charged with the responsibility of enforcing environmental
regulations with the view of ensuring environmental quality. Moreover, the mandatory
significant reductions in emissions in Turkey should be implemented to ensure the reduc-
tion of carbon emissions in the country, which no doubt will contribute significantly to the
environmental sustainability of the country.

This study highlights both the prospective and empirical effects of carbon emissions
and economic growth on life expectancy in Turkey. The evidence is apparent to support
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policies and programs that will be developed and implemented to address high levels
of carbon emissions in Turkey and reduce pollution-induced health issues that could
affect people’s longevity and environmental sustainability. Moreover, the new econometric
techniques employed in the study provide more empirical insights for academics to achieve
unbiased estimations.

The limitations of our study lie in the use of CO2 emissions as a proxy for environ-
mental pollution; thus, future studies could utilize other forms of pollutants like NOx,
NO2, NO, PM2.5, etc. to agree or disagree with the findings from this study. In addition,
this study was basically on Turkey with a peculiar nature which has the possibility of
limiting the generalization of the study; therefore, future studies can replicate the model
in another developing country or a comparative study of two countries. Nevertheless,
this study makes significant contributions that are useful for academics, practitioners, and
policymakers in addressing the issue of the relationship between environmental quality,
economic growth, and life expectancy.
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