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A B S T R A C T   

Cutting the global economy’s dependence on coal has always been seen as one of the most effective measures to 
reduce carbon emissions and ensure environmental sustainability. However, the demand for coal can vary greatly 
from country to country. Therefore, the primary objective of this study is to identify where the countries with the 
highest coal consumption stand in reducing coal dependence in energy supply from 1997 to 2021 by utilizing 
panel data methods and accounting for the possible occurrence of cross-sectional dependence. The empirical 
results denote that (i) the models used are cross-sectionally independent, (ii) there is a long-run relationship 
between the variables (iii) rising economic growth upsurges coal demand, while its square reduces coal con
sumption; therefore, the coal-Kuznets curve is valid; (iv) population density and industrialization boost coal 
consumption, while demand for natural gas and renewable energy reduces it. Based on the empirical outcomes, 
the study suggests that natural gas should be promoted alongside renewables to displace coal consumption 
globally, and that countries should consider the coal-Kuznets curve to channel the increased revenues into clean 
energy investments.   

Nomenclature  

List of Abbreviations 
ARDL Autoregressive 

Distributed Lag 
GDP Gross Domestic Product 

CD Cross-Section 
Dependence 

GHGs Greenhouse Gas Emissions 

CKC Coal Kuznets Curve IPS Im-Pesaran-Shin 
CO2 Carbon Emissions NZE Net Zero by 2050 
DOLS Dynamic Ordinary Least 

Squares 
OECD Organization for Economic 

Cooperation and Development 
EKC Environmental Kuznets 

Curve 
SDGs Sustainable Development Goals 

FMOLS Fully Modified Ordinary 
Least Squares 

USA United States of America 

List of Symbols 
ln Logarithm Operator TRD Trade Openness 
COAL Coal Consumption NG Natural Gas Consumption 

(continued on next column)  

(continued ) 

GDP Gross Domestic Product REN Renewable Energy Consumption 
GDP2 Gross Domestic Product 

Square 
β0 Constant Term 

PD Population Density β1− 4 Long Run Coefficients 
IND Industrial Value Added εit1− 5 Error Term  

1. Introduction 

The energy of coal played a vital role in the Industrial Revolution, 
increasing the scale and speed of industrial iron smelting, a historic 
driver of Britain’s economic power. In this regard, the invention of 
smelting iron ore in the early 18th century using coke instead of charcoal 
was a milestone for economic welfare, and coke was an efficient and 
reliable fuel for Britain’s iron industry for decades. In the 1700s, annual 
iron production was almost 2500 tons [1], while in the second quarter of 
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the 18th century it increased more than tenfold to over 29,000 tons, 
reaching 180,000 tons in the early 19th century [2]. Coal power 
therefore not only helped to enable the substitution of labor by machine 
power, but also boosted industrial production and economic perfor
mance by enabling the development of the British infrastructure system 
and industrial capacity. In this context, it can be argued that coal was the 
“king of the British industrial revolution”. 

Coal became the primary energy source for the British economy. 
Fig. 1 denotes the historical evolution of energy composition in England 
and Wales. Before the invention of the use of coke in British industry, the 
primary power sources were prevalently human power, draught ani
mals, and firewood for economic activities, while coal became the pri
mary source of energy in the 16th century. With the invention of coke in 
the iron industry, the share of coal boomed. Coal also provided the 
necessary energy for the famous steam engine, which helped to improve 
the capital-labor ratio in the British economy. Thus, coal’s share of the 
overall energy mix gradually increased, and Britain powered its econ
omy by generating almost 90 % of its energy from coal in the 19th 
century [3]. 

Coal has not only transformed Britain’s energy mix and economic 
development path, but also the energy composition and economic per
formance of the global economy. Fig. 2 shows the historical movements 
of the global energy mix. Coal has a historical upward trend and began 
to dominate the global energy mix in the early 20th century, while oil 
has been the largest contributor to the global energy mix since the 
1965s. Therefore, coal is the energy source that has recently accounted 
for the second largest share of global energy sources. Furthermore, coal 
is the largest single and reliable energy source in the world, generating 
almost 34 % of global electric power [4], and it has historically been “a 
port in the storm” for global economies by supplying energy for eco
nomic activities. Indeed, coal has been a reliable alternative energy 
source during solid economic performance (i.e., strong rebound of Asian 
economies following the COVID-19 lockdown) and times of turmoil (i.e., 
the Russian invasion of Ukraine). Global demand for coal, which is 
critical to energy security, has always been strong and reached a new 
record high in 2022 [5]. 

Boosting global economic activities and economic development 
through the use of energy has not been costless [6]. In particular, the use 
of coal has led to significant environmental degradation [7], as coal is 
the most carbon-intensive energy source, which is one of the main 
causes of the concentration of global GHGs and climate change [8]. 
Coal-based energy production causes 40 % of total energy-related car
bon emissions (CO2) [9]. Therefore, cutting CO2 emissions to secure 
global energy supply has always been an important goal for policy
makers in international initiatives such as the Kyoto Treaty, the Sus
tainable Development Goals (SDGs) and the Paris Agreement [10]. 
Reducing coal dependency is one of the most vital aims of the Net Zero 

by 2050 (NZE) projection. In this regard, the aim is to replace 14 % of 
coal-powered energy production with clean and renewable energies 
every year. In addition, the OECD countries are expected to phase out 
coal-fired power generation worldwide by 2040 [4,11]. 

Although cutting coal dependence is crucial for reducing GHGs and 
paving a sustainable development road for the global economy, it is not 
an easy task for policymakers. The coal industry is expected to create 
nearly 11 million jobs and generate nearly US$2 trillion in revenue on a 
global scale between 2024 and 2029 [12]. Coal alone meets almost 25 % 
of total global energy demand in all dimensions, while this share is 
nearly 10 % higher for in electricity production. Moreover, cutting coal 
dependency becomes an even more severe task when country-specific 
energy structures are taken into account. Panel A in Fig. 3 shows the 
percentage of electricity generated in coal-fired power plants in the top 
25 coal consumer countries. The share of coal in total electricity pro
duction is generally relatively high, and in some countries, such as 
China, India, Indonesia, Kazakhstan, Poland, Serbia, and South Africa, 
coal dominates the energy mix. 

Panel B in Fig. 3 shows that the four largest coal-power countries, 
namely China, India, Japan, and the United States, generate more than 
75 % of the world’s coal-fired electricity [13]. Therefore, it can be 
argued that cutting coal dependency is an arduous task to pave a sus
tainable development path for both the leading coal power countries and 
the global economy. Where do we stand on cutting coal dependence? 
Has the demand for coal peaked in the major coal-consuming countries? 
The existing literature is far from providing answers to these questions. 

The motivation for the study is that the reduction of coal is a ne
cessity as it has negative effects on human health and causes CO2 
emissions. As high coal consumption exerts enormous pressure on the 
environment, many policymakers are drawing attention to this issue 
[14]. Coal accounts for 1/3 of global production and is a 
carbon-intensive energy source [15]. Coal is responsible for 0.3C of the 
1C rise in global temperature [16]. The activities associated with coal 
mining, coal dust, coal residues and mine water can have a negative 
impact on human health [17]. Coal-fired power plants release large 
amounts of CO2, and therefore the reduction of coal is a necessity to 
achieve low-carbon levels by reducing CO2 [18]. However, the direct 
substitution of coal with renewable energy sources is currently limited. 
Although China and India have adopted carbon neutrality targets, they 
are reluctant to commit to a complete coal phase-out [19]. China and 
India are the two countries that consume the most coal-fired electricity 
in this study. Their reluctance to phase out coal and their high depen
dence on fossil fuels are a major problem for global CO2 reduction. 

In many of the top 25 coal-consuming countries analyzed, more than 
half of their energy consumption comes from coal. It has been empiri
cally proven in many studies that coal increases CO2 emissions (see e.g. 
Ref. [20]). In the hypothesis analysis of the environmental Kuznets 

Fig. 1. Historical energy composition of england and wales. 
Source: This figure has been created by authors by retrieving data from Wrigley [3]. 

S. Erdogan et al.                                                                                                                                                                                                                                



Energy Strategy Reviews 54 (2024) 101444

3

curve (EKC) by Grossman and Krueger [21], the researchers identified 
coal as a factor that leads to an increase in CO2. The EKC curve shows an 
inverted U-shaped relationship between income and CO2. Under the EKC 
hypothesis, researchers consider environmental pollutants such as CO2, 
sulfur dioxide and methane gas as dependent variables and analyze the 
factors that influence them. However, in order to reduce CO2, it is 
necessary to directly reduce the elements that are the main source of this 
pollutant. In this context, analyzing the factors that influence coal be
comes important. Societies adopt a coal-based production model in the 
first phase of their economic development and industrialization. Over 
time, however, communities whose prosperity and income exceed a 
certain turning point may abandon coal consumption and turn to fossil 
fuel sources that are less polluting, such as natural gas, or eco-friendly 
wind and solar. In this regard, coal can be considered as an environ
mental pollutant indicator like CO2 emissions in the EKC hypothesis and 
analyzed as a dependent variable, and there may be an inverted 
U-shaped relationship between coal and per capita income. This inver
ted U-link first reported by Hao et al. [22], and referred to as the coal 
Kuznets curve (CKC) by Qiao et al. [23]. Taking into account the possible 
non-linear interaction between income and coal, this study examines the 
validity of the CKC hypothesis for the 25 largest coal-consuming coun
tries. Whether or not the CKC hypothesis is valid for the top coal 

consuming countries is important for policymakers with net zero targets, 
because if income ensures coal reduction, it is ultimately possible to 
phase out coal with economic development. In this context, this study 
aims to contribute to the current state of knowledge by investigating 
whether the highest coal consuming countries can phase out coal in the 
later stages of their economic development process with the validity of 
the CKC hypothesis. 

The primary objective of this study is to investigate where top coal 
power countries stand on reducing coal dependence on energy genera
tion through panel data analysis considering the possible emergence of 
cross-sectional dependence (CD) and provide a future policy projection 
by estimating the approximate turning point on coal consumption path 
under the CKC framework. To the best knowledge, this study is the first 
to determine where top coal power countries stand on coal demand by 
adopting the CKC framework. Therefore, it has the potential to improve 
existing literature on the following topics and fill existing gaps in the 
literature. First, understanding the nature of the coal demand in top coal 
power countries not only could contribute to establishing efficient pol
icies on reducing coal consumption and ensuring environmental aims 
determined by international initiatives, such as the SDGs, but also could 
provide information on the future projection of global coal consump
tion. Second, having insights into the peak level of coal demand in top 

Fig. 2. World Energy Mix. Note: Fig. 2 has been created by authors through the data from Our World in Data  

Fig. 3. Coal in Electricity Production in 25 Coal Power Countries, Note: Fig. 3 has been created by authors through retrieving related data from EMBER [4].  
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coal power countries can give ideas to the policy-makers on where 
sample countries stand and how the nature of the policies should be 
determined. Third, investigating possible CD in the estimated models 
enables researchers to make proper methodology selections and obtain 
robust estimations and policy inferences. 

2. Literature review 

The global urgency of the energy transition, particularly in connec
tion with the climate problem, has driven research into aspects of coal 
energy. In the meantime, the development of coal energy has remained 
explicitly inexplicable without the theoretical dimension of energy 
development, as several factors, in addition to climate-related factors, 
determine the trend and aspect of coal energy. 

2.1. Theoretical literature 

Following part of the novel work on economic growth proposed by 
Solow [24], the nexus between energy use and economic prosperity was 
further developed theoretically in the work of Kraft and Kraft [25]. 
Subsequently, the links between energy and economic growth have also 
been described in other frameworks. For instance, by deepening the 
explanation of the traditional (output) growth model, both economic 
(productive output) and environmental (undesirable output, such as 
GHGs) outputs are presented in an explicit description of the output 
model [26,27]. 

Before Grossman and Krueger [21] demonstrated how economic 
growth and environmental indicators, i.e., undesirable outputs are 
interconnected, Kuznets [28] showed in his work that economic growth 
and income inequality have an inverted U-shaped relationship, which 
has now been adapted for the link between ecological quality and the 
economy. In particular, the EKC perspective, which describes the ‘rise 
and fall’ relationship between ecological indicators such as CO2 and 
GHGs [29–31], has also been explored in describing the link between 
energy and GDP. Just as coal energy development can be explained by 
economic- and socioeconomic-factors, another dimension of coal 
development (possibly within the transition pathway) could be 
explained by environmental factors arising mainly from the develop
ment of alternative energy sources. A summary of the empirical litera
ture can be found in Table 1, and the following sections examine the 
earlier literature in detail. 

2.2. Empirical literature 

In the literature, CO2 emissions [46,47], the ecological footprint [48, 
49], and, more recently, the load capacity factor [50]are mentioned as 
indicators of ecological degradation. A large part of these indicators 
consists of CO2 emissions, and coal is the energy type with the highest 
carbon intensity. Therefore, this section discusses the literature that 
analyzes the economic impact of coal consumption and the substitution 
possibilities of coal and other forms of energy. 

2.2.1. Economic and socioeconomic drivers of coal energy development 
In a general context, the inter-relationship between energy and GDP 

has been widely presented from the perspective of neutrality, feedback, 
energy-saving/conservation, growth hypotheses, and even the EKC hy
pothesis [22,23,34,36,38,35,51,52]. Qiao et al. [23] implement a panel 
data analysis by obtaining datasets for 30 Chinese provinces to test the 
validity of the CKC. While the entire panel and subpanel results show 
that the CKC hypothesis is valid, similar to the outcome in Hao et al. 
[22], the results for the province-specific study are mixed. In particular, 
the results indicate that coal consumption has not yet peaked, i.e., the 
CKC hypothesis is not valid in the coal-dependent developing regions of 
the country, which is in contrast to the valid observation of the CKC 
hypothesis in the other regions. This investigation implies that coal 
consumption in China is unlikely to peak uniformly as far as provincial 

factors are concerned. 
The impact of economic growth on coal consumption patterns has 

also been examined for different scenarios, such as the largest coal 
consumer countries and developed/developing economies [33,32]. In 
testing this relationship over the period from 2000 to 2010, Lei et al. 
[32] implemented the Granger causality approach to a panel of the six 
largest consumers of coal energy in the world. The empirical revelation 
from the investigation shows that causality between coal consumption 
and economic output is bidirectional in Germany, Japan, and Russia. 
Importantly, in China, economic growth Granger causes coal con
sumption without a feedback effect, but there is no statistical evidence of 
causation between these indicators in India and the USA. In order to 
provide empirical evidence of the relationship between coal utilization 
and economic performance, Jin-ke et al. [33] show that the causality 
between coal consumption and economic performance is different in 
major industrialized countries and major developing countries using the 

Table 1 
Former literature on the drivers of coal demand.  

Author(s) Sample/Period Method Result(s) 

Lei et al. 
[32] 

China, Germany, 
India, Japan, 
Russia, the United 
States of America/ 
2000 through 2010 

Granger 
Causality 

M 

Jin-ke et al. 
[33]. 

Developed and 
Developing 
Countries, 1980 to 
2005 

Granger 
Causality 

M 

Apergis and 
Payne 
[34] 

OECD Countries/ 
1980–2005 

Vector Error 
Correction 
Method 

Coal 
Consumption↔GDP 

Wolde- 
Rufael 
[35] 

Major Coal 
Consuming 
Countries/ 
1965–2005 

vector 
autoregressive 
Framework 

M 

Li and Leung 
[36] 

23 Regions of 
China/1985–2008 

Panel Causality 
Methods 

M 

Michieka 
and 
Fletcher 
[37] 

China/1971–2009 Granger 
Causality 

GDP→Coal 
Consumption 
Urbanization* 

Hao et al. 
[22] 

China/1995 to 
2012 

First-Generation 
Panel Data 
Methods 

CKC is valid. 

Chai et al. 
[38] 

China/1965–2016 Partial Least 
Squares 

CKC is valid. 

Qiao et al. 
[23] 

Chinese provinces/ 
2000–2016 

Set of Panel Data 
Methods 

CKC is valid. 

Guidolin and 
Alpcan 
[39] 

Australia Diffusion Model Renewable Energy (− ) 

Raza and 
Shah [40] 

Pakistan/ 
1981–2017 

Vector Error 
Correction 
Method 

Coal Consuption↔GDP 

Wang et al. 
[41] 

China Grey Prediction 
Model 

The peak year for coal 
consumption in China 
is 2027 

Wang et al 
[42]. 

Guangdong 
Province 

Logarithmic 
Mean Divisia 
Index 

GDP (+) 
Energy Intensity (− ) 
Fixed Capital 
Formation (+) 
Exports (+) 

Raza and Lin 
[43] 

Pakistan/ 
1986–2019 

Logarithmic 
Mean Divisia 
Index 

Energy Intensity (− ) 
Economic Activitiy (+) 

Zaghdoudi 
et al. [44] 

China/Q1-1992- 
Q3-2021 

Fourier ARDL Oil Price (+) 

Tang et al. 
[45] 

Pakistan/ 
2001–2020 

Laspeyres Index 
Of 
Decomposition 

GDP (+) 

Notes: +: Positive Impact, -: Negative Impact, *: Statistically Insignificant 
Impact, ↔: Bidirectional Causal Nexus, →: Unidirectional Causal Nexus, M: 
Mixed. 
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corresponding data sets for the period from 1980 to 2005. Raza and Lin 
[43] have shown for Pakistan from 1986 to 2019 that an increase in 
economic activity can lead to an increased demand for coal. Tang et al. 
[45] have shown that economic development from 2001 to 2020 has a 
positive effect on coal demand in Pakistan. 

The role of other economic factors, such as population, trade, and 
industrialization, in coal consumption has also been widely examined 
[37,53,54]. Kurniawan and Managi [53] attempt to validate the exis
tence of CKC in Indonesia from 1970 to 2015. The result indicates that 
the CKC is valid for the examined case and that trade openness and 
urbanization positively influence coal energy use. Michieka and Fletcher 
[37] investigate China over the period 1971–2009 and report that eco
nomic output causes coal consumption, but there is no causality from 
urbanization to coal consumption. To show whether coal consumption 
in China has peaked, Wang et al. [41] combine data analysis with a grey 
prediction model and find that 2027 (with an estimate of 437.8 million 
tons) is the likely peak year for coal consumption in China. Wang et al. 
[41] show that coal consumption in the country is most strongly influ
enced by economic growth, followed by the industrial structure, while 
the population growth rate exerts the slightest effect. Raza and Shah 
[40] uncover a bidirectional causal interaction between population and 
coal utilization in Pakistan from 1981 to 2017. 

2.2.2. Alternative energy as a driver of coal energy development 
Wang et al. [42] investigate the supply- and demand-side drivers of 

coal consumption, using the example of the rapidly developing Chinese 
regions (Guangdong province), which account for most of the country’s 
CO2 emissions resulting from the dominant use of coal energy. They 
confirm that economic growth is the most crucial supply-side factor 
positively influencing coal consumption in Guangdong Province, while 
energy intensity hinders coal consumption. Notably, the study estab
lishes that the industrial structure exerts a contrasting effect on coal 
consumption at different phases of development. Meanwhile, demand 
factors, including fixed capital formation, urban households, and ex
ports increase coal consumption due to international and interprovincial 
trade. Zaghdoudi et al. [44] investigate whether the oil price exerts an 
asymmetric influence on coal consumption in terms of the impact of 
alternative energies on coal consumption. The result confirms a 
non-linear relationship between coal energy consumption and the oil 
price, such that coal consumption is positively affected in the short term 
when there is a positive shock in the oil price. 

Guidolin and Alpcan [39] examine the competing role of renewable 
energy sources in the use of coal energy in Australia. The study shows 
that the uptake of renewable energy sources hinders coal consumption. 
However, the relationship between renewable energy sources and nat
ural gas is complementary in nature. According to Tiewsoh et al. [55], 
the share of primary energy utilization in India is dominated by coal 
energy. In a data analysis for the period between 2000 and 2013, they 
report that the total annual primary energy consumption doubled during 
this period. Tiewsoh et al. [55] point out that the share of coal con
sumption increased from 49 to 54 percent during the period studied 
(2000–2013), while the share of oil consumption fell from 36 to 30 
percent and the share of natural gas consumption remained unchanged 
at 8 percent. According to Man et al. [56] and Li et al. [57], coal energy 
can play a role in substituting natural gas and oil energy, but more so for 
natural gas. Through a critical analysis of a forecasting model based on 
the optimistic scenario, the baseline scenario, and the cautious scenario, 
Li et al. [57] found that China’s potential surge in coal energy demand 
can reduce the country’s dependence on imported oil, natural gas, and 
primary energy by ~70 percent, ~40 percent, and ~20 percent, 
respectively. The study thus supports that coal energy is a potential 
substitute for alternative energy sources. 

3. Theoretical underpinnings, model, data & methodology 

3.1. Theoretical underpinnings, model & data 

Coal has historically played a central role in the Industrial Revolu
tion and contributed to the rapid economic development that has 
dominated the global economy since the 18th century. It has powered 
industrial activities requiring vast amounts of energy, such as the iron 
and mining industry, increased the volume of industrial activities, and 
boosted economic growth [58], while rising industrialization and eco
nomic growth has brought with it an increase in energy demand [59]. 

The use of coal has a dramatic impact on modern urban services such 
as powering buildings and heating. Therefore, there is an interaction 
between coal consumption, the modern economic structure, and eco
nomic growth. In fact, the technological advances through the Industrial 
Revolution have helped to break the vicious circle between population 
growth and famine because of insufficient food production [60]; thus, 
population growth has accelerated at an unprecedented rate [61]. 
Population growth in the peripheries of cities has historically led to a 
surplus of labor, and the development of industry and manufacturing in 
the cities has caused a mass exodus from rural areas. Therefore, popu
lation concentration in urban areas has increased significantly [62]. The 
rise in population density has inevitably changed the energy demand in 
urban areas. One group of researchers has claimed that population 
density can reduce energy demand by facilitating urban services and 
increasing productivity, while another group of researchers has uncov
ered that an increase in energy demand and ecological pressures in 
urban areas may be inevitable due to the increase in density [29,63,64]. 
The debate on how population density can affect energy demand is 
therefore still ongoing. 

The volume of international trade has increased immensely in the 
last three centuries, which has also boosted the demand for energy in all 
dimensions [53]. The primary source for meeting the increasing energy 
demand in the economy in earlier phases was coal power. Some re
searchers have argued that increasing trade relations among nations 
have enabled them to import know-how alongside manufactured goods, 
leading to technological advances and productivity gains. Thus, the 
energy intensity of production and energy demand have declined [23]. 
The interaction between trade and energy demand is therefore a 
controversial topic among researchers. 

Since the industrial revolution, coal has been considered one of the 
most important causes of GHGs and global warming. Considering that 
some of the world’s largest economies, such as China, are highly 
dependent on coal [65], reducing coal dependence in the energy supply 
of the global economy is considered an effective policy to avoid the 
worst consequences of climate change [66]. In this context, reducing the 
share of coal by promoting alternative energy sources has always been 
considered one of the most effective policy alternatives. To this end, 
renewable energy and natural gas have been seen as substitutes for coal 
[67,68]. Renewable energies and natural gas have therefore had a sig
nificant impact on the demand for coal around the globe. 

Considering the above theoretical explanations and rationale, the 
following linear-logarithmic models are used in Eqs. (1)–(5) in the top 
coal-dependent countries,1 listed in Table 2 for the period from 1997 to 
2021: 

ln COALit = β0 + β1 ln GDPit + β2 ln GDPit
2 + β3 ln PDit + εit1 (1)  

ln COALit = β0 + β1 ln GDPit + β2 ln GDPit
2 + β3 ln PDit + β4 ln INDit

+ εit2

(2) 

1 Normally, EMBER (2021b) reports the top 25 coal-dependent countries. 
However, Israel, Serbia, South Korea, and Taiwan were excluded because of 
missing observations. 
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ln COALit = β0 + β1 ln GDPit + β2 ln GDPit
2 + β3 ln PDit + β4 ln TRDit

+ εit3

(3)  

ln COALit = β0 + β1 ln GDPit + β2 ln GDPit
2 + β3 ln PDit + β4 ln NGit + εit4

(4)  

ln COALit = β0 + β1 ln GDPit + β2 ln GDPit
2 + β3 ln PDit + β4 ln RENit

+ εit5

(5)  

where COAL denotes coal consumption, GDP and GDP2 denote gross 
domestic product (GDP) and GDP squared, respectively; PD implies 
population density, IND is the industrial value added used as a proxy for 
industrialization, TRD represents trade openness, NG denotes natural 
gas consumption, and REN shows renewable energy consumption. The 
data on COAL, NG, and REN are retrieved from Our World in Data, while 
the data on GDP, PD, IND, and TRD are obtained from the World Bank, 
World Development Indicators.. 

Detailed explanations and descriptive statistics for the dataset used 
can be found in Table 3. The descriptive statistics show that GDP has the 
highest maximum and minimum levels, while IND has the lowest 
maximum level, and NG has the lowest minimum levels. GDP has the 
highest mean over the time horizon, while REN has the lowest mean 
level. PD has the highest standard deviation, while REN has the lowest. 
Therefore, PD follows a more fluctuating pattern compared to the data 
set, while REN has a relatively stable pattern over the time horizon. 

3.2. Methodology 

It is well known that methods for estimating panel data can often 
lead to biased estimates when CD occurs. Therefore, investigating 

whether CD occurs in the estimated models is crucial to avoid distorted 
estimations and policy inferences. For this purpose, the CD method 
developed by Chudik and Pesaran [69] is applied to test the CD prop
erties of the models. Following the CD test, the integration levels of the 
variables are tested using the Im-Pesaran-Shin (IPS) unit root method 
proposed by Im et al. [70]. After determining the order of integration of 
the variables, the empirical estimates are continued using cointegration 
tests, namely the Pedroni test and the variance ratio test proposed by 
Pedroni [71] and Westerlund [72], respectively. 

The empirical strategy adopted is visualized step-by-step in Fig. 4. 
After testing the cointegration properties of the utilized models denoted 
in Eqs. (1)–(5), the long-run elasticity estimates of the regressors are 
performed using the panel ARDL method proposed by Pesaran et al. 
[73]. In addition, the robustness of the empirical results is checked using 
the panel FMOLS developed by Pedroni [74] and panel DOLS by Pedroni 
[75]. The FMOLS and DOLS estimators provide elasticity calculations 
that are resistant to autocorrelation and endogeneity, and these esti
mators are effective in the absence of CD. Since the study does not detect 
CD in the panel data in the first phase, it uses FMOLS and DOLS methods. 

4. Empirical results and robustness checks 

The study conducts a CD test for the initial assessment of the unit 
root, cointegration, and cointegration estimator determination, and the 
empirical results are reported in Table 4. According to the CD estimation 
results, the null hypothesis of no CD is accepted at different statistical 
significance levels. It can be inferred that the first generation techniques 
can be used to estimate panel data to investigate the level of integration 
of variables, cointegration relations, and esimations of long-run co
efficients. The IPS unit root test, Pedroni and variance ratio cointegra
tion tests, panel ARDL, FMOLS and DOLS tests are used for these 
purpose. 

Table 5 presents the IPS test results. The empirical outcomes denote 
that all variables follow a non-stationary process at the level in the 
model with constant, constant, and trend, while they become stationary 
at the first difference. It can therefore be established that all variables 
follow the I (1) process and a cointegration test can be applied in this 
situation. 

The results of the Pedroni cointegration test in Table 6 show that the 
null hypothesis of no cointegration is accepted at various levels of sta
tistical significance when the modified Phillips-Perron statistic is 
considered, while it can be rejected when the Phillips-Perron and 
modified Dickey-Fuller test statistics are considered. Furthermore, the 
results of the variance ratio cointegration test show that the null hy
pothesis of no cointegration is clearly rejected in all models. This leads to 
the conclusion that there is a long-term trade-off between coal con
sumption and the regressors. The long-term elasticity estimates are 
therefore carried out using the panel ARDL method. 

The panel ARDL estimation results are reported in Table 7. The 
empirical outcomes for Model 1 imply that GDP growth increases coal 

Table 2 
List of analyzed top coal-dependent countries.  

Australia Indonesia Russia 
Brazil Japan South Africa 
Canada Kazakhstan Thailand 
China Malaysia Turkiye 
Czechia Pakistan Ukraine 
Germany Philippines United States 
India Poland Vietnam  

Table 3 
Explanations and descriptive statistics for the variables.  

Variable Explanation Mean Max. Min. Std. 
Dev. 

COAL Coal Consumption per capita 
(Kwh) 

8.587 10.380 5.029 1.283 

GDP Per capita (Constant, 2015 
US$) 

8.942 11.032 6.500 1.203 

PD Population density (people 
per sq. km of land area) 

4.223 6.160 0.875 1.485 

IND Industry (including 
construction), value added 
(% of GDP) 

3.390 3.882 2.843 0.238 

TRD Trade (% of GDP) 4.083 5.395 2.800 0.569 
NG Natural Gas (% equivalent 

primary energy) 
2.760 3.997 − 4.057 1.032 

REN Renewables (% equivalent 
primary energy)2 

1.850 3.886 − 1.450 0.992  

Fig. 4. Empirical strategy.  2 Renewables includes hydropower, solar, wind, geothermal, and bioenergy. 
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consumption, while GDP2 reduces it. Besides, population density up
surges coal consumption. Moreover, similar empirical outcomes are 
obtained in the remaining models in terms of GDP, GDP,2 and PD. In 
light of these empirical outcomes, it can be inferred that there is an 
inverted-U-shaped nexus between coal consumption and economic 
development in the top coal-dependent countries. Therefore, the CKC is 
valid in the sample countries. 

Industrialization and trade upsurges coal demand in Models 3 and 4. 
The consumption of natural gas and renewable energy mitigates coal 
demand in Models 4 and 5, respectively. Thus, an increase in industri
alization and trade boosts demand for coal, while an increase in the 
demand for substitute energy sources, namely natural gas and renew
able energy, reduces the demand for coal. In addition, the turning points 
of coal demand in relation to economic development are estimated and 
shown in Table 6 for each model. Considering the estimated outcomes, 
the average income level for the turning point is about US$ 11,664. 

The robustness check of the estimated empirical results is performed 
using the panel FMOLS and DOLS, and the results are reported in 
Table 8. The empirical outcomes of FMOLS and DOLS in all models have 
proved that GDP has a positive impact on coal demand, while GDP2 has a 
negative impact on it. Therefore, the FMOLS estimation results confirm 
the existence of CKC. The DOLS outcomes and the majority of the 
FMOLS outcomes for population density show that the increase in 
population density boosts the demand for coal. The FMOLS and DOLS 
findings confirm that industrialization is driving up coal demand, while 
natural gas consumption and renewable energy consumption are help
ing to reduce coal demand. 

The FMOLS outcomes also denote that trade restricts coal demand, 

while the DOLS estimation results show that trade increases coal use. 
Considering the majority of empirical results, it can be concluded that 
trade boosts coal demand. It can be argued that DOLS and FMOLS 
estimation results remarkably confirm the ARDL estimation outcomes. It 
can be concluded that the findings are robust. 

The validity of the CKC is an important point of discussion, as coal- 
dependent countries can displace coal with the benefits of economic 
expansion. Natural gas and renewables can also be used as important 
displacement instruments for this purpose, and possible scenarios are 
discussed in the following section. 

5. Discussion 

One of the biggest obstacles to improving ecological quality is seen in 
the consumption of fossil fuels. Burning energy sources such as coal and 
oil releases large amounts of CO2 emissions, which exacerbate the 
adverse effects of global warming. The CO2-increasing and harmful ef
fects of coal consumption on the environmental conditions of countries 
have been demonstrated in various studies (see e.g., Ref. [76–78]). As 
coal combustion contains more carbon molecules, it produces more CO2 
per unit of energy than oil and natural gas [79]. Coal threatens human 
health as it releases large amounts of CO2. The use of coal causes serious 
health problems such as cancer, arsenicosis, premature births, and res
piratory diseases [80]. The use of coal is a significant obstacle to sus
tainable development due to its negative impact on the environment and 
human health. Therefore, coal consumption should be reduced for a 
sustainable future and healthy societies. In this regard, the NZE targets 
require the gradual decommissioning of coal-fired power plants without 
interruption by 2040 [15]. 

Although previous researchers considered and still consider sus
tainable development in the context of the EKC [81,82] or focused 
directly on the impact of coal on CO2 emissions (see e.g. Ref. [20]), the 
reduction of CO2 in coal consumption is based on minimization. How
ever, studies analyzing the determinants of coal consumption are quite 

Table 4 
CD test results for variables.  

Test Model 1 Model 2 Model 3 Model 4 Model 5 

CD − 1.470 
(0.141) 

0.218 
(0.828) 

− 0.768 
(0.443) 

− 1.255 
(0.209) 

− 2.070 
(0.038) 

Notes: Probability values have been denoted in parenthesis. 

Table 5 
Unit root test results.  

Variables Constant Constant & Trend 

Level First Difference Level First Difference 

COAL 4.400 (0.999) − 15.890 
(0.000) 

− 0.677 
(0.249) 

− 16.104 
(0.000) 

GDP − 0.837 
(0.201) 

− 3.887 (0.000) 0.428 (0.665) − 2.464 (0.006) 

GDP2 − 0.175 
(0.430) 

− 4.093 (0.000) 0.077 (0.530) − 2.439 (0.007) 

PD − 0.262 
(0.396) 

− 1.815 (0.034) − 0.463 
(0.321) 

− 2.696 (0.003) 

IND 0.331 (0.630) − 6.551 (0.000) − 0.815 
(0.207) 

− 3.887 (0.000) 

TRD − 1.173 
(0.120) 

− 9.691 (0.000) − 0.012 
(0.495) 

− 7.804 (0.000) 

GAS 0.416 (0.661) − 4.980 (0.000) − 0.763 
(0.222) 

− 3.783 (0.000) 

REN 4.309 (0.999) − 6.688 (0.000) 1.827 (0.966) − 6.487 (0.000) 

Note: See Table 3. 

Table 6 
Cointegration results.  

Test Statistic Model 1 Model 2 Model 3 Model 4 Model 5 

Pedroni Modified Phillips-Perron 0.175 (0.430) 1.3162 (0.094) 1.411 (0.079) 1.298 (0.097) 1.317 (0.093) 
Phillips-Perron − 4.411 (0.000) − 4.618 (0.000) − 3.988 (0.000) − 4.443 (0.000) − 4.245 (0.000) 
Modified Dickey-Fuller − 4.752 (0.000) − 4.867 (0.000) − 4.189 (0.000) − 5.061 (0.000) − 4.783 (0.000) 

Westerlund Variance Ratio − 3.244 (0.000) − 2.781 (0.000) − 2.830 (0.002) − 2.903 (0.001) − 2.909 (0.001) 

Note: See Table 3. 

Table 7 
ARDL estimation results.  

Variables Model 1 Model 2 Model 3 Model 4 Model 5 

GDP 14.182 
(0.000) 

8.218 
(0.000) 

12.794 
(0.000) 

11.863 
(0.000) 

7.561 
(0.000) 

GDP2 − 0.788 
(0.000) 

− 0.440 
(0.000) 

− 0.734 
(0.000) 

− 0.643 
(0.000) 

− 0.377 
(0.000) 

PD 2.218 
(0.000) 

4.564 
(0.000) 

2.818 
(0.000) 

0.474 
(0.021) 

3.616 
(0.000) 

IND – 0.306 
(0.000) 

– – – 

TRD – – 0.316 
(0.000) 

– – 

GAS – – – − 0.452 
(0.000) 

– 

REN – – – – − 0.070 
(0.000) 

ECT − 0.299 
(0.000) 

− 0.400 
(0.000) 

− 0.293 
(0.000) 

− 0.347 
(0.000) 

− 0.358 
(0.000) 

Turning 
Point 

8092 11,368 6095 10,137 22,629 

Note: See Table 3. 
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limited. For example, Lin and Raza [83] found that coal consumption in 
Pakistan is widespread due to the expansion of the economy. Tang et al. 
[45] proved that economic development spurs coal utilization, while 
Raza and Lin [43] uncovered that increasing economic activities can 
boost coal demand. 

Rare studies have found that there is an inverted U-shaped rela
tionship between coal and income, such as EKC, and described this 
relationship as the CKC. Hao et al. [22] supported the validity of CKC for 
China. Kurniawan and Managi [53] verified the CKC for Indonesia. Qiao 
et al. [23] validated the CKC for 30 provinces in China. Tran et al. [84] 
confirmed an inverted U-shaped link between coal and income in Viet
nam. The results of the present study confirm the validity of the CKC for 
the top 21 coal-consumer countries. Previous literature has generally 
analyzed the CKC for one country. For the countries that consume the 
most coal in the world, it is essential to minimize their overall coal 
consumption in order to achieve net zero targets. In this context, the 
validity of CKC shows that these countries need to increase their envi
ronmental investments by channeling their income gains into technol
ogies that reduce coal consumption (e.g. increasing energy efficiency). 

Population density is a factor that increases coal consumption. Re
gions with increasing population density require more energy, and these 
regions increase their coal consumption in the first phase of develop
ment. Population density is a factor that produces more coal for heating 
and for use in the industrial sector, thus releasing CO2. This finding is 
consistent with Chen et al. [85]. It is also known that there is a close 
relationship between the industrial sector and coal demand. Udi et al. 
[54] noted that there is a unidirectional causality from industrialization 
to coal demand. Some studies show that industrialization is taking place 
in countries such as Bangladesh [86], China [87], South Korea [88] and 
Argentina [89], which increases CO2 emissions in these developing 
countries. 

The findings of the current study support this: Coal is called the king 
of the Industrial Revolution, but it is not part of the modern economy. 
The air pollution caused by coal utilization can ultimately be a barrier to 
economic growth [90]. Therefore, it is necessary for the top coal coun
tries to change their energy mix for sustainable development. However, 
a reduction in coal consumption is possible either by increasing energy 
efficiency or by using substitute energy sources. In order to analyze this 
situation, the CO2-reducing effects of natural gas and renewable en
ergies are examined for the top coal consumer countries. 

The results show that natural gas and renewable energies help to 
reduce coal demand in the countries with the highest coal consumption. 
The results on the role of renewables in mitigating CO2 by reducing 
possible ecologically harmful energy utilization can be found in Fareed 
et al. [91], Erdogan et al. [92], and Karlilar et al. [93]. Although natural 
gas is sometimes considered as ecologically harmful as other hydrocar
bon sources, such as coal and oil, it has been shown that whether natural 

gas can be harmful to ecology depends on the combustion technique. 
Therefore, natural gas is considered an excellent alternative to pollutant 
power sources, such as coal, as it emits fewer GHGs [94]. 

Mohammad et al. [95] emphasize that natural gas is the best source 
for substituting coal during the transition to renewables due to its 
competitiveness with coal. It can also be easily integrated into the 
renewable energy ecosystem. It is well known that renewable energy 
will become more affordable as technological innovation in renewable 
technologies advances. Therefore, natural gas can be a strong support 
for technological advances. However, it should be noted that a perma
nent alternative and long-term solution to reduce coal dependency and 
achieve decarbonization in the sample countries could be achieved 
through the diffusion of renewable energy [92], which is crucial for 
tackling climate change and achieving climate goals, such as the SDGs 
and the NZE. The results of the analysis show that natural gas can 
contribute more to reducing coal consumption than renewables. The 
main reason for this is probably that natural gas is an excellent alter
native to coal for heating purposes. In contrast to Martins et al. [96], the 
role of natural gas in supporting carbon neutrality by reducing coal 
demand is consistent with the results of Dong et al. [97]. 

Policy options arising from these findings include increasing natural 
gas investment in top coal consumer countries, encouraging households 
to heat with natural gas, and supporting businesses that use natural gas 
through tax exemptions such as the alternative fuel excise tax credit. It is 
possible that the top coal consumer countries will reap the benefits of 
CKC and provide a better environment for their societies through the 
expansion of natural gas. 

6. Conclusion and policy recommendations 

6.1. Conclusion 

The global economic system is at a critical juncture when it comes to 
combating climate change and improving environmental sustainability 
worldwide. In this context, shifting the energy mix by reducing depen
dence on fossil fuels and utilizing clean energy sources is seen as an 
effective way to combat climate change. To this end, policymakers are 
paying particular attention to reducing coal consumption. Coal has 
fueled the global economy for decades, but cannot be considered part of 
sustainable development as it is one of the most polluting fossil fuels. It 
is sometimes assumed that the use of high-quality coal can increase 
energy efficiency, which, in turn reduces coal use and GHGs concen
tration. However, in some cases, not even the quality of coal plays a 
significant role in ensuring energy efficiency [98], which is important 
for reducing resource utilization. Therefore, reducing coal dependency 
has become a significant task for policymakers in terms of sustainable 
development. 

Table 8 
FMOLS and DOLS estimations for robustness check.  

Variables Model 1 Model 2 Model 3 Model 4 Model 5 

FMOLS DOLS FMOLS DOLS FMOLS DOLS FMOLS DOLS FMOLS DOLS 

GDP 37.413 
(0.000) 

5.876 
(0.004) 

39.065 
(0.000) 

7.998 
(0.000) 

6.001 
(0.000) 

8.451 
(0.000) 

21.573 
(0.000) 

6.989 
(0.000) 

38.874 
(0.000) 

4.444 
(0.000) 

GDP2 − 1.653 
(0.000) 

− 0.289 
(0.017) 

− 1.724 
(0.000) 

− 0.448 
(0.000) 

− 0.327 
(0.000) 

− 0.479 
(0.000) 

− 0.823 
(0.013) 

− 0.343 
(0.000) 

− 1.736 
(0.000) 

− 0.218 
(0.000) 

PD − 0.214 
(0.601) 

2.377 
(0.057) 

1.075 
(0.014) 

0.769 
(0.017) 

1.116 
(0.000) 

0.599 
(0.017) 

− 0.290 
(0.468) 

5.1821 
(0.000) 

0.817 
(0.028) 

2.166 
(0.004) 

IND –  0.484 
(0.000) 

0.852 
(0.000) 

– – – – – – 

TRD –  –  − 0.294 
(0.000) 

0.064 
(0.035) 

– – – – 

GAS –  –  – – − 0.505 
(0.000) 

− 0.089 
(0.000) 

– – 

REN –  –  – – – – − 0.191 
(0.000) 

− 0.057 
(0.033) 

Note: See Table 3. 
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To find out where coal-dependent countries stand on cutting coal 
dependence, this study examines the validity of the CKC hypothesis in 
the 21 largest coal-consuming countries, taking into account the impact 
of trade, population density, natural gas, renewables, and industriali
zation on coal consumption. The study uses various panel cointegration 
tests and panel ARDL, FMOLS, and DOLS estimators, as there is no CD in 
the panel data. The results of the study show that CKC is valid; popu
lation density and industrialization increase coal consumption, while 
natural gas and renewables are substitutes that reduce the consumption 
of dirty energy. 

6.2. Policy recommendations 

The validity of CKC shows that the top coal consumer countries can 
switch to alternative and clean energy sources as their income levels 
rise. It is expected that an increasing economic development process will 
help the countries on the upward trend of the CKC to cut their coal 
dependence as long as economic development increases. However, the 
countries in the downward trend of the CKC should prohibit the increase 
of coal demand and reduce the current utilization level to transform the 
energy mix. How coal should be substituted is a significant policy 
question for policymakers. In this context, empirical evidence shows 
that renewables and natural gas are two good alternatives. 

According to the results of the analysis, natural gas is more capable of 
reducing dependence on coal than renewables. For this reason, the top 
coal consumer countries may consider using more natural gas in the 
short term to ensure energy security and drive economic activity, while 
increasing the share of renewable energy utilization in the overall en
ergy mix. To ensure a cleaner energy mix, renewables that are cleaner 
than natural gas, should be the ultimate goal. To this end, policymakers 
should prioritize the promotion of green energy investments in both 
public and private investments. 

In addition, leading coal countries should minimize the negative 
impact of industrialization and population density on coal consumption 
through green urban planning and a green transformation in the in
dustrial sector. Thus, achieving carbon neutrality and NZE for 2050 will 
be easier to achieve thanks to the reduction of carbon-intensive energy 
in the countries with the highest coal consumption. In this context, the 
top coal-consuming countries should provide more funding and tax 
breaks to producers and utilities to finance natural gas and invest in 
renewable energy. To achieve a more eco-friendlier trade mix in the top 
coal-dependent countries, policymakers could also consider expanding 
environmental taxes on trade to reduce the share of polluting goods and 
internalize the negative externalities of trade on environmental quality. 

6.3. Limitation and future research 

The study has some research limitations. First, the study analyzes a 
panel data sample that includes a mix of developed and developing 
countries. Future studies may analyze the validity of CKC in developed 
and developing top coal countries separately. The second limitation of 
the study is that it considers aggregated renewables and natural gas as 
clean energy. Future studies can analyze the impact of nuclear, solar, 
wind, and biomass on coal displacement separately. The third limitation 
of the study is related to the method, as the analysis only considers the 
characteristics of the time domain. In the future, researchers could also 
analyze the validity of CKC using frequency domain modeling. Finally, 
in the future, researchers could also analyze the environmental impact 
of the service sector as a determinant of CKC. In this way, more detailed 
information can be obtained on minimizing coal consumption. 
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