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ARTICLE INFO ABSTRACT
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Environmental kuznets curve consumption, and agricultural intensification are never far from the top of any agenda. The topics of environ-
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Environmental degradation
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EKC growth path

mental degradation and climate change cannot be confined to a single country or region but need to be addressed
on a global scale. If the focus is on the relationship between environmental degradation and economic growth,
then one hypothesis that is comprehensively used as an empirically model is the widely known Environmental
Kuznets Curve. A substantial amount of research has been published about the Environmental Kuznets Curve, and
this present study provides a detailed and extensive literature review of more than 200 articles from 1998 to 2022
to explain and assess its evolution. This literature review provides in detail the Environmental Kuznets Curve
relationship under analysis, the additional variables included, the type of analysis and methods performed, the
relationships obtained, and if the turning point is calculated. Furthermore, this comprehensive literature points
out critical issues and gaps in the Environmental Kuznets Curve analysis. It is important to note that there are
components that are not considered in the Environmental Kuznets Curve analysis. The Environmental Kuznets
Curve only focuses on production and overlooks the impact of the consumption of imported goods on the envi-
ronment. Consequently, environmental improvements from technological progress will be offset, and economic
growth will result in more environmental degradation. This goes against the change in consumer behaviour which
occurs with a rise in income, which is one basic assumption of the Environmental Kuznets Curve. The relocation of
pollutant industries and consequent relocation of emissions could distort the emissions trajectory over the eco-
nomic growth path and is also not considered in the Environmental Kuznets Curve analysis. On the other hand,
the growth path traced by the inverted U-shaped is not efficient, and the environmental damage provoked in the
first phases of the EKC might not be repairable. Therefore, technological progress, climate finance, and energy
transition could improve the Environmental Kuznets Curve assessment.
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1. Introduction

In the pre-industrial period, the earth's carbon circle was considered
balanced. However, once the industrial revolution was underway, the
burning of fossil fuels provoked a substantial increase in greenhouse gas
(GHG) emissions. Society's extreme dependence on fossil fuels came from
the necessity to meet rising energy demand. In light of this, the creation
of wealth and energy consumption, that is, the income per capita of a
country and the amount of energy used became indissociable. Since
economic growth relies on increasing energy consumption, it goes hand
in hand with rising GHG emissions. Therefore, over decades, economic
growth has been achieved to the detriment of the environment, leading
to global climate change. The current pandemic situation provides
further evidence of this relationship. With economic activity severely
affected, global emissions in 2020 were lower than the previous year [1].

Global warming and climate change are primarily a consequence of
anthropogenic behaviours. The production of goods, generation of en-
ergy, agricultural activity, transport, and the heating and cooling of
buildings are responsible for the release of, on average, 51 billion tons of
GHG emissions into the atmosphere each year. The planet's biocapacity
has been exceeded, and society is living in a state of ecological tran-
scendence [2]. The rising risk of undesirable effects for human life, the
economy and the environment come from increasing global warming.
GHG emissions are the primary driver of and are responsible for rising
global average temperature. GHG emissions have increased because of
the growth of production, consumption, and population. Obsolete tech-
nology plays its part as well. The energy sector is strongly linked to the
economy, policy, geopolitical demographics, financial market, and the
environment [3]. Carbon dioxide emissions (CO3), the primary green-
house gas, are closely related to economic growth, human well-being,
financial development, industrialization and urbanization [4].

Throughout the years, there have been many discussions about the
climate change path and the future of the environment. The Brundtland
Commission (also known as the World Commission on Environment and
Development (WCED)), in the Brundtland report of 1987, raised concerns
about the capacity of the environment to satisfy the present and future
needs of humanity [5]. In such a way, a conflict between traditional
economic development and environmental well-being arose [6, 7]. Sus-
tainable development includes appropriate care of the environment.
Since the 1990s, mitigation strategies have been the focus of discussion
in both developed and developing countries. To discuss these strategies,
summits and agreements were established, such as the Earth Summit
conference in 1992 and the Kyoto Summit in 1997. After these, the
Conference of Parts (COP), particularly COP21 (Paris in 2015), became
one of the most relevant conferences, where a limit on the increase of the
global temperature of less than 1.5 °C above pre-industrial levels was
established, giving rise to the Paris Agreement. This agreement, which is
an international treaty on climate change and is considered a valuable
landmark in the climate change mitigation process, defined the necessity
to meet every five years to re-evaluate the current state of climate
change. The 26th United Nations Climate Change Conference of the
Parties (COP26), five years apart from the Paris agreement, was the time
for countries to strengthen climate action and define ambitious goals.

The Environmental Kuznets Curve (EKC) is one of the most prevalent
methods to analyse environmental performance. The EKC is based on an
inverted U-shaped curve created by Kuznets in 1955 [8]. It was initially
designed to study the relationship between income per capita and income
inequality. The EKC became more popular when the inverted U-shape
started to be adopted in environmental studies. Since then, it has been
widely and intensely used as a theoretical framework to study the rela-
tionship between yield and environmental degradation [9]. The emer-
gence of the EKC provoked a change in environmental discussion focus.
Before the EKC, concerns were focused on the limited capacity of the
planet to absorb urban and industrial waste. With the EKC, the envi-
ronmental concerns changed from environmental resource scarcity to the
inevitable necessity of income growth to deal with pollution [10].
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The EKC defines the trajectory of pollution over time and the income
resulting from the economic development of an economy [11]. There-
fore, the EKC is commonly divided into three phases: the early stages of
economic development, the turning point, and the later stages of eco-
nomic development. Briefly (a detailed definition is provided in the
following section), considering economic growth over time, the first
phase is characterized by an intensive use of resources and a rapid in-
crease in environmental degradation. The second phase, the turning
point, is reached when a certain level of income is achieved, and a change
in the pollution trajectory occurs, which leads to the third phase, char-
acterized by environmental degradation mitigation. Bringing into mind
the indissociable relationship described at the beginning of this section,
the early stages of economic development represent that. However, when
the turning point is reached, income starts to be dissociable from emis-
sions and environmental degradation, leading to the later stages of eco-
nomic development, where there is the dissemination of clean
technology and innovation.

The EKC has been widely applied in the environment-energy-
economics literature, and innumerable researchers have attempted to
validate the inverted U-shaped between environmental degradation and
income. Therefore, the EKC has been assessed for the most diverse con-
texts (country/ies, time span, variables, and methods) yet there is still no
consensus on the results. With this in mind, this review article aims to
answer the following research questions: (i) Is the EKC keeping up with
the increasing complexity of environmental issues?; (ii) What has been
influencing the inverted U-shaped curve?; and (iii) How can the fit of the
EKC be improved to meet the complexity of the economic growth and
environmental degradation relationship? To answer these questions, an
extensive survey of the EKC literature is provided with the objective to (i)
describe the evolution of the EKC assessment and provide an integrated
overview of the current state of EKC knowledge; (ii) identify the factors
that influence the EKC validation; and (iii) describe research insights,
existing gaps, and provide improvement needs.

Overall, this research intends to be a valuable tool for EKC researchers
and is differentiated from the existing review articles by providing a
detailed description of the EKC background, which includes the origins
and conceptual framework, an explanation of the EKC shape, and the
distinct phases of development, issues, and challenges of the EKC anal-
ysis, and the factors that most affect the EKC shape. Besides that, this
paper also describes the close relationship between the EKC and the
macroeconomic Green Solow Model. Furthermore, this literature review
provides an embracing description of the evolution of the EKC analysis
through an extensive literature survey and specifies each detail of the
analysis of more than 200 papers from 1998 to 2022. The analysis of the
EKC literature for this extended period allows us to understand what is
currently analysed, in addition to the evolution of the EKC assessment
over the years. This literature survey is being conducted so as to be an
intuitive tool for researchers to efficiently find specific information about
the procedures used in the literature focused on the EKC study, namely:
(i) country (ies) and time period; (ii) variables analysed on EKC validity;
(iii) additional variables included in the EKC analysis; (iv) types of
analysis and method(s) employed; (v) relationships obtained, and (vi)
turning point. This literature survey conducts a critical analysis of the
EKC approach, identifying critical issues, proposing improvements, and
future lines of research.

This paper is divided into five sections. Section 2 presents the origins,
conceptual framework and shape of the EKC. Section 3 follows, where the
details of the evolution of the EKC analysis can be found. Section 4 de-
scribes the gaps in the EKC assessment, and lastly, in Section 5, the
conclusions of the research are given.

2. Origins, conceptual framework, and shape of the EKC
The EKC was preceded by the Research of Kuznets [8], on which the

EKC is based. Simon Kuznets won a Nobel prize for his framework based
on the economic and social structure of national development procedures
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[12]. The results of the research of Kuznets [8] disclosed an inverted
U-shaped relationship between income per capita and income inequality.
According to Kuznets [8], the inverted U-shaped relationship revealed an
unequal income distribution in the early stages of income growth that
moves towards equal income distribution with increasing economic
productivity in the later stages of economic growth. Therefore, Kuznets
[8] specified that the transition from a pre-industrial to an industrial
development firstly led to income inequality. This is followed by a rising
income per capita together with superior income equality. The EKC
attracted a lot of attention from policymakers, theorists and empirical
researchers and started to be widely used in environmental studies [13,
14] through the seminal research of Grossman and Krueger [9], carried
out in 1991. They revealed that the relationship between income per
capita and environmental degradation, like the income per capita and
income inequality of Kuznets [8], also follows an inverted U-shaped
curve.

In the early 1990s, the main idea in economics was “too poor to be
green” [15]. According to Beckerman's [15] point of view regarding the
effect of economic growth on environmental degradation, the author
argues that there is: «clear evidence that, although economic growth usually
leads to environmental deterioration in the early stages of the process, in the
end, the best and probably the only way to attain a decent environment in most
countries is to become rich». This view reflects the basic philosophy of the
EKC theory. The World Development Report in 1992 argues that some
environmental problems are aggravated by the growth of economic ac-
tivity, and it suggests that accelerated equitable income growth will make
it possible to achieve higher world output and improved environmental
conditions [16, 17]. This proposal lays the foundation of the EKC liter-
ature. A robust foundation for the EKC is provided by Dinda [18], Stern
[19], and Kaika and Zervas [20], and it is presented throughout this
paper. Kwabena et al. [21] and Olale et al. [22] provide a survey of
theoretical research related to the EKC.

2.1. Conceptual framework of the EKC

The EKC is commonly interpreted in two ways. One is through the
division into two phases, namely the early and later stages of economic
development. The early stages are defined, on the one hand, by a
decreasing capacity of ecosystem regeneration as a consequence of
intensive use of resources that lead to a rising ecological footprint and
pollution [13, 23]. On the other hand, the early stages are linked with lax
environmental regulations associated with a low capacity to pay for
environmental conservation [24]. The later stages are characterized by
mitigation of environmental degradation resulting from the dissemina-
tion of clean technology and innovation, society environmental aware-
ness, and effectiveness and institutional quality associated with an
increase in the level of income [13, 23]. In addition, these stages are also
characterized by two effects, i.e., policy effect and income effect. The
policy effect consists of greater public concern about the environment,
which leads to rigorous regulatory requirements. At the same time, the
income effect consists of the increase in income that leads to an increase
in the willingness to pay for environmentally-friendly features [24]The
other way that the inverted U-shaped curve is commonly interpreted is
when economic development is divided into three phases of [13, 20, 25],
namely: (i) the pre-industrial economy, mainly characterised by primary
sector and low levels of income; (ii) the industrial economy, constituted
by the secondary sector and associated with middle-income levels; and
(iii) the post-industrial economy, formed by the tertiary sector and ser-
vices, and associated with higher levels of income. In the pre-industrial
economy, economic activity is limited and results in a natural resource
abundance and reduced formation of waste [20, 26]. In this phase, the
use of pollutant technology, the lack of environmental awareness, and
the prioritisation of economic growth result in rising environmental
degradation [27]. The industrial economy is characterised by natural
resources that are starting to run out and increasing waste accumulation
because of industrialisation. In this phase, a positive relationship
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between economic growth and environmental deterioration is verified,
and it occurs before the turning point is achieved. The third phase of
economic development is characterised by a structural change in the
economy, changing to information- and technology-intensive industries
and a services-directed economy. This change is linked with the rein-
forcement of environmental regulations, the use of cleaner and efficient
technology, and a strengthening of environmental awareness, resulting
in a mitigation of environmental degradation [20, 26]. In this phase, a
negative relationship between economic growth and environmental
deterioration is verified, and it occurs after the turning point has been
reached.

2.2. Shape of the EKC

The EKC consists of an inverted U-shaped curve between income and
environmental degradation; that is, the EKC defines the pollution tra-
jectory over time and income resulting from economic development
[11]. The EKC is a long-run concept [28]. In light of this, the EKC reflects
a dynamic environment-economy relationship concentrating on long-run
processes of change [29]. The EKC is assessed through the nature of the
effect of the income and its square (to ensure the concavity of the curve)
on environmental degradation. The inverted U-shaped curve is validated
through the significant and positive coefficient and elasticity of income
simultaneously with the significant and negative coefficient and elastic-
ity of income squared. Therefore, considering f; as the coefficient of
income and f, as the coefficient of income squared, both in the longrun,
the EKC is verified according to the condition ; > 0Af, < 0 (in which
this paper is focused).

The assessment of the EKC could lead to the validity of the following
conditions (see Figure 1):

1. p; = P, = 0. No relationship between x and y.

2. f; > 0Ap, = 0. Linear relationship between x and y.

3. 1 < 0Ap, = 0. Decreasing relationship between x and y.
4. p; < 0Ap, > 0. U-shaped relationship.

5. 1 > 0Ap, < 0. Inverted U-shaped relationship—EKC.

where, y is the environmental indicator and x is the income.

Besides these ones, two more conditions might be obtained in the EKC
assessment. These two imply the inclusion of the third polynomial, in-
come cubed (f3).

6. p; <0,p, > 0Ap; < 0. Opposed to the N-shaped curve.
7. p1 > 0,65 < 0AB3 > 0. Cubic polynomial or N-shaped curve.

Throughout the years, several authors have highlighted factors that
affect the shape of the inverted U-shaped curve. Panayotou [13], one of
the first authors assessing the EKC hypothesis, disclosed that policy dis-
tortions, such as market breakdowns, under-pricing of natural resources,
and subsidies on economic structures intensive in carbon and energy
affect the slope of the inverted U-shaped curve. In turn, Kaika and Zervas
[20] identified the following factors: institutional framework and
governance, consumers’ preferences, and equity of income distribution.
The willingness of governance to implement environmental regulation is
considered crucial to mitigate environmental degradation [30]. When
governance institutions are weak, less effective or corrupted, this could
affect the shape of a possible EKC and change the turning point to higher
income levels [31].

Many researchers have assessed whether the equity of income dis-
tribution affects the EKC pattern [32, 33, 34]. To assess this, the crucial
question is whether economic growth leads to equitable income distri-
bution or increases income inequality. The automatic thought could be
that economic growth leads to a more equitable income distribution that
consequently leads to an improvement in public awareness of environ-
mental degradation and the imposition of suitable environmental regu-
lations. Income distribution is the distribution of power, and pollution
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Figure 1. Graphical representation of the relationship between an Environmental Indicator and an Economic Indicator. Legenda: (i) No relationship between x and y;
(ii) Positive relationship between x and y; (iii) Decreasing relationship between x and y; (iv) U-shaped relationship between x and y; (v) Inverted U-shaped relationship
between x and y; (vi) Inverted N-shaped relationship between x and y; and (vii) N-shaped relationship between x and y.

decreases or increases depending on the gap of power between the citi-
zens who suffer due to pollution and the ones that benefit from pollution
[32]. Therefore, if income inequality worsens, this will lead to continuing
environmental deterioration due to the fact that the ones who suffer from
environmental degradation will not have the economic conditions to
impose environmental regulations on the ones that would benefit from it
[34].

In the recent literature, the factors most considered to affect the shape
of the EKC are the scale, composition, and technique effect; income
elasticity of environmental quality; and international trade [25]. The
scale, composition, and technique effect are the three stages used to
characterise the relationship between environmental degradation and
economic development [9]. The scale effect denotes environmental
degradation as a consequence of economic development, that is, a
negative impact of economic growth on the environment. The negative
impact is a consequence of intensive use of natural resources to supply an
increasing demand and consequent increasing production output. This
intensive energy consumption comes mainly from fossil fuels that are a
cheap, abundant, and easy-to-transport energy source. The composition
effect is characterised by structural changes in the economy, which could
provoke both negative and positive impacts of economic development on
the environment. A change from an economy directed to the primary
sector to energy- and carbon-intensive industries results in a negative
impact. In contrast, a shift from pollution-intensive industries to an
economy directed to the services sector results in a positive impact [23].
The technique effect denotes a mitigation effect of economic develop-
ment on environmental degradation. This is explained by a higher level
of income that leads to investing in research and development, replace-
ment of dirty and outdated technologies, and strengthened environ-
mental regulations.

The income elasticity of environmental quality demand consists of the
ratio between the variation in the environmental quality demand and the
variation in income level. The role of this factor on environmental
degradation mitigation is highlighted [18, 23, 35]. The income elasticity
denotes that with rising economic development, society intuitively lives
in a higher standard and yearns for quality instead of quantity. Therefore,

there is greater environmental awareness and availability of money to
pay for a cleaner environment [36], which leads to an adjustment in
consumer behaviour, for instance, opting for energy-efficient and envi-
ronmentally friendly products and services [37, 38] and donating to
environmental protection organizations [18].

International trade is considered one of the most crucial factors
explaining and affecting the shape of the EKC, and the EKC pattern may
appear as a result of it [39, 40, 41]. In light of this, trade policies are
crucial to explain the EKC. Trade openness leads to economic expansion
through the request to increase the production of goods to satisfy its
exports. Broadly speaking, countries tend to become specialized in sec-
tors in which they have a competitive advantage as a consequence of
trade liberalization. However, on the one hand, if these sectors derive
from weak environmental regulation, trade liberalization induces envi-
ronmental damage, which consequently results in an industrial process
with high pollution abatement costs [9]. On the other hand, when in-
come and environmental degradation significantly increase, stringent
environmental regulations are imposed and implemented, which conse-
quently lead to the shift of pollution-intensive goods production to other
countries. These countries are usually low-income countries with weak
and lax environmental legislation [18, 20]. This is defined as the Pollu-
tion Haven Hypothesis (PHH). The lax environmental regulation in the
developing countries provides a comparative advantage for the devel-
oped economies, which leads to the reduction of environmental degra-
dation in the developed economies while increasing it in the developing
ones [42]. An inverted U-shaped curve is obtained through two phases.
Firstly, the export of goods in a developed country causes the upwards
slope of the curve (early stages of economic development). After that, the
import of goods from developing countries causes the downward slope of
the curve (later stages of economic development). The downward slope
of the curve is reported as the PHH [18].

2.3. The EKC and the green solow model

The assessment of the EKC occurs through the analysis of environ-
mental degradation over an increasing income. Economic growth is a
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macroeconomic indicator, and the Solow Model is considered the main
model of modern macroeconomics. Brock and Taylor [43] developed a
theoretical framework to explain the EKC. By incorporating environ-
mental pollution into the Solow Model [44], the authors created the
Green Solow Model. According to Brock and Taylor's [43] pollution data
and their empirical work on the EKC, three dilemmas were revealed, and
the Green Solow Model provides an explanation for each one. The di-
lemmas are namely: (i) the ongoing huge decline in emissions intensity
simultaneously with almost stagnant pollution abatement costs; (ii) what
feature gives the humped-shape profile to the pollution levels when it is
graphically represented against income per capita or time; and (iii) the
fragile empirical results of cross-country analysis indicate that the EKC is
not validated, or the problem is applying empirical approaches that are
subject to extensive variance.

To assess the first dilemma, the authors [43] analysed two concrete
cases, the United States (US) and Europe. In both cases, while a huge
variation in emissions occurred, an insignificant variation in the pollu-
tion abatement expenditures/costs was observed. However, in both
cases, the EKC pattern is graphically visible when emissions are graphed
against time and an income increase over the same period is considered
[43]. In the US, a huge variation in emissions has taken place over the last
20 years while simultaneously, pollution abatement costs have remained
at less than one-half of 1% of Gross Domestic Product (GDP) for the same
time period [45]. In Europe, an emissions reduction of 4-5% per year has
been observed alongside a pollution control cost with an average of only
1-2% of GDP. To provide answers to this dilemma, the authors consid-
ered exogenous technological progress in abatement and a fixed intensity
of abatement.

Theories based on strict environmental policies expect growing costs
to mitigate environmental degradation. In a scenario of a world that does
not have technological progress for this, a huge investment in pollution
control is needed [46]. Technological progress in goods production and
abatement leads to continual growth alongside increasing environmental
quality. Through the formulation and development of the model, the
authors conclude that technological progress in goods production is
required to produce income growth. Besides that, technological progress
in abatement must go above growth in aggregate output for pollution to
decrease and, consequently environmental quality to increase. These two
conditions make sustainable growth guaranteed. In light of this, tech-
nological progress in abatement increases the effectiveness of the share of
output applied to reducing environmental damage. Output growth re-
sults in an increase in emissions; however, then emissions decrease as
technology is applied to offset environmental damage.

The second dilemma refers to the feature that gives the humped-
shaped profile to emissions when graphed against time or income. This
dilemma consists of the analysis of the existence of the turning point,
which allows the humped-shaped through inverting the emissions’ tra-
jectory. Through the Green Solow Model, and as mentioned in the first
dilemma, sustainable growth is guaranteed when technological progress
exists in production (it is essential to produce income growth), and when
technological progress in abatement goes further than the growth of
aggregate output (this mitigates pollution). In addition, by recurring to
the Cobb-Douglas function, Brock and Taylor [43] conclude that if an
economy has small initial capital stock, then emissions firstly increase
and then start to decrease as development continues. Therefore, the
emissions humped-shaped EKC profile is obtained if growth is sustain-
able, and simultaneously the stock of capital at the turning point is higher
than the initial stock of capital. This leads to an initial positive growth
rate of aggregate emissions that become negative in finite time. The
answer to the first dilemma also helps in understanding the second
dilemma. Through technological progress in abatement, a time profile of
increasing and then decreasing emissions, with income per capita
growing along a path of sustainable growth, is generated.

The third dilemma is related to the variation that samples and the
estimation procedure provoke on the EKC empirical regressions. The
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answer for this dilemma starts in the second dilemma by recurring to the
Cobb-Douglas function to assess the initial conditions, which are the
initial technological progress in goods production, labour and units of
pollution. Different profiles of income per capita and emission over time
are obtained as a consequence of economies with different initial con-
ditions. Considering this, heterogeneity could explain the sensitivity of
the EKC results to the sample. Therefore, this explains the absence of a
consensus on the EKC results in country-level data and the possible dif-
ference between the EKC empirical results in cross-country analysis and
the country-level analysis of the same countries. The cross-country
analysis that includes developed and developing countries is a plau-
sible example to demonstrate the effect of heterogeneity. Clearly, these
countries differ in more than the initial condition. The heterogeneity in
this analysis may further confound the estimation. According to the EKC
literature, the time period, the countries sampled, and even the envi-
ronmental indicator chosen could provoke a change in the shape of the
estimated EKC. Even for similar countries, the EKC profiles are not
unique due to the differences in the initial conditions.

3. Getting inside the evolution of EKC analysis

The first literature on the theory of the EKC was focused on devel-
oping models that replicated the inverted U-shaped curve relationship.
Considering the increasing complexity of reality (such as technological
development, the introduction of renewable energy sources in the en-
ergy sector, increasing industrialization and globalization) the EKC
analysis has had to be continuously improved. Throughout the EKC
literature, diverse literature surveys were developed. However, on the
one hand, most of the articles that provide a comprehensive contextu-
alization of the EKC literature are not focused on the EKC theoretical
background or critical analysis, instead, they are focused on an
empirical analysis [47, 48, 49, 50]. On the other hand, articles focused
on the evolution of the EKC literature use specific approaches to assess
the EKC literature, such as meta- and bibliometric analysis [25, 51, 52],
which provide the research areas on the subject, the author's contri-
bution and most cited authors, journals that are publishing on the
subject, and keywords used. Differentiated from these, the present re-
view article is focused on providing an extensive and comprehensive
contextualization of the EKC framework, the evolution of the literature,
current analysis, and critical analysis that addresses gaps, issues, and
improvement needs. Besides that, and as a prominent contribution to
the literature, this article provides a useful and intuitive tool for EKC
researchers where they can find detailed information about the EKC
analysis in more than 200 articles since the country (ies) and time
period under analysis, and the variables for each EKC relationship is
analysed, until each additional variables included, the types of analysis
and method(s) employed, the relationship obtained for each sample
analysed, and if the turning point is calculated.

The procedure for an analysis of the EKC focuses on two key areas:
the selection of the EKC relationship variables and the selection of the
EKC functional specification. The latter includes the method, additional
variables, temporal period, and cross-country or individual analysis.
This section demonstrates how the selection of each element has pro-
gressed in the EKC literature. Some examples are displayed in tables
(just a few examples from the substantial number of articles presented
in the tables in the supplementary data), providing an organised and
intuitive literature review of the EKC literature. The tables are orga-
nized into the EKC relationship analysed, approaches used, additional
variables included, countries analysed (individual or cross-country),
and the relationship obtained. This schematisation allows not only an
observation of the evolution of the EKC analysis but also an identifi-
cation of gaps in the analysis. The third dilemma identified by Brock
and Taylor [43] regarding the variation that the sample and the esti-
mation procedure provoke on the EKC empirical regressions is also
explored.
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Table 1. Variables of EKC relationship.

Environmental indicators

Other types of indicators

Authors Variables analysed on EKC relationship Authors Variables analysed on EKC relationship
[58] (i) CO, emissions—GDP [39] Consumption of Primary Commercial Energy-GDP
(ii) Ammonium—GDP
(iii) Nitrous Oxide—GDP
[59] 6 Footprint components (Built, Carbon, Cropland, [60] Pollution Abatement Costs-Gross State Product
Fishing, Forest, Grazing)—GDP [61] Income Inequality-Tourism Revenue
[63] Municipal Solid Waste—GDP [62] Load Capacity Factor—GDP
[64] (i) Timber output—GDP and FDI [65] (i) Primary Energy Consumption-GDP
(ii) Afforestation Area—GDP and FDI (ii) Oil Consumption-GDP
[66] (i) Territory-based CO, emissions—GDP (iii) Natural Gas Consumption-GDP
(ii) Consumption-based CO, emissions—GDP (iv) Coal Consumption-GDP
(v) Hydroelectricity Consumption-GDP
[67]1 (i) Sulphur Dioxide emissions- GRP [68] Energy Consumption-GVA
(ii) Industrial Solid Waste-GRP [69] Coal Consumption-GDP
(iii) Industrial Wastewater Discharge—GRP
[70] Haze Pollution-GDP [71] (i) Renewable Energy Consumption—GDP
[72] (i) Water Consumption—GDP
(ii) Industrial Water Consumption—GDP (ii) Non-Renewable Energy Consumption-GDP
(iii) Non-Industrial Water Consumption—GDP
[73] PM, 5 emissions-GRP [74] (i) Domestic Material Consumption—GDP
(ii) Material Footprint-GDP
[75] (i) CO, emissions—GDP [76] Electricity Intensity-GDP
(ii) CO, Intensity—GDP
(iii) CO, emissions by sector—GDP
[771 Residential CO, emissions—-GDP [78] Fossil Fuel Electricity Production-GDP
[79] Agricultural CO, emissions—Agricultural Economic Growth [80] Energy Intensity—GDP
[81] (i) Wastewater Discharge—GDP [82] Final energy Consumption in Households-GDP
(ii) Wastewater Discharge—Urbanization
[83] Chromium—GDP [84] Fossil fuel share in energy mix-GDP
[85] (i) CO, emissions of solid—GDP [86] (i) Environmental Crimes-GDP and Education
(ii) CO, emissions of liquid—GDP
(iii) CO, emissions of gaseous—GDP (ii) Environmental Crimes-Household income and Education
(iv) CO, emissions aggregate—GDP
[87]1 CO,, emissions—Remittances [88] Noise Pollution—GDP
[89]1 (i) Environmental Degradation Index—HDI [90] (i) E-waste—GDP
(ii) Ecological footprint—HDI
[91] (i) CO, emissions—GDP [92] Energy-Resource Depletion:

(ii) Sulphur Dioxide—GDP

(iii) Volatile Organic Compounds—GDP
(iv) Nitrogen Oxides—GDP

(v) Carbon Monoxide—GDP

[93] Composite Index of Environmental Performance—GDP

(i) Energy Depletion—GDP

(ii) Net Forest

Depletion—GDP

(iii) Natural Resource Depletion—GDP
Climate Change:

(iv) Perfluorocarbon emissions—GDP

(v) PM; 5 emissions—GDP

(vi) Sulphur Hexafluoride emissions—GDP
(vii) GHG emissions—GDP

Health Resources:

(viii) Tuberculosis—GDP

(ix) Infant Deaths—GDP

(x) Health Expenditures—-GDP

Notes: CO, denotes Carbon Dioxide; FDI denotes Foreign Direct Investment; GDP denotes Gross Domestic Product; GHG denotes Greenhouse Gases GRP denotes Gross
Regional Product; GVA denotes Gross Value Added; HDI denotes Human Development Index; PM; 5 denotes Particulate Matter (2.5 pm).

3.1. The EKC relationship: from environmental to other types of indicators

The variables selected to assess the EKC, that is, the variables for
which a relationship that follows the EKC is assessed, are originally an
environmental indicator and an economic indicator. However, over the
years, in place of the environmental indicator, several other types of
indicators have been used to assess the EKC. Considering the EKC
literature collected in this paper, the relationship between CO,

emissions and GDP is the most frequently analysed [4, 53, 54, 55, 56,
57] (see supplementary data), which makes CO, emissions the envi-
ronmental indicator most often used (about 100 articles out of 200
collected in this paper). Notwithstanding, throughout the years, innu-
merable environmental indicators have been used to assess the EKC,
such as air pollution, ecological footprint, waste, afforestation, water
consumption, and others. However, not only are environmental in-
dicators assessed. Besides these indicators, also energy consumption,
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pollution abatement costs, environmental crimes, and health indicators
have been analysed. In Table 1, the diversity of EKC relationships
analysed are displayed.

In respect of the environmental indicators, choosing among diverse
indicators of environmental degradation is challenging considering the
complexity and multiple dimensions of environmental problems.
Therefore, the selection of an indicator takes place between numerous
types; however, atmospheric indicators have been the most abundant.
This type of indicator includes emissions of COy, GHG, Nitrous Oxide
(N0 or NO3y), and others. The pollutant under analysis could be local or
global. Some studies use local pollutants, such as Sulphur Dioxide (SO5),
water pollution and deforestation, while others use global pollutants,
such as CO, emissions. Environmental degradation indicators are the
most often chosen to assess the EKC. However, the indicator does not
have to be of degradation; it could be of environment recovery, concern,
or protection. Besides the atmospheric indicators, (i) land and forests; (ii)
oceans, seas, coasts, and biodiversity; and (iii) freshwater indicators have
also been analysed [25].

The various indicators used in assessing the EKC relationship
throughout the literature have given rise to different forms of this model.
Consequently, the EKC concept is often converted depending on the type
of indicator used in the relationship. Energy indicators (e.g. renewable
energy consumption, non-renewable energy consumption, energy con-
sumption, energy intensity, and others) are frequently used to assess the
EKC relationship, from which emerge adaptations of the EKC depending
on the energy indicator used, such as the Renewable Kuznets Curve.
Therefore, it is common in the literature to see adaptations from the EKC
linked to the specific indicator used instead of the usual environmental
indicators. Throughout this review article, several EKC forms are
addressed (see Table 1 and supplementary data).

The selection of the EKC relationship to analyse is one of the first
steps in EKC studies, and this choice influences the validation of the
EKC. The empirical results of the EKC are not unique, and they are
sensitive to the variables under analysis, as is the type of pollutant. One
example of that is the study developed by Shafik and Bandyopadhyay
[11], which analysed ten indicators of environmental pressure, and
from these ten, only two followed the EKC. In light of this, it is notable
to mention the degree of sensitivity of the EKC regarding the envi-
ronmental degradation indicator under analysis. Another example is
the study developed by Altintas and Kassouri [94], which analysed the
EKC relationship between CO; emissions and GDP, and ecological
footprint and GDP, for the same samples of countries and time period,
and with the same approaches. They obtained different results for each
environmental indicator. Ecological footprint validated the EKC, while
CO, emissions revealed a U-shaped curve. The selection of the envi-
ronmental indicator or other indicator used in the EKC analysis gives
rise to a gap in the literature, which confirms that the inverted
U-shaped curve (EKC) is only demonstrated for some environmental
indicators. This is, according to Liu [95], due to the lack of consistent
data, assessing the EKC for industrial pollution and human health had
not been possible.

Besides the immense variety of environmental or other types of in-
dicators applied in the hypothesis, variables chosen for the economic
indicator also have been diverse, although not to the same extent. GDP is
the most frequent economic indicator used in the EKC relationship.
However, over the years, other indicators have been used, such as Gross
Regional Product (GRP), Foreign Direct Investment (FDI), Gross Value
Added (GVA), Gross State Product, income inequality, economic
complexity index [96], air transport passenger [97], manufacturing
sub-sector output [98], Oil Rents [99], and others. In the selection of the
economic indicator, not only does the indicator used in the EKC rela-
tionship influence its validation, but also the data analysed. Kacprzyk and
Kuchta [49] developed an analysis using different GDP data for analysing
the EKC between GDP and CO, emissions. The use of three different
measures of GDP revealed ixed results.
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Table 2. Additional variables.

Energy Renewable energy consumption; Non-renewable energy
consumption; Energy consumption; Energy consumption by sector;
Oil consumption; Coal consumption; Biomass energy consumption;
Hydroelectricity consumption; Agricultural energy consumption;
Electricity consumption; Nuclear electricity output; Electricity
production from non-renewable sources; Renewable electricity
production; Energy Intensity; Energy price; Energy efficiency;
Electrification; Energy taxes; Energy innovation.

Economic Trade openness; Imports; Exports; Unemployment; FDI; Industry
added value; Agriculture added value; Gross capital formation;
Financial development; Share of manufacturing in GDP;
Industrialization; Fiscal policy index; Income inequality; Corruption;
Risk of poverty; Governance; Gross saving; Government expenditure
on educations; Economic complexity index; Oil price; Merchandise
trade; Labour productivity; Regulation; Tourism; Index of economic
freedom of Heritage Foundation; Sanitation investment; Industrial
structures; Education; Human Development Index; Political
stability; Government effectiveness; Total factor productivity;
Economic stability; Health expenditures; Research and
development.

Environment Environmental cleaning capacity; Atmospheric environmental
regulations; Greening level; Cooling degree days; Temperature over
three summer months; Temperature over three winter months;
Climate conditions; Water resources; Green patent counts;
Environmental regulation; Quality of the institutional environment;
Biocapacity; Stringency of environmental regulation; Enforcement
of environmental regulations.

Technology Technological innovation; Information and communication

technologies; Technology level.
Sociodemographic ~ Population density; Population; Urbanization; Ratio of Females; Age

ranges; Geographical location; Globalisation; Area; Density.

3.2. EKC functional specification: approach, additional variables, time
period and countries sample

After selecting the variables to assess the EKC relationship, follows
the adoption of the functional specifications, which consists of choosing
the method/approach and the structure of the model. The structure of the
model includes the additional variables beyond the variables of the EKC
relationship, the time period, and the sample of countries to analyse.

3.2.1. Additional variables

The additional variables are those included in the estimation beyond
the variables for which the EKC relationship is assessed. With the
increasing complexity of reality, the additional variables included in the
estimations are innumerable and of several types. According to Kauf-
mann et al. [100] and Itkonen [101], the inclusion of additional controls
influences the EKC assessment and the results of the EKC estimation.
Table 2 displays a summary of the additional variables.

Energy consumption quickly became the most common variable
added to the EKC estimations [102, 103, 104, 105, 106]. Considered as
one of the main drivers of environmental degradation and climate
change, energy consumption has been analysed with most of the envi-
ronmental indicators. The analysis of energy consumption has improved
over the years. It started with the analysis of energy consumption in its
aggregate form, as a whole, and evolved by analysing energy consump-
tion by types of technology, renewable and non-renewable, and after that
by energy sources, such as coal, oil, gas, nuclear, solar, wind, and others.
The inclusion of energy consumption in the EKC assessment keeps up
with any improvement in energy consumption analysis [107, 108, 109,
110, 111, 112]. However, the inclusion of energy consumption as one of
the CO, emissions determinates could cause an underestimation of both
the sensitivity of CO emissions to income growth and the turning point
of the EKC [101, 113]. This occurs because the two data series are related
by construction. Consequently, any other variable included in the model
can only explain the carbon intensity of energy consumption and not the
CO- emissions level [101].
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Table 3. Approaches performed.

Time series data Panel data
Authors Method(s) employed Authors Method(s) employed
[103] (i) VECM [54, (i) FMOLS
(ii) GARCH 115] (i) DOLS
(iii) VECM
[116] (i) Toda-Yamamoto [117] AMG
(ii) Fourier Toda—Yamamoto
[35, 118, (i) ARDL [103] (i) VECM
119] (ii) Granger causality (ii) GARCH
[120] (i) Toda-Yamamoto [121] i) PMG
(ii) Generalized Forecast Error (ii) MG
Variance Decomposition
(iii) Generalized Impulse Response (iii) DFE
(iv) SFE
[122] OLS [102, FMOLS
123]
[124] DOLS [60] OLS
[125, ARDL [39, FGLS
126] 129]
[127, [130] (i) FGLS
128] (i) GMM
[107] (i) ARDL [131] (i) SUR
(i) DOLS (ii) GMM
(iii) FMOLS (iii) 2SGMM
(iv) CCR (iv) SYS-GMM
(v) VECM (v) Sys2Step
[53, 132, (i) ARDL [134] (i) FE-OLS
133] (i) VECM (i) FMOLS
(iii) DOLS
(iv) MMQR
[135] (i) ARDL [91] (i) PCSE
(ii) GLS
(i) FMOLS [136] (i) CS-ARDL
(ii) AMG
(iii) CCEMG
(iii) DOLS [137] Simultaneous—equations
(iv) CCR
(v) VECM
(vi) Sasabuchi-Lind-Mehlum U
test
[98] (i) ARDL [78] Partial adjustment
(ii) DOLS model
(iii) FMOLS
(iv) Lind and Mehlum test
[138] Coefficient of Cross—Correlation [67] (i) Pooled OLS
(ii) SDM
[139] Quantile ARDL [70] SGVAR
[140] STSM [63] (i) SLM
[75] (i) NARDL (ii) SEM
(ii) ARDL (iii) LSDV
(iv) Convergence
[62] Dynamic ARDL [58] (i) VAR
(ii) OLS

Notes: ARDL denotes Autoregressive Distributed Lag; CCEMG denotes Common
Correlated Effects Mean Group; CCR denotes Canonical Cointegrating Regres-
sion; CS denotes Cross-Sectional; DFE denotes Dynamic Fixed Effect; DOLS de-
notes Dynamic Ordinary Least Square; FGLS denotes Feasible General Least
Squares; FMOLS denotes Fully Modified Ordinary Least Square; GARCH denotes
Generalized Autoregressive Conditional Heteroskedasticity; GLS denotes
Generalized Least Squares; GMM denotes Generalized Method of Moments; LSDV
denotes Least Square Dummy Variable; MG denotes Mean Group; MMQR denotes
Method of Moments of Quantile Regression; OLS denotes Ordinary Least Square;
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NARDL denotes Nonlinear Autoregressive Distributed Lag; PCSE denotes Panel
Corrected Standard Errors; PMG denotes Pooled Mean Group; SDM denotes
Spatial Durbin Model; SEM denotes Spatial Error Model; SFE denotes Static Fixed
Effect; SGVAR denotes Semi-Parametric Global Vector Autoregressive Model;
SLM denotes Spatial Lag Model; STSM denotes Structural Time Series Model;
SUR denotes Seemingly Unrelated Regression; SYS-GMM denotes System
Generalized Method of Moments; Sys2Step denotes Two-Step Dynamic System
Generalized Method of Moments; VAR denotes Vector Autoregressive Model;
VECM denotes Vector Error Correction Model; 2SGMM denotes Two-step Dy-
namic Generalized Method of Moments.

3.2.2. Approach or method

At the beginning of the EKC literature, countless studies focused on
the proximate aspects of the theory, which consequently took to reduced-
form models. These models connect income and pollution directly
through estimations and tests of correlations between indices of envi-
ronmental condition and development [114]. The reduced-form models
are simpler and are of limited utility [12]. Therefore, the need arose to
improve the EKC analysis, and the studies started to employ structural
equation models and included intervenient variables, which in turn,
connected development processes with environmental outcomes. In light
of this, and until the present day, the EKC has been assessed through
innumerable approaches/methods and econometric procedures. Table 3
displays some examples of the methodologies applied (more examples
are given in the supplementary data).

The econometric issues are one of the main topics criticised in the
EKC estimation. Therefore, the methods employed in the EKC analysis
give rise to significant criticism. The EKC is commonly estimated through
reduced-from regressions, which is frequently disparaged by several re-
searchers [141, 142, 143]. Furthermore, empirical EKC research
commonly uses standard cointegration techniques that are often
considered unsuitable [19, 144, 145]. Kacprzyk and Kuchta [49] provide
further explanations for this inadequacy. According to Gill, Viswanathan
and Hassan [10], the EKC literature is not econometrically demanding,
and the empirical results of the EKC analysis are very sensitive regarding
the functional form of the model. Considering this, it is fair to say that the
EKC assessment is sensitive and influenced by the model or econometric
procedure used (please see Table 4, 5 and 6 displays several examples of
this).

Underlined in Table 6 are examples of studies that use more than one
methodology and obtain different results for the same country, depend-
ing on the methodology applied. In the study developed by Bilgili et al.
[146] two methodologies are used, Dynamic Ordinary Least Square
(DOLS) and Fully Modified Ordinary Least Square (FMOLS) and 17
Organisation for Economic Co-operation and Development (OECD)
countries are analysed. In the individual countries analysis, different
results are obtained for Turkey, France and Netherlands. With the
FMOLS, a U-shaped relationship was obtained for Turkey, while an
inverted U-shaped curve (EKC) was obtained for France and Netherlands.
However, with the DOLS, an inverted U-shaped curve (EKC) was ob-
tained for Turkey. In contrast, a U-shaped relationship was obtained for
France and the Netherlands.

Another example is the study developed by Destek and Sinha [147].
Two methodologies were used to assess the EKC in the individual
countries' analysis, namely FMOLS and Common Correlated Effects
(CCE). Through both approaches, FMOLS and CCE, a U-shaped curve
relationship was obtained for Austria, Canada, Greece, Italy, Japan, S.
Korea, Spain and the US, while an inverted U-shaped curve relationship
was revealed for Germany and Turkey. However, for Belgium,
Switzerland, Denmark, and the Netherlands, only one of the two meth-
odologies obtained a U-shaped curve relationship. The same for Chile,
France, Mexico, New Zealand, Portugal, and the United Kingdom, where
only one of the two methodologies obtained an inverted U-shaped curve
relationship.
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Table 4. Individual analysis.

Authors  Country (ies) and Variables analysed on Additional variables Type of analysis Relationship obtained
i EK( lidi incl EK Meth
period C validity ;r:lca;l ilesd on EKC :Illd 1062 dod(s) U-shaped EKC (inverted U- N-shaped inverted
¥ POy shaped) N-shaped
[117] Canada, France, CO, emissions ~GDP (i) Renewable EC (Time series) \/ France
Germany, Italy, Japan, (if) International AMG
the UK, and the US eyt
(1995-2015)
[87] Jamaica (1976-2014) CO, emissions - (Time series) \/
—Remittances (i) ARDL
(i) NARDL
[53] Malaysia (1971-2016) CO,, emissions —GDP (i) Globalisation (Time series) \/
(ii) Industrialization (i) ARDL
(iii) TO (ii) VECM
[96] USA (1980-2016) (i) EF—Economic (i) Non-Renewable (Time series) \/
Complexity Index EC
(ii) CO2 (ii) Renewable EC (i) FMOLS
emissions—Economic (iii) Globalisation (i) DOLS
Complexity Index
(iii) CCR
[148] China (1980-2016) (i) CO, emissions —-GDP (i) Human Capital (Time series) \/
(ii) EF—GDP (ii) Globalization (i) ARDL
(iii) Renewable EC (ii) FMOLS
(iv) TO (iii) DOLS
(iv) CCR
[149] Algeria, Bahrain, Iran, CO, emissions—GDP Electric Power (Time series) \/ Algeria \/ Oman, Qatar, and
Kuwait, Oman, Qatar, Consumption Multivariate and Saudi Arabia
and Saudi Arabia Regression Bahrain
(1995-2014)
[150] Manufacturing and (i) CO, intensity—GDP - (Time series) \/ 95 of 121
Construction Industries Countries—CO,
of 121 Countries Intensity and CO,
(1960-2014) emission per capita
(ii) CO, emission per OLS \/ 92 of 121
capita—GDP Countries—total CO,
(iii) total CO, emissions
emission—GDP
206 Iran, Iraq, and Turkey (i) CO, emissions—GDP (i) Energy Intensity (Time series) \/ Iran and \/ Iran, Iraq, and
(1971-2015) Irag—CO» Turkey-EF
(ii) EF—GDP (i) TO ARDL y/ Turkey—CO5
201 Colombia (1971-2014) CO, emissions—GDP (i) Economic (Time series) \/ CCR, \/ FMOLS
Complexity Index DOLS
(ii) EC (i) VECM
(iii) TO (ii) DOLS
(iv) FDI (iii) FMOLS
(iv) CCR

Notes: AMG denotes Augmented Mean Group; ARDL denotes Autoregressive Distributed Lag; CCR denotes Canonical Cointegrating Regression; CO, denotes Carbon
Dioxide; DOLS denotes Dynamic Ordinary Least Square; EC denotes Energy Consumption; EF denotes Ecological Footprint; FMOLS denotes Fully Modified Ordinary
Least Square; GDP Gross Domestic Product; NARDL denotes Nonlinear Autoregressive Distributed Lag; OLS denotes Ordinary Least Square; TO denotes Trade Openness;
UK denotes United Kingdom; US denotes United States; VECM denotes Vector Error Correction Model.

3.2.3. Countries sample

The EKC has been assessed for several individual countries (see
Table 4) or groups of countries (see Table 5).

However, there is no consensus in the results. The selection of the
country (ies), and consequently the cross-sectional or individual anal-
ysis performed, directly influences the relationship obtained. According
to the literature (see some examples in Table 6), and as identified by
Brock and Taylor [43] as the third dilemma of the EKC, heterogeneity
makes the EKC results sensitive to the sample. With this in mind, het-
erogeneity could be one of the main reasons for the difference between
the EKC empirical results in cross-country analysis and country-level
analysis. Therefore, studies that perform both cross-sectional and in-
dividual analyses obtain mixed results. This means when validating the
EKC for a group of countries and when analysing each country indi-
vidually, some countries follow the EKC trajectory, other countries

follow a U-shaped relationship, and other countries follow neither a
U-shaped nor inverted U-shaped relationship. Table 6 displays various
examples of EKC studies that performed both cross-sectional and indi-
vidual analysis, obtaining different results. Cross-sectional analysis
results are in bold in Table 6.

The individual country data analysis assesses the EKC for the envi-
ronmental condition of a nation, a single economy, throughout time, with
increasing income as it develops. Instead of that, cross-country analysis
assesses the EKC for the environmental and economic conditions of a
group of countries, with distinct stages of development, at a certain
moment in time or within a limited time period. Therefore, considering
fundamental disparities in national backgrounds and differences in the
development paths, a cross-country analysis that reveals an inverted U-
shaped pattern does not reveal that each country individually follows the
EKC trajectory [158]. In line with this, through the development of the
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Green Solow Model, it was concluded that different profiles of income
and emissions over time are obtained as a consequence of economies
with different initial conditions. EKC profiles are not unique due to the

vulnerable to the selection of scale, sample, and range, as well as the
spatial and temporal sample range. Therefore, changes could occur in the
estimated coefficients, significance levels and variables specification as a

differences in the initial conditions [43]. The EKC estimation is

consequence of the country or countries under analysis [11].

Table 5. Cross-country analysis.

Authors  Country (ies) and Variables analysed Additional variables Type of Relationship obtained
i EK( lidi incl EK lysi
period on EKC validity 1ne Ud?d on EKC analysis and U-shaped EKC (inverted U-shaped) N- inverted
analysis Method(s)
employed shaped  N-shaped
[151] BRICS Countries CO; emissions—GDP (i) Governance (panel) \/
(1996-2017) @) OLS
(ii) DOLS
(iii) PMG
[152] 71 Countries CO, emissions—GDP (i) Urbanization (panel) \/
(1996-2012) (if) Industrial OLS-FE
Structure
(iii) TO
(iv) EC Structure
(v) Green Patent
Counts
(vi) Output Gap
Ratio
[131] 193 Countries CO; emissions—GDP (i) EC (panel) \/
(@Em=2117) (ii) FD by Private (i) SUR
Sector
Credit (ii) GMM
(iii) TO (iii) 2SGMM
(iv) Bank FD (iv) SYS-GMM
(v) Population (v) Sys2Step
(vi) Merchandise
Trade
(vii) Infrastructures
(viii) Merchandise
Trade
(ix) Gross Saving
(x) Government
Expenditure on
Educations
[153] 19 of G20 CO, emissions—GDP (i) Agricultural Value (panel) \/ Full sample
Countries*!® Added
(1990-2014) (ii) Renewable EC FMOLS \/ Developed panel
[54] France and CO, emissions -GDP (i) International (panel) \/
Germany Tourism Arrivals
(1995-2015) (ii) Labour Force (i) FMOLS
(iii) Renewable EC (ii) DOLS
(iv) Non-Renewable (iii) VECM-
EC PMG
[89] 20 sub-Saharan (i) Environmental (i) EC (panel) \/ Global panel—EDI and
African (SSA) Degradation Index EF
countries (EDI)—HDI
(1990-2015) (ii) EF—HDI (ii) FD (i) ARDL +/ Resource-Intensive SSA
(iii) FDI (ii) CCE-PMG countries panel-EDI
(iv) TO
(v) Urbanization
(vi) Livestock
production
[154] 21 developed and CO; emissions —-GDP (i) EC (panel) \/ Global panel
developing (i) TO (i) GMM 1/ Developed Countries
countries panel
(1990-2016) - . :
(iii) FDI (ii) Sys-GMM \/ Developing Countries
(iv) FD panel
(v) Institutional
Framework

10

(continued on next page)
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Table 5 (continued )
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Authors  Country (ies) and Variables analysed Additional variables Type of Relationship obtained
iod EKC validit, included on EK! lysis and
perlo on ERC validity e ? on ERC anarysis an U-shaped EKC (inverted U-shaped) N- inverted
analysis Method(s)
shaped N-shaped
employed
211 89 Belt and Road (i) CO, (i) FDI (panel) \/ Sub-region \/ Full panel—PCSE—all
Initiative Countries  emissions—GDP LA—GLS—CO environmental indicators
(1995-2017) (i) Sulphur Dioxide (i) Energy Structure 4/ Sub-region 1/ Full panel—GLS—CO,,
(SO,)—GDP LA—PCSE—CO,, VOC, S0,, NOx, CO
co
(iii) Volatile Organic (iii) Urbanization (i) PCSE +/ Sub-region 4/ Sub-region EU—PCSE
Compounds (VOC)— SSA—PCSE—SO0,, VOC, and GLS—all
GDP NOx environmental indicators
(iv) Nitrogen Oxides (iv) Industrial \/ Sub-region \/ Sub-region
(NOx)—GDP Structure MENA—PCSE—CO,, LA—GLS—SO,
SO,, NOx
(v) Carbon Monoxide (ii) GLS \/ Sub-region \/ Sub-region
(CO)—GDP MENA—GLS—SO,, AP—PCSE—CO,, SO,
NOy, CO
+/ Sub-region

AP—GLS—S0,, NOx

Notes: ARDL denotes Autoregressive Distributed Lag; BRICS denotes Brazil, Russia, India, China and South Africa; CCE denotes Common Correlated Effects; COy
denotes Carbon Dioxide; DOLS denotes Dynamic Ordinary Least Square; EC denotes Energy Consumption; EF denotes Ecological Footprint; FD denotes Financial
Development; FE denotes Fixed Effects; FDI denotes Foreign Direct Investment; FMOLS denotes Fully Modified Ordinary Least Square; GDP Gross Domestic Product; GLS
denotes Generalized Least Squares; GMM denotes Generalized Method of Moments; HDI denotes Human Development Index; OLS denotes Ordinary Least Square; PMG
denotes Pooled Mean Group; SUR denotes Seemingly Unrelated Regression; TO denotes Trade Openness; VECM denotes Vector Error Correction Model.

4. Which are the gaps in the EKC assessment?

With an extensive range of literature, the EKC is a method massively
employed to analyse economies’ environmental performance. Through
the fast growth and development of economies and technology and the
increasing complexity of environmental degradation issues, the EKC has
started to be employed to analyse not only environmental indicators and
not only through simple models. However, an absence of consensus is
noted, as well as the degree of sensitivity of the EKC estimation to all the
elements that are incorporated into the analysis process. The selection of
the indicators, country or countries, time period, methodology and
additional variables produce a unique result, and when the EKC is vali-
dated, the estimated curve is unlike any other. In light of this, a change of
a single component of the functional structure produces changes in the
results, validating or not the EKC or changing its shape.

The sensitivity of the EKC function and the consequent change in the
results is criticised in some cases. A critical issue raised about the rela-
tionship obtained in a panel analysis is that it does not imply that indi-
vidual countries follow the same pattern (as shown in Table 6). The cross-
sectional analysis in EKC studies, mainly performed due to the lack of
reliable long-term data [12], analyses a set of economies with different
conditions and backgrounds. Taking this into account, the results ob-
tained during a panel analysis should not be directly compared with in-
dividual analysis results. Studies that perform a cross-sectional analysis
provide results and measures for the specific group of countries under
analysis, which may not be the most appropriate for each country in
particular. Therefore, to create and apply measures adequate for the
characteristics of each economy, the analysis of each country individually
or by sector could provide and reveal more specific and beneficial results
to the policymakers.

Besides that, EKC estimations are found to be sensitive to the method
performed to assess the hypothesis (see Subsection 3.2.2 and Table 6). In
other words, the shape obtained is linked to the econometric method
chosen and functional specification. Several econometric issues in the
EKC modelling have been identified throughout the EKC literature. EKC
function and the use of income and squared income variables raised some
criticism due to the production of econometric issues. Model emissions as
a function of income augmented by income squared and income-cubed
raise econometric issues, such as collinearity or multicollinearity
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[159]. In order to avoid multicollinearity in the estimation, the use of
non-parametric or semi-parametric methods should be explored. Besides
that, the validity of the EKC hypothesis could be based on the assessment
of short- and long-run income elasticities, as stated by Narayan and
Narayan [159]. Income elasticities should be interpreted as if the
long-run elasticity is less than the short-run elasticity suggesting that the
country has reduced its emissions with income growth and consequently
further proving the existence of the EKC [119, 159].

Besides multicollinearity, there are more econometric issues associ-
ated with the modelling of the EKC. Hasanov et al. [160] extensively
identify the major econometric issues in the EKC literature and provide a
full mathematically and empirically explanation for each one. The au-
thors mainly focused on the following issues: functional specifications
used, and the econometric techniques employed; the use of a trend in the
specification and level versus logarithmic variables; and the monotonic,
quadratic, cubic, and quartic potential relationship between income and
environmental degradation. In light of this, the authors developed a
modelling strategy that should ensure a consistent approach when
assessing the EKC. The Green Solow Model might be useful to overcome
the sensitivity of the EKC to the econometric models employed.

Besides the critical issues identified in the EKC assessment and stra-
tegies to overcome them, from the extensive EKC literature arises the
challenge: what are the EKC assessment gaps? Throughout the EKC
literature, it has been noted that essential components for environmental
degradation may not have been taken into consideration, such as con-
sumption instead of production and technological progress. A criticism
made of the EKC arises because it does not take into account the evolu-
tion of consumption coinciding with economic growth. That is, the EKC
only explains how the process of production is converted into something
environmentally friendly as a consequence of economic growth [10].
Besides, according to Kaika and Zervas [161], the EKC only focuses on
domestic production and overlooks the impact of the consumption of
imported goods on the environment. In turn, the income elasticity of
demand for dirty goods has been disregarded by the EKC [40]. If, with
high income levels, the demand for dirty goods persists, then this situa-
tion will lead to developed countries importing these goods from
developing economies to satisfy demand. Consequently, any environ-
mental improvement resulting from technological progress will be offset,
and economic growth will result in more environmental degradation.
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This is a critical issue that goes against one of the basic assumptions of the
EKC, that is, that there is a change in consumer behaviour with a rise in

income.

Technological progress is a crucial tool to help with climate change
and global warming mitigation. EKC supporters believe that environ-
mental mitigation depends on technological progress and improvement.
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Therefore, they believe that only if technology and investment in the
environment persist stagnantly, then the enlargement of economic ac-

tivities harms the environment. However, the fact that technology en-

hances environmental quality is an ambition in dynamic economies,
making economic growth a tool to accomplish environmental quality
instead of being a threat [10]. The EKC hypothesis assumes that rising

Table 6. Individual vs cross-country analysis.

Authors  Country (ies) Variables analysed  Additional Type of Relationship obtained
d period EKC validi iabl lysi
and perlo on validity Yarla es analysis U-shaped EKC (inverted U- N-shaped inverted N-shaped
included on and haped)
EKC analysis Method(s) shape
employed
[155] Sub Saharan CO, Energy (Time \/ Senegal, Nigeria and \/ South Africa,
African emissions—-GDP Intensity series and Cameroon Congo Republic,
Countries panel) Ethiopia and Togo
(1980-2012) (i) VECM (ii) panel
(iD)
Johansen
Maximum
Likelihood
[146] 17 OECD CO, Renewable (Time / EMOLS: Austria, \/ panel
Countries emissions—-GDP Energy series and Canada, Turkey
(1977-2010) Consumption panel)
(i) FMOLS +/ DOLS: France, / FMOLS:
Luxemburg, Denmark, France,
Netherlands, Norway Greece,
Netherlands,
Sweden
(ii) DOLS (iii) DOLS:
Australia, Belgium,
Greece, New
Zealand, Portugal,
Turkey
[156] 11 Central and (i) CO, (i) Gross Inland (Panel and \/ CO, \/ COy \/ CO,, emissions, \/ COy
Eastern emissions—GDP Energy time series) emissions—Bulgaria emissions—Czech Biocapacity and SO, emissions—Poland
European Consumption and Latvia R. and Hungary emissions—panel and Slovakia
Clonimiitzs (i) (ii) Index of (i) MG \/ €O,
(1996-2015) Biocapacity—GDP Economic emissions—Croatia
Freedom of and Estonia
Heritage
Foundation
(iii) EF—GDP (iii) (il) MG-
Globalisation FMOLS
(iv) SO, emissions- (iv) FDI (iii) AMG
GDP (v) Labour
Productivity
(vi) Economic
Complexity
Index
(vii) HDI
(viii) Sectoral
Structure of
Agriculture,
industry, and
Services
[157] 11 newly EF-GDP (i) Energy (Time \/ China, India, South \/ Mexico,
industrialized Consumption series and Korea, Thailand, and Philippines,
Countries panel) Turkey Singapore, and
(1977-2013) South Africa
(ii) Financial AMG \/ panel
Development
[[==]) 10 electricity CO, emissions (i) Electricity (Panel) \/ China, USA and UK \/ Panel
consuming -GDP Consumption
Countries (ii) KOF (i) FMOLS y/ Japan, Germany
(1971-2013) Globalisation (ii) DOLS and S. Korea
Index =
(Time
series)
FMOLS
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Table 6 (continued)
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Authors  Country (ies) Variables analysed ~ Additional Type of Relationship obtained
d iod EKC validit; iabl lysi
and perio on EKC validity Yana es analysts U-shaped EKC (inverted U- N-shaped inverted N-shaped
included on and haped)
EKC analysis Method(s) shape
employed
[147] 24 OECD Ecological (i) Renewable (Panel) \/ MG, FMOLS-MG and \/ CCE: Germany;
countries Footprint-GDP Energy DOLS-MG: panel Turkey
(1980-2014) Consumption
(i) Non- (i) MG +/ CCE: Austria; / FMOLS: Chile;
Renewable Belgium; Canada; France; Germany;
Energy Greece; Italy; Japan; S. Mexico; New
Consumption Korea; Spain; Zealand; Portugal;
(iif) Trade (i)) FMoLs-  Switzerland; US Turkey; UK
Openness MG
(iii) DOLS-
MG
(iv) CCE- +/ FMOLS: Austria;
MG(Time Canada; Denmark;
series) Greece; Italy; Japan; S.
(i) FMOLS Korea; Netherlands;
- Spain; US
(ii) CCE
199 South Asian CO, @ (Time +/ Full panel
Economies*> emissions—GDP Globalization series and
(1985-2018) panel)
(ii) Non- FMOLS \/ Bangladesh,
Renewable India, Sri Lanka, and
Energy Nepal
Consumption

Notes: AMG denotes Augmented Mean Group; CCE denotes Common Correlated Effects; CO, denotes Carbon Dioxide; DOLS denotes Dynamic Ordinary Least Square; EF
denotes Ecological Footprint; FDI denotes Foreign Direct Investment; FMOLS denotes Fully Modified Ordinary Least Square; GDP Gross Domestic Product; HDI denotes
Human Development Index; MG denotes Mean Group; OECD denotes Organisation for Economic Co-operation and Development; SO, denotes Sulphur dioxide; UK
denotes United Kingdom; US denotes United States; USA denotes United States of America; VECM denotes Vector Error Correction Model.

income induces technological improvements and environmental aware-
ness, and consequently, it should safeguard the improvement of envi-
ronmental performance in the later stages of economic growth. At this
point surfaces the doubt if technological advancements can outrun the
worrying pace of environmental damage. Gill, Viswanathan and Hassan
[10] present a summary of examples of recent technological improve-
ments in diverse sectors. Therefore it is crucial to include technological
progress in the EKC assessment. Currently, technological progress is
focused on environmental research, and technological progress indexes
have been developed [162, 163]. Also, the Green Solow Model could be a
valuable tool to analyse technological improvements as it incorporates
technological progress and resorts to enunciating the two conditions
needed to guarantee sustainable growth.

Technological improvement encourages the replacement of obsolete
technology and drives intensive pollutant economies to efficient ones.
These changes mean that economies that reduce their energy consump-
tion per unit of economic output consequently reduce emissions. The
level of technology is vastly different in developing economies compared
with developed, and therefore the developing economies are more
carbon-intensive. According to Beckerman [15], only prosperous econ-
omies have the means to access environmentally friendly technologies in
order to mitigate environmental degradation, while the poor economies,
according to the author, are “too poor to be green”. However, when a
developed or prosperous economy appears to be able to achieve eco-
nomic growth without significant environmental impact, then it is
necessary to look deeper into the location of that economy's pollutant
industries. Developing economies' lax environmental regulations attract
the relocation of pollutant industries from developed economies where
there is pressure to accomplish environmental targets.

The relocation of pollutant industries separates production from
consumption, which allows an increase in GDP with a reduction in
emissions as the emissions are being emitted in another country.
Therefore, the relocation of emissions-intensive industries could create
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an illusion that economies are becoming efficient and that they perform
the EKC trajectory, and it deserves to be taken into consideration in the
analysis of environmental performance. The analysis of technological
progress (or energy efficiency index) could be useful in order to observe if
any emissions reduction actually comes from the replacement with effi-
cient technology or if their emissions are reducing through the relocation
of their pollutant industries. A sectoral analysis or a joint analysis of the
home with the host country (the country that receives the industry) could
overcome the illusion of emissions reduction when they are just being
relocated. A sectoral analysis could reveal from which sector the in-
dustries were relocated. In turn, an analysis of the home and host country
could reveal the reduction of emissions in the home country that
consequently represents an increase in the emissions of the host country.

Nevertheless, in order to achieve a significant reduction in environ-
mental problems and produce more economic growth with less envi-
ronmental damage, the technology improvements have to be huge.
Considering that energy consumption is the main source of emissions,
energy efficiency through efficient technology may not be enough to
achieve meaningful emissions reduction. In light of this, the studies
should focus on how economic growth can promote energy transition
from fossil energy use to renewable energy use. Energy transition is
currently a hot topic due to the global environmental agenda, and
throughout the literature, energy transition indicators have been rising in
importance [164, 165]. It is critical to be concerned about the short-
coming of the storage of renewable energy sources. Scenarios with nu-
clear may be analysed as an intermediate process, but they must take into
account the risks associated with this energy source. Producing more
economic growth with less environmental damage is crucial to accom-
plishing the Sustainable Development Goals, also known as Agenda
2030. Global economic growth patterns are considered responsible for
the issue of rising climatic disasters across the globe [166], and reducing
global emissions and moving toward decarbonization is urgent. How-
ever, sustainable development goals accomplishment requires large
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investment needs. The COP26 was focused on tools to reduce climate
change issues, such as green and climate finance. Green and climate
finance could be powerful tools to bring about adaptation and mitigation
of climate change issues mainly in countries with capital in short supply
and could have a meaningful influence on the assessment of the EKC
path. Green finance and climate finance have recently started to be
addressed in the literature about the environment [167, 168].

As the doubt if technological progress can slow down and reverse the
pace of environmental damage grows, there is also the increasing un-
certainty of what will happen to the environmental degradation already
in place. Is it repairable? According to the EKC relationship, after
achieving a certain level of income, the turning point, environmental
degradation starts to decrease with growing income. However, can the
later stages of economic development really repair the environmental
damage of the first stages? The EKC hypothesis assumes that in the later
stages of economic growth, the environmental damage as a consequence
of economic growth can be reversed. However, this assumption is an
object of criticism by various researchers. The ability to reverse envi-
ronmental damage might be effective for specific air and water pollutants
but might not work with things like carcinogenic chemicals, as they are
considered irreparable [24]. Furthermore, environmental damage
because of industrialization is also extraordinarily complex to overturn.

Global warming is considered the most critical environmental prob-
lem humanity has ever faced. Therefore, it is crucial to understand if the
environmental damage provoked by economic growth can be repaired
through more economic growth. At the moment, it is not enough to only
analyse if the country or a group of countries perform the EKC trajectory.
It is now necessary to start exploring how the environmental damage
provoked in the first phase of the EKC can be repaired. In line with this,
also arises the doubt if the growth path traced by the inverted U-shaped is
efficient, a Pareto efficient. The Pareto efficient, or optimal, defines the
optimum resource allocation at which it is not possible to reallocate in
order to benefit or improve a specific resource allocation without
harming the allocation of others. The EKC hypothesis transmits the
message of ‘grow now and clean later’ [10]. This growth strategy is
highly intensive in resources, which makes it incompatible with being
Pareto efficient.

Considering that the EKC is not Pareto efficient and that the growth
path is highly resource-intensive, it is highly likely that the environ-
mental damage provoked in the first phases of the EKC might not be
repairable. A growth path that takes care of both economic development
and the environment simultaneously could avoid substantial losses,
avoid the huge environmental impact of economic development, and the
percentage of economic growth that in the future will be necessary to
repair the environmental damage provoked before. On the one hand, a
growth path that takes care of the environment in the early stages of
economic growth could represent a global GDP loss of 1%. On the other
hand, a loss in order of 5-20% of global GDP is a consequence of the
absence of environmental care [169]. Therefore, environmental protec-
tion throughout all the stages of economic development could diminish
environmental and GDP losses.

5. Conclusion

Motivated by the will to develop a useful EKC's research tool/guide
that allows EKC researchers to learn from the origins and framework of
the EKC until the evolution of the literature, gaps, econometric issues,
and improvements needs, this present paper fulfils a gap in the EKC
literature by providing a detailed and comprehensive description of the
EKC framework, an extensive contextualization of the EKC evolution and
literature, and a critical analysis. With various novelty aspects, this
research strives to enlarge the knowledge of the EKC field. The main
contribution of this review article consists of providing an extremely
detailed description of the literature and evolution of the EKC analysis.
Through the analysis of more than 200 articles from 1998 to 2022, a
considerable number of EKC relationships analysed in the literature are

14

Heliyon 8 (2022) e11521

provided, along with additional variables included in EKC estimations
and methodologies used. Furthermore, each detail of the EKC assessment
for each one of the more than 200 articles supplied allows researchers to
find specific information to support their analysis.

The knowledge and assessment of the EKC has developed noticeably
since its inception. However, despite being broadly assessed within the
vast literature, the EKC hypothesis possesses some gaps and econometric
issues, and improvement needs are verified. The absence of consensus
throughout the EKC literature on the existence and shape of the curve has
given rise to doubts about econometric issues in EKC modelling. The
same geographic region, country or countries can generate opposing
arguments regarding the existence and shape of the EKC. Throughout the
literature review, evidence has been provided regarding the sensitivity of
the EKC estimation resulting from the data set used, the indicators, the
type of analysis (time series or cross-sectional), the methodology applied,
and additional variables included. In light of this, the econometric issues
are mainly associated with the functional specifications and econometric
techniques used and the use of income quadratic, cubic and quartic
variables. The use of econometric methods which deal with collinearity
and multicollinearity is crucial. Non- or semi-parametric methods
assessing short- and long-run elasticities could avoid these phenomena.
Also, non-econometric methods instead of econometric could be helpful
to avoid EKC sensitivity to the approach used.

Besides improvements needed for the econometric procedure, further
improvements should be made to fill gaps in the EKC analysis. Knowl-
edge of the EKC needs to be improved by integrating insights from other
disciplines and research areas. These could include the inclusion of
certain socio-political indicators that can influence efforts to improve
environmental quality, such as research and development of alternative
energy sources; economic complexity; economic uncertainty; economic,
cultural, and political shocks; corruption; and political cooperation. All of
these would be beneficial for economic analysis and policy recommen-
dations. The complexity of environmental degradation issues is
increasing, and scenarios such as relocated pollution, delocalized pro-
duction, energy and production goods countries' dependence, lax envi-
ronmental regulation, and comparative advantages, among others, can
influence the environmental performance of countries. The relocation of
pollutant industries could produce a result that does not fit with reality.
The relocation that comes from lax environmental regulation from the
host country, comparative advantages from home countries over the host
ones that result in relocated pollution, delocalized production, and a
countries’ dependence increases environmental degradation in the host
countries while the goods produced are consumed in the home country.
At this point, it is crucial to consider these scenarios during the EKC
assessment in order to allow policymakers to develop and implement fair
and effective policies conducive to the achievement of the sustainable
development goals. Furthermore, policies should be developed in order
to dissolve the strong disparity in environmental regulation between
developed and developing countries, allowing an EKC analysis to be
more reliable.

COP 26, five years apart from the Paris agreement, was the time for
countries to strengthen their environmental commitment and goals.
Achieving decarbonisation is urgent and requires the collaboration of all
countries all over the world. In light of this, as widely implemented to
assess environmental performance, the EKC assessment should be
demanding. Analysing environmental degradation indicators or other
indicators over the economic growth is not enough at this point; it is
crucial to look further into environmental pollution indicators. The
standard approach to global warming, which mainly consists of allevi-
ating the restrictions on economic growth while supporting continuous
technological development thought suitable to compensate for environ-
mental damage, may be critical. A set of strategies and tools have been
developed, and they should be included in the assessment of the path of
environmental pollution over economic development. Technological
progress, energy efficiency, energy transition, potential clean energy
sources (such as nuclear), environmental regulation, and green and
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climate finance can influence this path and provide a realistic route to a
cleaner environment. In light of this, the inclusion of these tools and
drivers of environmental quality in the EKC analysis may allow policy-
makers to develop particular policies and measures in order to encourage
their progress and improvement towards sustainability. A major concern
of environmental mitigation is the economic growth path; however,
achieving sustainable and low-carbon development may, under reason-
able conditions, operate as an explicit contributing component to growth.

The eminent consequences of global warming place policymakers as
central players in the current global discussion of climate change chal-
lenges. The EKC is extensively used to evaluate the environmental per-
formance of economies, and several policy recommendations have
already been proposed based on its analysis. However, policymakers
must be aware of the high volatility and sensitivity of the EKC outcomes.
Panel data analysis could produce strong limitations for the development
of policies. Specific policies should not be designed for a particular
country based on a panel data analysis where the country is inserted
when it is not mandatory that the country follows the trajectory that the
group follows as a whole. Therefore, the outcomes of the panel data
analysis should only be considered as a reference for how those countries
behave together under the same conditions and in a specific scenario.
Considering the sensitivity of the EKC outcomes, the EKC might be
considered as an environmental performance indicator on policy design
and implementation, but as a reference and not as a decisive indicator by
itself.

The present study provides a comprehensive and detailed picture of
the EKC field. The development of this study faced some limitations,
which are necessary to be highlighted to improve future research. Each
EKC shape obtained is unique, considering things such as the functional
specification, econometric methods used, and sample. Consequently,
with a very extensive literature on the field, a huge limitation was faced
in identifying all the issues related to the EKC assessment, mainly
econometric issues. Moreover, developing a review article, mainly a
particularly detailed one, is unending research, considering the tremen-
dous amount of research on the field and that it is constantly growing. At
this point, the length of the article could be a limitation. For the future
direction of research, it could be relevant to explore methods beyond
econometric methods that could fulfil the EKC assessment and overcome
the identified econometric issues. Also, it could be useful to further
investigate the influence of the additional variables on the EKC assess-
ment. Additionally, providing individual reports about each strand of the
Kuznets curve, beyond the Environmental, could be a relevant contri-
bution to the literature.
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