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Abstract
Carbon dioxide (CO2) emissions entail a key component of greenhouse gases (GHGs) and 
are crucial for global warming and climate change issues. Although the environmental 
Kuznets curve (EKC) pattern of the emissions–income nexus has intrigued many research-
ers for a long time, few studies cover a wide range of economic sectors and a large number 
of countries, which calls for the re-investigation of sector-wise EKC arguments. Thereby, 
we investigate the long-run equilibrium relationship between CO2 emissions and per cap-
ita income in a panel of 86 developing and developed countries for the period from 1990 
through 2015. Our findings show that the EKC holds for three sectors: the electricity and 
heat production sector, the commercial and public services sector, and the other energy 
industry own use sector with the turning points of approximately 21,000 USD, 3000 USD, 
and 5000 USD, respectively. Additionally, emissions decrease monotonically for the manu-
facturing industries and construction sector, the residential sector, and the agriculture, for-
estry, and fishing sector, whereas they increase monotonically with the development of the 
transport sector. Policymakers should consider adopting sector-specific environmental pol-
icies based on each sector’s unique income–emission relationship, to mitigate CO2 emis-
sions effectively, and attain sustainable economic growth.
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1  Introduction

Since the pioneering work of Grossman & Krueger (1991), many studies have evalu-
ated the environmental Kuznets curve (EKC) hypothesis to investigate the relationship 
between economic development and emissions (Alola & Ozturk, 2021; Baloch et al., 2021; 
Sarkodie & Ozturk, 2020). However, a crucial issue is, the emission–income relationship 
can differ across economic sectors. From the perspective of carbon dioxide (CO2) emission 
dynamics, each economic sector has different features, depending on its energy require-
ments, variety of available energy resources, technological advancement, economies of 
scale, and governmental policies. Such diversified features cause different sectors to fol-
low different paths of the structural transformation of energy dynamics during economic 
development, which could result in different patterns of the emissions–income relationship, 
across economic sectors. For example, the transportation sector experiences a surge in the 
movement of people and products, owing to globalization (Sharif et al., 2020); the residen-
tial sector experiences energy ladder patterns in the sense that households shift from dirty 
traditional fuels to clean modern fuels as their income level rises (Hosier & Dowd, 1987; 
Leach, 1992). Although some studies examine the sectoral emissions–income nexus while 
focusing on a specific sector, such as the manufacturing, transportation, and residential sec-
tors, and on a specific country, region, or group of countries (Congregado et  al., 2016; 
Raza et al., 2020; Wang et al., 2017; Zhang et al., 2019b), comprehensive studies on a wide 
range of economic sectors and countries are still scarce. This study attempts to fill this gap 
by examining the validity of the EKC argument in seven economic sectors, over 86 devel-
oped and developing countries.

Today, economies rely on fossil fuel energy, such as coal, oil, and natural gas signifi-
cantly. This is one of the critical causal factors of higher carbon dioxide (CO2) emissions in 
the atmosphere and global warming. The World Bank estimates that per capita CO2 emis-
sions had accelerated from 1.5 metric tons in 1980 to 7.5 metric tons in 2014. Moreover, 
the Intergovernmental Panel on Climate Change’s (IPCC) Special Report (2019) empha-
sizes that the global temperature will reach 1.5 °C above pre-industrial levels by 2040 if the 
uncontrolled emissions of global greenhouse gas continue, emphasizing the threat of envi-
ronmental issues. Currently, many countries are the parties of the 2016 Paris Agreement to 
limit global warming well below 2 °C, which has shed light on the importance of curbing 
CO2 emissions at the global level. Moreover, as we strive for “achieving universal access 
to economic, safe and modern energy services by 2030” as stipulated in the Sustainable 
Development Goals (SDGs), reduction in CO2 emissions through transitioning to cleaner 
renewable energy sources, such as hydropower, solar, wind, and geothermal, has become 
an utmost priority for policymakers.

Many studies have found an association between CO2 emissions and income level 
(Apergis & Ozturk, 2015; Boutabba, 2014; Ganda, 2019; Jalil & Feridun, 2011; Kais & 
Sami, 2016; Ozturk & Acaravci, 2013; Shahbaz et al., 2019). These studies generally pro-
vide evidence of an inverted U-shape relationship, the environmental Kuznets curve (EKC) 
hypothesis, in which CO2 emissions increase with an increase in the income level until 
reaching a threshold level, and decline as the income level continues to surge beyond the 
threshold level. Most studies focus on the aggregate country-level of CO2 emissions. How-
ever, studies have not examined the income–emissions relationship at the sectoral level 
sufficiently.

Countries are likely to undergo economic and industrial structural changes as they 
develop, thereby some sectors expand, whereas others shrink. Additionally, each sector 
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has unique characteristics regarding energy mix, energy intensity, energy alternatives, and 
technologies. For example, households in the residential sector switch their energy con-
sumption from dirtier (e.g., firewood, charcoal, and bio-wastes) to clean sources (e.g., gas, 
electricity, and solar) as they achieve higher income levels (Leach, 1992; Saatkamp et al., 
2000). The electricity and heat production sector is considered to transform from conven-
tional non-renewable energy sources (e.g., coal, gas, and oil) to renewable energy sources 
(e.g., hydropower, nuclear power, and wind power) with the attainment of a higher income 
level (Wang et al., 2017). Such sectoral heterogeneity suggests that different sectors may 
have different patterns in the income–emissions relationship. This motivates us to inves-
tigate the sectoral income–emissions relationship in both developed and developing coun-
tries, which will help us implement a uniquely designed environmental regulatory frame-
work for each sector to address environmental quality issues effectively.

Some empirical studies focus on sector-wise CO2 emissions. However, their coverage is 
generally limited to specific sectors, countries, or groups of countries. Among these stud-
ies, some examined the income–emissions relationship for specific sectors (Hashmi et al., 
2020, for the service sector; Zhang et al., 2019b, for the manufacturing and construction 
sector; Anser et  al., 2020, for the residential sector), for specific countries (Wang et  al., 
2017, for China; Aslan et al., 2018, for the USA; Gokmenoglu & Taspinar, 2018, for Paki-
stan; Prastiyo et al., 2020, for Indonesia), and a specific group of countries (Pablo-Romero 
& Sánchez-Braza, 2017, for the European Union; Raza et al., 2020, for 16 emerging coun-
tries; Murshed et  al., 2020, for the Organization of the Petroleum Exporting Countries 
(OPEC) countries). In contrast, our study investigates the income–emissions relationship 
by covering a wide range of sectors and numerous developed and developing countries. In 
this respect, our study explores the prominent features of the diversity of sectoral emissions 
and reveals distinct income–emission patterns in multiple economic sectors, which is a 
novel contribution to the existing literature in the context of environment and development 
studies. Following the classification of the International Energy Agency (IEA), we con-
sider CO2 emissions for seven economic sectors1: (i) electricity and heat production, (ii) 
manufacturing industries and construction, (iii) residential, (iv) transport, (v) agriculture, 
forestry, and fishing; (vi) commercial and public services; and (vii) other energy industry 
own use. We use panel data from 86 developed and developing countries from 1990 to 
2015. Our analysis allows us to evaluate whether the EKC hypothesis holds for each sector 
comprehensively.

We examine the long-run income–emissions relationship with their short-run dynam-
ics using a panel autoregressive distributed lag (ARDL) model proposed by Pesaran et al. 
(1999). Our analysis shows clear differences in the income–emissions relationship across 
sectors. The EKC hypothesis holds for three sectors (electricity and heat production, com-
mercial and public services, and other energy industry own use). Regarding these three 
sectors, at the early stage of development, sector-wise CO2 emissions increase with an 
increase in income level. Once the income level reaches a threshold level, sector-wise CO2 
emissions start declining. The results also show that as the income level increases, the 
commercial and public services sector first reaches its threshold income level, followed 
by the other energy industry own use sector and the electricity and heat production sector. 
In contrast, our study does not observe EKC patterns for the other four sectors (manufac-
turing industries and construction, residential, transport, agriculture, forestry, and fishing. 

1  For the details, see International Energy Agency (2021).
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Sector-wise CO2 emissions are negatively linked with the income level of the manufactur-
ing industries and construction sector, the residential sector, and the agriculture, forestry, 
and fishing sector. However, these are positively associated with the income level in the 
transport sector. Several sensitivity tests were performed to confirm the consistency of the 
main results.

These findings make some key contributions to the design and implementation of envi-
ronmental policies. First, developing countries should focus more on the sectors in which 
the EKC hypothesis holds (electricity and heat production, commercial and public ser-
vices, and other energy industry own use) to mitigate the environmental degradation asso-
ciated with economic progress. Second, both developed and developing countries could 
benefit from expediting the pace of emissions reduction in sectors where the emissions are 
negatively linked with the income level (manufacturing industries and construction, resi-
dential, agriculture, forestry, and fishing) by implementing appropriate policy measures. 
Third, both developed and developing countries should prioritize the transport sector in 
their national plans and programs to improve environmental quality, as this sector is vul-
nerable to the increase in emissions as their economies develop.

The rest of the paper is organized as follows. Section 2 comprises the literature review. 
Section 3 describes the empirical analysis, which encompasses data and model specifica-
tions. Section 4 presents the empirical results and related discussions. Section 5 concludes 
the study and provides policy suggestions.

2 � Literature review

2.1 � The environmental Kuznets curve hypothesis

The environmental Kuznets curve (EKC) is the hypothesized association between eco-
nomic development and environmental degradation. EKC is named after Kuznets (1955), 
who first conceptualized the bell-shaped relationship between income inequality and eco-
nomic development. The EKC concept emerges following Grossman & Krueger’s (1991) 
study, which shows that the relationship between pollution and economic growth resembles 
an inverted U-shaped curve. Environmental degradation and pollution increase in the early 
stages of economic development. However, they subside with further economic growth 
after reaching a certain income level.

Grossman (1995) presented three possible channels for a bell-shaped EKC pat-
tern: the scale effect, composition effect, and technique effect. First, at the early stage 
of development, a country experiences a scale effect in which the pollution level rises 
along with increased economic activities. At this stage, environmental quality contin-
ues to deteriorate as policymakers overlook environmental issues, and people have a 
greater tolerance for pollution. Second, as the country enters a more advanced stage of 
development, the economy undergoes a structural transformation from dirtier to cleaner 
economic activities, including the movement of resources from the polluting industrial 
sector to the cleaner service sector as well as the establishment of cleaner industries, 
which is considered the composition effect. Third, technological progress accelerates 
at the final stage of economic development as governments implement environment-
saving policies, and citizens demand a healthier and cleaner environment, resulting in 
a lower level of environmental degradation under the technique effect. Many empiri-
cal studies support the concept of nonlinear relationships (Chen et al., 2019, for China; 
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Usman et al., 2019, for India; Sun et al., 2020, for the Organization for Economic Coop-
eration and Development (OECD) region and Belt and Road region; Churchill et  al., 
2020, for Australian states and territories; Alola & Ozturk, 2021, for the USA; Baloch 
et  al., 2021, for the OECD countries; Sarkodie & Ozturk, 2020, for Kenya). Some 
studies extend the EKC concept even further by incorporating other macroeconomic 
variables, such as industrial structure and urbanization. For example, Wang & Wang 
(2021a) investigated the nonlinear effects of population aging on CO2 emissions in 137 
countries by employing a panel threshold regression (PTR) model, and indicated that 
the associations between industrial structure and CO2 emissions with the increase in 
population aging are positive, negative, and have an inverted U-shaped in high-income, 
upper-middle-income, and low-income countries, respectively. Additionally, following 
the increase in population aging, the associations between urbanization and CO2 emis-
sions in high-income countries have an inverted U-shape, whereas the associations in 
the upper-middle, lower-middle, and low-income groups are nonlinear and positive.

Although many empirical studies support the EKC hypothesis, they have often been 
criticized for various issues (Kaika & Zervas, 2013). First, the assumption of a normal dis-
tribution of world income level in the EKC hypothesis has been criticized as it may result 
in an inaccurate estimate of the turning point for the EKC. This is attributed to the fact that 
a significantly larger number of people are below the world’s mean income level, which 
causes world income distribution to be highly skewed (Stern et al., 1996; Stern, 2004a). 
Second, it is often argued that developing countries cannot reduce pollutant emissions at 
a later stage of development compared with what developed countries had achieved in the 
past. This is attributed to the fact that developed countries take advantage of developing 
countries with less strict regulations by relocating their domestic pollution-intensive indus-
tries to developing countries, and the developing countries are not in a position to out-
source their pollution-intensive industries to other countries any further (Cole, 2004; Stern 
et al., 1996). Third, even if developed countries reduce production-based pollution through 
technological advancement and structural changes, their consumption remains pollution-
intensive (Wagner, 2010). Therefore, the overall effect may cause higher environmental 
degradation, which the EKC hypothesis may not reflect (Kaika & Zervas, 2013). Fourth, 
some empirical studies claim that the EKC hypothesis does not hold for pollutants that 
have long-term effects on human health and the quality of life and a comparatively high 
abatement cost (Arrow et al., 1995; Dinda, 2004). Finally, several studies criticize the pre-
vious empirical findings related to the EKC hypothesis for the limited coverage and poor 
quality of data (Stern et  al., 1996), assuming that every country would follow a similar 
EKC pattern in the panel data, ignoring the heterogeneity of countries in nature (De Bruyn 
et al., 1998), omitted variable bias (Stern, 2004b), problems of using a mixture of station-
ary and non-stationary series leading to misleading inferences in panel unit root tests (Lee 
& Lee, 2009), and the assumption of unidirectional causality running from income to envi-
ronmental quality (Arrow et al., 1995; Stern et al., 1996).

Several related studies do not provide clear evidence of the EKC hypothesis. For exam-
ple, Zoundi (2017) investigated 25 selected African countries over the period from 1980 
through 2012, and showed that the EKC hypothesis does not hold. Using data that spanned 
from 1857 to 2007, Esteve & Tamarit (2012) failed to observe the EKC relationship 
between per capita CO2 and per capita income for the Spanish economy. Some studies also 
verify different shapes of the nonlinear relationship between income and CO2 emissions, 
such as N- and U-shaped relationships (e.g., an N-shaped EKC by Lorente & Álvarez-Her-
ranz, 2016, for 17 OECD countries; Bekun et al., 2021a, for 10 sub-Saharan African coun-
tries; a U-shaped EKC by Ozcan, 2013, for 12 Middle East countries), and argue that the 
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income–emissions relationship may be more complicated than what the EKC hypothesis 
assumes.

Existing related studies also discuss the role of other macroeconomic indicators, such 
as trade openness, energy consumption, renewable energy, and urbanization, in relation 
to CO2 emissions in various regions and countries. For example, Adedoyin et al. (2021a) 
showed that sustainable and alternative energy are negatively associated with CO2 emis-
sions, while trade openness and income are positively associated with CO2 emissions in 
27 European Union countries. Nathaniel et al. (2021) found that CO2 emissions are posi-
tively related to urbanization, natural resources, economic growth, and globalization, while 
human capital is negatively related to CO2 emissions in 18 Latin American and Carib-
bean countries. Several studies also showed that CO2 emissions are negatively associated 
with economic growth, trade openness, and economic policy uncertainty (Adedoyin et al., 
2021b; Udemba et al., 2021; Wada et al., 2021).

2.2 � Sector‑wise CO2 emissions and the income level

Recently, in the wake of climate change issues, studies on the EKC hypothesis for the 
income–pollution nexus in different economic sectors have received attention. Most of 
these studies provide evidence of the EKC hypothesis for sectoral CO2 emissions. For 
example, Congregado et al. (2016) investigated the existence of the EKC hypothesis for the 
income–pollution nexus in five economic sectors (commercial, electrical, industrial, resi-
dential, and transport sectors) in the USA, by applying the dynamic ordinary least squares 
(DOLS) method with structural breaks for the period from 1973Q1 to 2015Q2, and proved 
that the EKC holds in all sectors except the industrial sector. Using panel data and panel 
fixed effects regression, Wang et al. (2017) examined the relationship between economic 
growth and industrial CO2 emissions in three sectors, including the mining, manufacturing, 
electricity, and heat production sectors in China spanning from 2000 through 2013, and 
found evidence of the EKC hypothesis in the electricity and heat production sector. Zhang 
et  al. (2019b) examined the nexus between income and CO2 emissions in the manufac-
turing and construction industry sector of 121 countries throughout 1960–2014, using the 
panel fixed effects estimation and confirmed that the EKC hypothesis can be validated in 
95 out of 121 countries, during the stated study period. Employing fully modified ordinary 
least squares (FMOLS) for the panel data of 16 emerging economies, Raza et al. (2020) 
found the validity of the EKC hypothesis in the residential sector.

Among related studies on sector-wise CO2 emissions, some fail to provide evidence of 
the EKC hypothesis, while others observe various shapes of the nonlinear income–emis-
sions relationship. For example, Fujii & Managi (2013) identified the N-shaped pattern 
between income level and CO2 emissions in nine industries in the OECD from 1970 to 
2005, using a panel regression analysis. Moutinho et  al. (2020) confirmed the U-shaped 
relationship between economic development and sectoral CO2 emissions in three sectors 
(agriculture, forestry, and fisheries; construction; remaining activities) out of seven sectors 
of 12 oil-producing and exporting countries (OPEC) from 1992 to 2015, using the panel-
corrected standard error (PCSE) model. Erdoğan et al. (2020) could not prove the existence 
of the EKC hypothesis in the energy, transport, and other sectors of 14 G20 countries dur-
ing the period from 1991 to 2017.

Although many studies examine the linkage between sector-wise CO2 emissions and 
income level, the scope of their studies is limited to a specific sector, country, or group 
of countries. To the best of our knowledge, this study is the first to examine the existence 
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of the EKC pattern of the income–emissions relationships, incorporating both developed 
and developing countries, and covering a comprehensive range of economic sectors. By 
addressing the distinguished features of sectoral heterogeneity representing different 
income–emission nexuses in multiple economic sectors, our study could make a valuable 
contribution to the existing literature in the context of environment and development stud-
ies. Furthermore, evaluating the presence of the EKC pattern for each sector enables envi-
ronmental regulators to plan and implement effective environmental policies to mitigate 
pollution issues in different economic sectors.

3 � Methodology and data

3.1 � Data

This study employs yearly panel data from 86 developing and developed countries from 
1990 to 2015.2 Table  1 presents a list of the sample countries. We use the database of 
the International Energy Agency (IEA) on CO2 emissions from fuel combustion to obtain 
sector-wise CO2 emissions. Our study analyzes the total CO2 emissions and seven sectors 
(components) of (i) electricity and heat production; (ii) manufacturing industries and con-
struction; (iii) residential; (iv) transport; (v) commercial and public services; (vi) agricul-
ture, forestry, and fishing; and (vii) other energy industry own use3 (International Energy 
Agency, 2021) to ascertain the relationships between sector-wise CO2 emissions and per 
capita income level. We use the World Development Indicators (WDI) of the World Bank 
to acquire other variables such as per capita GDP, total final energy consumption, and total 
renewable energy share.

Table 2 presents the descriptive statistics of the variables used in the analysis. Regard-
ing sector-wise CO2 emissions, the electricity and heat production sector produces the larg-
est share of CO2 emissions on average, followed by the transport sector. The other energy 
industry own use sector produces the smallest share of CO2 emissions. Table 3 presents the 
correlation matrix of the variables. As expected, CO2 emissions positively correlate with 
the total energy consumption and negatively correlate with renewable energy share. Addi-
tionally, CO2 emissions are positively correlated with income levels.

3.2 � Model specification

This study aims to investigate the nonlinear relationship between income level and sector-
wise CO2 emissions. To identify the relationships, we consider the following model speci-
fications for each sector4:

2  Owing to data unavailability, the coverage of the commercial and public services sector, the agriculture, 
forestry, and fishing sector, and the other energy industry own use sector is 57, 60, and 61 countries, respec-
tively.
3  It is worth noting that other energy industry own use sector contains emissions from fuel combusted in oil 
refineries, for the manufacture of solid fuels, coal mining, oil and gas extraction and other energy-producing 
industries. Any CO2 emissions from the use of electricity or heat generation are included in the electricity 
and heat production sector. The manufacturing industries and construction sector comprise CO2 emissions 
from the combustion of fuels in the industry only.
4  Additionally, we estimate the linear model specification.
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Table 1   Sample countries Developed countries Developing countries

Australia Algeria
Austria Bangladesh
Bahamas, The Bolivia
Barbados Botswana
Belgium Brazil
Canada Bulgaria
Chile Burkina Faso
Cyprus Burundi
Denmark Cameroon
Finland China
France Colombia
Germany Costa Rica
Greece Cote d’Ivoire
Hong Kong SAR, China Dominica
Iceland Dominican Republic
Ireland Ecuador
Italy Egypt, Arab Rep
Japan El Salvador
Korea, Rep Eswatini
Luxembourg Ethiopia
Macao SAR, China Fiji
Mauritius Gabon
Netherlands Guatemala
New Zealand Haiti
Norway Honduras
Panama India
Poland Indonesia
Portugal Jamaica
Romania Jordan
Saudi Arabia Kenya
Singapore Malawi
Slovenia Malaysia
Spain Mauritania
Sweden Mexico
Switzerland Morocco
UK Nigeria
USA Pakistan
Uruguay Peru

Philippines
Senegal
South Africa
Sri Lanka
Sudan
Tanzania
Thailand
Tunisia
Turkey
Zambia
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where lnCO2it is the log of sector-wise CO2 emissions (kt of CO2) in country i in year t , 
lnYit is the log of the income level, Xk,it ’s are other control variables expected to relate to 
CO2 emissions, and uit is the error term. The design of the empirical model specification 

(1)ln CO2it = �0 + �1 lnYit + �2
(

lnYit
)2

+

∑

k

�kXk,it + uit

Table 2   Descriptive statistics

Variable Countries Obs Mean Max Min Std. Dev

CO2 emissions (kt)
 Total 86 2236 237,337 9,188,381 61 833,923
 Electricity and heat production 86 2236 97,000 4,347,398 3 371,606
 Manufacturing industries and 

construction
86 2236 46,340 3,038,400 3 212,458

 Residential 86 2236 16,956 385,853 6 49,981
 Transport 86 2236 51,384 1,807,722 39 184,240
 Agriculture/Forestry/Fishing 60 1482 5,751 114,706 3 13,461
 Commercial and public services 57 1560 11,009 234,242 3 32,123
 Other energy industry own use 61 1586 17,754 395,550 2 44,814

GDP per capita Y 86 2236 16,881 111,968 164 20,322
Total final energy consumption TFEC 86 2236 2,644,432 73,183,147 823 7,928,592
Renewable energy share in total REC 86 2236 0.32 0.98 0.00 0.28
Total natural resource rent (% of 

GDP)
TNRR 86 2236 4.56 55.34 0.00 7.68

Trade openness (trade as % of 
GDP)

TRADE 86 2236 60.67 621.38 2.56 60.84

Table 3   Correlation matrix

The sectoral CO2 emissions, Y, and TFEC are expressed in the logarithmic form

Y TFEC REC TNRR TRADE

Y 1.00
TFEC 0.23 1.00
REC − 0.68 − 0.22 1.00
TNRR − 0.31 0.01 0.31 1.00
TRADE 0.52 -0.08 − 0.37 − 0.20 1.00
CO2 emissions (kt)
 Total 0.42 0.93 − 0.52 − 0.12 0.05
 Electricity and heat production 0.41 0.80 − 0.63 − 0.18 0.08
 Manufacturing industries and construction 0.37 0.93 − 0.47 − 0.09 0.00
 Residential 0.34 0.91 − 0.47 − 0.13 − 0.05
 Transport 0.40 0.95 − 0.45 − 0.09 0.00
 Agriculture/forestry/fishing 0.49 0.83 − 0.52 − 0.26 0.04
 Commercial and public services 0.35 0.80 − 0.46 − 0.28 − 0.03
 Other energy industry own use 0.36 0.87 − 0.44 − 0.01 0.05
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and the selection of explanatory variables are based on the existing literature (Ganda, 
2019; Liu et al., 2017; Sugiawan & Managi, 2016; Zoundi, 2017). The quadratic specifica-
tion of income level is extensively used in research related to the EKC hypothesis of the 
income–emissions relationship. The quadratic model specification captures the nonlinear 
linkage between sector-wise CO2 emissions and per capita income level. This study uses 
real GDP per capita as a measure of a country’s income level. Additionally, we incorporate 
the log of the total final energy consumption (terajoules) and the share of renewable energy 
in the total final energy consumption for other control variables into the model.

We employ a panel ARDL model to estimate the short- and long-run dynamics of the 
relationship between income level and CO2 emissions. The panel ARDL model is more 
advantageous than other dynamic panel models, such as the fixed effects and the gener-
alized methods of moment (GMM) estimators introduced by Anderson & Hsiao (1981, 
1982), Arellano (1989), and Arellano & Bover (1995). It can be used to investigate a 
long-run relationship regardless of whether the variables are stationary at the level, at 
the first difference, or an integration of both (Pesaran et  al., 2001). Furthermore, the 
ARDL estimates are unbiased, despite some regressors being endogenous (Harris & 
Sollis, 2003; Jalil & Ma, 2008). Additionally, the ARDL model is reliable for small 
samples (Haug, 2002).

To estimate the short-run and long-run associations between income level and CO2 
emissions, this study considers a panel ARDL model for Eq. (1), which takes the following 
error correction form:

 where Δ is the difference operator, ln CO2it is the log of sector-wise CO2 emissions (kt), Zit 
is the vector of explanatory variables (the log of GDP per capita and its squared value, the 
log of GDP per capita square, the log of total final energy consumption, and renewable 
energy share), ECTit is the error correction term, and �it is the error term. The coefficient 
�i =

�

1 −
∑p

j=1
�ij

�

 on the error correction term captures the speed of convergence to the 
long-run equilibrium. The coefficient of the error correction term must be significantly 
negative (i.e., 𝜑i < 0 ), so that the system converges to the long-run equilibrium. The long-
run coefficient is given by �i = −

∑q

j=0
�ij

�i

 . The coefficients of the short-run dynamics are 
given by �∗

ij
= −

∑p

d=j+1
�i,d and �∗

ij
= −

∑p

d=j+1
�i,d . A panel ARDL model estimation can 

be performed using the mean group (MG) or panel mean group (PMG) estimator (Pesaran 
& Smith, 1995; Pesaran et al., 1999). The MG estimator allows parameters to differ across 
countries, while the PMG estimator imposes a homogeneity restriction on the long-run 
coefficients. However, it allows short-run coefficient and error variances to vary across 
countries. We perform the Hausman test to ascertain whether the MG or PMG estimator is 
appropriate for our panel ARDL model.

(2)Δ ln CO2it = �iECTit +

p−1
∑

j=1

�∗

ij
Δ ln CO2it−j +

q−1
∑

j=0

ΔZit−j�
∗

ij
+ �it

(3)ECTit = lnCO2it−1 − Zitθi
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4 � Results

4.1 � Panel unit root tests

The panel ARDL model requires that all the variables are stationary at the level or the 
first difference (Pesaran et al., 1999, 2001). Previous studies examined the stationarity of 
variables using traditional unit root tests, such as Levin et al. (2002), Breitung (2000), Im 
et  al. (2003), and Hadri (2000). However, these traditional unit root tests assume cross-
sectional error independence in the panel data and are likely to suffer bias and inconsisten-
cies (Banerjee et al., 2004; Phillips & Sul, 2003). Therefore, we need to ascertain whether 
the variables have cross-sectional dependence or independence in testing the stationarity of 
the variables. To verify the presence of cross-section dependence, we apply the cross-sec-
tion dependence (CD) test introduced by Pesaran (2004). It is applicable to various panel 
data models, including stationarity and unit root dynamic heterogeneous panels with short 
periods and large cross-section units. Moreover, it is robust to the presence of unit roots 
and structural breaks. Table 4 presents the results of the CD test statistics, which confirm 
the presence of cross-section dependence for all the variables at the 1% significance level. 
Once all the variables are cross-sectionally dependent, we examine the stationarity of each 
variable using the cross-sectionally augmented IPS (CIPS) test of Pesaran (2007), allowing 
for heterogeneity and cross-sectional dependence. The test is based on an extended version 
of standard augmented Dickey–Fuller (ADF) regressions with the cross-sectional averages 
of lagged levels and first differences of the individual time series. Table 5 shows the CIPS 
test statistics, which confirm that all the variables are stationary at the level or the first dif-
ference at the 1% significance level. This result allows us to proceed with the analysis of 
panel cointegration and ARDL estimation.

Table 4   Cross-section 
dependence test

Null hypothesis: No cross-section dependence (correlation)
***, **, and * denote significance at 1%, 5%, and 10% levels, respec-
tively

Variables Pesaran (2004) 
CD statistics

CO2 emissions
Total 113.06***
Electricity and heat production 90.96***
Manufacturing industries and construction 20.14***
Residential 18.75***
Transport 189.35***
Commercial and public services 8.03***
Agriculture/forestry/fishing 16.79***
Other energy industry own use 28.58***
GDP per capita 216.05***
Total final energy consumption 164.61***
Renewable energy share (% of total) 12.01***
Total natural resource rent (% of GDP) 79.35***
Trade openness (trade as % of GDP) 141.62***
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4.2 � Panel cointegration test

Most studies consider cointegration tests that are based on residual-based cointegration 
tests as proposed by Engle & Granger (1987), Kao (1999), and Pedroni (2004), which 
require the long-run cointegrating vector at levels equal to the short-run adjustment process 
in their differences. This restriction is considered a common-factor restriction. Failure to 
comply with such a restriction results in a loss of power for residual-based cointegration 
tests (Banerjee et al., 1998; Kremers et al., 1992). The loss of power may result in a failure 
to reject the null hypothesis of no-cointegration, even in cases where cointegration is sig-
nificantly suggested by theory (Westerlund, 2007).

Westerlund (2007) developed panel cointegration tests based on structural dynamics 
rather than relying on common-factor restrictions. This cointegration test provides better 
size accuracy and higher power than other residual-based cointegration tests. Westerlund 
(2007) proposed four test statistics: group mean statistics (Gτ and Gα) and panel statistics 
(Pτ and Pα). The group mean statistics are designed to test whether at least one cross sec-
tion is cointegrated. In contrast, the panel statistics are designed to test whether the entire 
panel is cointegrated. The test statistics of the cointegration tests in Table 6 show that the 
Gτ and Pτ statistics (except the agriculture, forestry, and fishing sector) are statistically 
significant, which implies that there is a cointegration or long-run relationship among the 
variables.

Table 5   Unit root tests

Null hypothesis: The series is non-stationary
Note: ***, **, and * denote significance at 1%, 5%, and 10% levels, respectively

Variables Pesaran (2007)

CIPS t-stat (level) CIPS t-stat 
(difference)

CO2 emissions
 Total − 2.01 − 3.46***
 Electricity and heat production − 1.94 − 3.82***
 Manufacturing industries and construction − 2.21** − 3.72***
 Residential − 1.77 − 3.57***
 Transport − 1.90 − 3.03***
 Commercial and public services − 1.66 − 3.77***
 Agriculture/forestry/fishing − 2.34*** − 4.09***
 Other energy industry own use − 2.20** − 3.89***

GDP per capita − 2.26*** − 2.62***
Total final energy consumption − 1.92 − 3.64***
Renewable energy share (% of total) − 1.11 − 3.32***
Total natural resource rent (% of GDP) − 2.70*** -3.64***
Trade openness (trade as % of GDP) − 2 -3.24***
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4.3 � ARDL estimation

After the completion of the stationarity and cointegration tests, we estimate the ARDL 
model. As suggested by Pesaran & Smith (1995) and Pesaran et al. (1999), we perform the 
Hausman test to select the MG or PMG estimator. The Hausman test statistics are insig-
nificant for all sectors, implying that the PMG estimator is preferable to the MG estimator 
(Table 7). Therefore, we adopt the PMG-ARDL model to estimate the income–emissions 
relationship for each sector.

Table 7 presents the long-run and short-run coefficients of the PMG-ARDL models with 
linear and quadratic specifications for the total CO2 emissions and sector-wise CO2 emis-
sions. Regarding the model with total CO2 emissions as the dependent variable, the esti-
mates show that the final energy consumption is positively related to the total CO2 emis-
sions, and renewable energy share is negatively related to the total CO2 emissions. The 
long-run coefficients of the log of real GDP per capita and its square term are significantly 
positive and negative, respectively, confirming the validity of an inverted U-shaped envi-
ronmental Kuznets curve for the income–emissions relationship. CO2 emissions increase 
at the beginning of the development stage of a country and decline after reaching a certain 
threshold income level (also known as the turning or reversal point). The threshold income 
level is approximately 16,000 USD for the total CO2 emissions. Our results for the inverted 
U-shaped income–emission relationship for the total CO2 emissions are consistent with the 
findings of recent studies such as Alola & Ozturk (2021), Baloch et al. (2021), Bekun et al. 
(2021b), and Sarkodie & Ozturk (2020).

More importantly, considering sector-wise CO2 emissions as the dependent variable of 
the ARDL model, we observe the apparent heterogeneity of the income–emissions rela-
tionship across sectors. Based on the estimated long-run coefficients of the log of real GDP 
per capita and its square term, all the sectors can generally be divided into three groups: (i) 
the sectors supporting the EKC hypothesis, (ii) the sectors with a negative income–emis-
sions relationship, and (iii) the sectors with a positive income–emissions relationship. Fig-
ure 1 presents a summary of the main results.

The first group supporting the EKC hypothesis encompasses three sectors: the electric-
ity and heat production sector, the commercial and public services sector, and the other 
energy industry own use sector. In these sectors, the estimated long-run coefficients of 
the log of real GDP per capita and its square term are significantly positive and negative, 
respectively, similar to the case of the total CO2 emissions. Given the large share of CO2 
emissions from the electricity and heat production sector, the nonlinear pattern of the 
income–emissions relationship in the sector could be a source of the EKC pattern for the 
total CO2 emissions. The estimated turning point for the electricity and heat production 
sector is approximately 21,000 USD, which is close to that for the total CO2 emissions. 
Additionally, the estimated threshold income level for the commercial and public services 
sector and the other energy industry own use sector is approximately 3,000 USD and 5,000 
USD, respectively, which are significantly lower than those for the electricity and heat pro-
duction sectors. Regarding the three sectors that exhibit the EKC pattern, sector-wise CO2 
emissions increase at the early stage of the development of a country. However, CO2 emis-
sions peak out first for the commercial and public services sector, then for the other energy 
industry own use sector, and finally for the electricity and heat production sector.

Our results regarding the electricity and heat production sector are consistent with the 
findings of Aslan et al. (2018), showing that the EKC holds in the electrical sector in the 
USA. However, they are in contrast to the findings of Akbar et al. (2021) who showed that 
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the economic growth drives the aggregate demand for energy in the belt and road initiative 
(BRI) countries, resulting in an elevated level of CO2 emissions in the electricity and heat 
production sector. Concerning the commercial and public services sector, our results coin-
cide with the findings of Hashmi et al. (2020) regarding the service sector in Pakistan, and 
those of Azizalrahman and Hasyimi (2019) regarding the commercial sector of upper-mid-
dle-income countries. However, Aslan et al. (2018) failed to confirm the existence of the 
EKC phenomenon in the commercial sector in the USA, implying that the USA is unsuc-
cessful in using environmentally friendly technologies in the commercial sector.

The difference in turning points across sectors may relate to the argument of Grossman 
(1995) that the EKC pattern comes from three channels: scale, composition, and technique 
effects. Compared to the other two sectors, the electricity and heat production sector is 
likely to have a more substantial scale effect owing to the argument that countries at the 
early stages of development focus on increasing electricity demand along with economic 
growth. In contrast, the commercial and public services sector and the other energy indus-
try own use sector tend to experience the composition effect associated with the trans-
formation from dirtier to cleaner economic activities and the technique effect associated 
with the adoption of advanced technology and the clean energy-oriented regulations of 
governments.

The second group, supporting a negative income–emissions relationship, comprises 
three sectors: the manufacturing industries and construction sector, the residential sector, 
and the agriculture, forestry, and fishing sector.5 In these sectors, we observe that sector-
wise CO2 emissions monotonically decline with rising income levels. The negative rela-
tionship generally implies that the composition and technique effects offset the scale effect 
in these sectors. At the early stage of the development of manufacturing industries and 
construction sector, CO2 emissions are relatively high owing to the high dependency on 
inefficient technology and traditional forms of energy sources such as burning wood, char-
coal, and bio-waste. This sector further undergoes a transformation process toward modern 
technology with high energy efficiency as the manufacturing and construction industries 
develop, resulting in a reduction in CO2 emissions. Our results in the manufacturing indus-
tries and construction sector are inconsistent with the findings of previous studies, show-
ing the validity of the EKC hypothesis (Fujii & Managi, 2013, for three industrial sectors, 
including the construction industry in the OECD member countries; Fujii & Managi, 2016, 
for the industrial sector in 39 developing countries; Xu & Lin, 2016 for the manufacturing 
industry in China).

The negative income–emissions relationship in the residential sector can be explained 
by the fuel-switching behavior of households proposed by the ‘energy ladder model’ 
(Hosier & Dowd, 1987; Leach, 1992). According to the energy ladder model, households 
in the residential sector often switch fuels from dirtier to cleaner ones, driven mainly by 
income level and fuel costs (Saatkamp et al., 2000). Our findings are in line with those of 
Ma et al. (2019), in which the transition from coal to electricity in the residential build-
ing sector of China is driven by economic development, resulting in a reduction in CO2 

5  The estimated coefficients of the log of real GDP per capita and its square term are significantly posi-
tive and negative, respectively, for the manufacturing industries and construction sector and the agriculture, 
forestry, and fishing sector. However, the threshold income level is very small, so the income–emissions 
relationship is negative. Additionally, regarding the residential sector, the estimated coefficients of the log 
of real GDP per capita and its square term are significantly negative and positive with the large threshold 
income level, which implies that the income–emissions relationship is negative.
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intensity over the past decade. However, our findings are inconsistent with the findings 
of Anser et al. (2020), which confirm the existence of a U-shaped income–emission rela-
tionship in the residential sector in the South Asian Association for Regional Coopera-
tion (SAARC) member countries. Moreover, the monotonically declining property of CO2 
emissions in the agriculture, forestry, and fishing sector with an increase in the income 
level suggests that the composition and technique effects dominate the scale effect in the 
process of economic development, similar to the case of the manufacturing industries and 
construction sector. Our results regarding the agriculture, forestry, and fishing sector are 
inconsistent with the findings of Zhang et al. (2019a), which showed an inverted U-shape 
income–emissions relationship in the agriculture, forestry, and fishing sector in China’s 
main grain-producing areas, suggesting that the improvement in energy-saving technolo-
gies in this sector will be apparent at a later stage of development.

The transport sector falls under the third group, in which CO2 emissions monotonically 
increase with economic development.6 Although energy efficiency in the transport sector 
improves through composition and technique effects along with economic development, our 
results show a positive income–emissions relationship. This is partly attributed to the argument 
that economic development is generally associated with globalization, and triggers greater 
movements of people and products, including business trips, tourism, and trade of goods and 
services. In this case, the scale effect associated with increased demand for transport services 
dominates the composition and technique effects, causing CO2 emissions to surge along with 
economic development. Our results regarding the transport sector are consistent with the find-
ings of Habib et al. (2021) and Wang and Wang (2021c) in G20 countries and China, respec-
tively. However, our results contrast with the findings of Kharbach & Chfadi (2017) and Godil 
et al. (2020), which show a negative relationship between income and CO2 emissions in the 
transportation sector of the Morocco and US economies, respectively, implying that the trans-
portation systems of these countries are fuel-efficient with clean energy use.

4.4 � Robustness checks

The previous subsection revealed that three sectors follow the EKC patterns of the 
income–emissions relationships, three sectors follow the monotone decreasing pattern, and 
one sector follows the monotone increasing pattern. In this subsection, we validate these 

CO2 emissions

Income
Group 1 supporting the EKC
• Electricity and heat production
• Commercial and public services
• Other energy industry own use

CO2 emissions

Income
Group 2 with a negative income-emissions link
• Manufacturing industries and construction
• Residential
• Agriculture, forestry, and fishing

CO2 emissions

Income
Group 3 with a positive income-emissions link
• Transport

Fig. 1   Results

6  The estimated coefficients of the log of real GDP per capita and its square term are significantly positive 
and negative with the large threshold income level, which suggests that the income–emissions relationship 
is positive.
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results using the sensitivity tests. Some studies, such as Stern et  al. (1996), criticize the 
assumption that the normal distribution of world income level may derive unreliable esti-
mates in the EKC argument as a significantly larger number of people are below the world’s 
mean income level. Therefore, we divide our sample countries into two groups of developed 
and developing countries and estimate the model with the linear, rather than the quadratic, 
specification for each group. Applying the World Bank’s income classification, countries in 
the high-income category are considered developed, and those in the other income catego-
ries (upper-middle, lower-middle, and low-income categories) are considered developing.

Table 8 shows the results of the subsampling sensitivity analyses. The total CO2 emis-
sions and sector-wise CO2 emissions in the electricity and heat production sector and the 
other energy industry own use sector are positively related to the income level for devel-
oped countries but negatively related to the income level for developing countries. This 
finding is consistent with the EKC hypothesis for the two sectors. Contrasting to the base-
line findings in the previous subsection, the estimation shows that the commercial and pub-
lic services sector fails to exhibit the EKC pattern. The sector has a negative income–emis-
sions relationship for both developed and developing countries, although the negative 
relationship is less substantial for developing countries. Moreover, consistent with the pre-
vious baseline findings, the manufacturing industries and construction sector, the residen-
tial sector, and the agriculture, forestry, and fishing sector exhibit a negative income–emis-
sions relationship, irrespective of developed and developing countries, while the transport 
sector has a positive income–emissions relationship. Therefore, the results of the sensitiv-
ity tests are generally consistent with the main results.7

5 � Conclusion

This study investigates the long-run equilibrium relationship between income level and 
sectoral CO2 emissions in the context of the EKC hypothesis for the panel data of 86 coun-
tries, using the PMG-ARDL model. Our empirical results confirm that the income–emis-
sions relationship follows the EKC pattern upon considering the total CO2 emissions at the 
aggregate level. More importantly, we present some clear pictures of the income–emissions 
relationships for different sector-wise CO2 emissions. First, the three sectors (electricity 
and heat production, commercial and public services, and other energy industry own use) 
follow the EKC patterns. Among these three sectors, CO2 emissions peak out first for the 
commercial and public services sector, followed by the other energy industry own use sec-
tor and the electricity and heat production sector. As a country develops, the composition 
and technique effects dominate the scale effect in these sectors. Second, the three sectors 
(manufacturing industries and construction, residential, and agriculture, forestry, and fish-
ing) do not follow the EKC patterns but exhibit a negative income–emissions relationship, 
where economic development is associated with the reduction in CO2 emissions, partly 

7  Additionally, we perform two additional sensitivity tests. First, we use per capita CO2 emissions as the 
dependent variable. Second, we introduce two additional control variables: total natural resource rent (% of 
GDP) and total trade (% of GDP). Some studies emphasize the crucial roles of natural resource rents and 
trade openness in relation to CO2 emissions (Bekun et al., 2019; Wang and Wang, 2021b; Wang and Zhang, 
2021a, 2021b). We obtain the data of total natural resource rent and the total trade from the World Devel-
opment Indicators and the Penn World Table, respectively. These sensitivity tests are performed using the 
nonlinear quadratic specification. The results are presented in Table 9 of Appendix.
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because the composition and technique effects are substantial from the early stage of devel-
opment. Third, the transport sector also fails to show the EKC patterns but exhibits a posi-
tive income–emissions relationship since the scale effect might be dominant at any stage of 
economic development.

Previous studies examined the income–emissions relationship at the aggregate level of 
CO2 emissions or sectoral level in a specific country or region. However, the generaliza-
tion of these findings for policy formulation might be inappropriate since sector-specific 
characteristics, such as energy requirement, technological advancement, resource endow-
ment, and alternative energy sources, could make each sector’s income–emissions rela-
tionship differ. Considering this fact, we investigate the income–emissions relationship 
in seven economic sectors for a large panel of developed and developing countries. Our 
findings provide some important policy implications. First, the electricity and heat produc-
tion sector, the commercial and public services sector, and the other energy industry own 
use sector with an inverted U-shaped income–emissions pattern suggest that these sectors 
require well-crafted environmental policy interventions by the governments of develop-
ing countries, especially the electricity and heat production sector, as it has the highest 
threshold value. Second, a monotonically declining income–emissions relationship in the 
manufacturing industries and construction sector, the residential sector, and the agriculture, 
forestry, and fishing sector suggests that emissions decline with economic growth in devel-
oped and developing countries. Both developed and developing countries could expedite 
the pace of emissions reduction along the economic development path by implementing 
appropriate policy measures. Third, a monotonically increasing income–emissions asso-
ciation in the transport sector indicates that the environmental degradation caused by the 
sector further exacerbates as a country develops. Therefore, unlike other sectors, the trans-
portation sector requires a swift transition toward modern renewable energy sources to 
enhance energy efficiency and reduce environmental costs.

Although this study investigates the sectoral income–emissions relationship in the con-
text of the EKC hypothesis in developed and developing countries, there are some limita-
tions. For example, our study does not incorporate the relationship between CO2 emissions 
and other macroeconomic variables in the context of the EKC hypothesis. Several studies 
have examined the relationship between emissions and other macroeconomic indicators, 
such as tourism revenue (Paramati et  al., 2017; Zhang & Gao, 2016), renewable energy 
(Bento & Moutinho, 2016), financial development (Ozatac et al., 2017), urbanization (He 
et  al., 2017; Pata, 2018; Wang et  al., 2016), and the recovery of economic growth and 
energy consumption in the context of the COVID-19 pandemic (Wang & Zhang, 2021c). 
Similarly, the EKC analysis can be undertaken with various pollutant indicators such as 
greenhouse gas (GHG) emissions, CO2, methane (CH4), nitrous oxide (N2O), ecological 
footprint (Ali et al., 2021), methane emissions (Adeel-Farooq et al., 2020), nitrogen oxide 
emissions (Murshed, 2021), and deforestation rates (Ozatac et al., 2017). Our study only 
considers CO2 emissions for sectoral EKC analyses. Therefore, the investigation with the 
inclusion of other macroeconomic and pollutant indicators might help create a more com-
prehensive understanding of the pattern of the sectoral EKC phenomenon, which could be 
conducted in future research.

Appendix

See Table 9.
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