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ABSTRACT
To further understanding the perspective of sustainable consumption and production, which is 
one of the key elements of the Sustainable Development Goals (SDGs), this study examines the 
environmental effects of material domestic productivity, material footprint and material inten
sity in the world’s most advanced economies – the Group of Seven (G7) countries by using the 
dataset that spans over the time 1970 to 2019. The environmental Kuznets curve hypothesis 
was used as a theoretical framework. By applying the mean group dynamic least squares 
(DOLSMG) estimation approach and using carbon and greenhouse gas emissions as environ
mental indicators, the outcome validates the environmental Kuznets curve hypothesis but only 
in the United States and Germany. Material productivity, footprint and intensity exert 
a significantly negative impact on the environmental indicators, thus demonstrating the 
existence of a feasible sustainable consumption and production approach among the coun
tries. By contrast, especially for the country-specific results, material productivity and intensity 
aggravated environmental degradation by increasing carbon and greenhouse gas emissions in 
France, Italy, and Japan. A robustness check using the Dumitrescu-Hurlin Granger causality 
approach aligns with the above-mentioned results. The findings suggest policy recommenda
tions for a more effective approach to reducing material intensification across economic 
sectors in advanced economies.
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1. Introduction

In the twenty-first century, production and con
sumption patterns have presented great existential 
challenges to the environment by raising the level 
of the accumulation of carbon dioxide and other 
greenhouse gases and increased the average global 
temperature. This has resulted in global warming 
and other types of climate change that pose 
a fundamental threat to human health and eco
nomic development (IPCC 2018, Usman, 2023, 
Usman and Alola, 2022, World Bank, 2016). Raw 
materials that are extracted directly from the nat
ural environment are required for the production of 
goods and the provision of services. Therefore, the 
impact of material productivity on environmental 
degradation remains a major concern among envir
onmentalists, researchers and policymakers. As the 
global economy grows and the population 
increases, the manufacturing sector expands, which 
means that additional raw materials are required to 
meet demands. The consequence of this growth is 
the depletion of natural resources and biodiversity, 

which leads to environmental degradation (Behrens 
et al. 2007, Kassouri et al. 2021).

To address the environmental impacts of material 
productivity, several countries have adopted envir
onmental policy frameworks that encourage sustain
able production and consumption patterns. Many 
countries have implemented green policies that aim 
to decrease pollution without sacrificing economic 
development or improvements to social welfare 
(Balcilar et al. 2023). An environmental policy frame
work can enhance material productivity by increas
ing economic advantages without increasing natural 
resource extraction, which can deteriorate the envir
onment. This provides solutions to the emerging 
conflict between future demand and restricted nat
ural resource availability (Gan et al. 2013). According 
to Usman (2023), green energy technology has the 
capacity to lower the intensity of energy consump
tion, thereby reducing the pressure on natural 
resources. This is because technological innovation 
mitigates the level of fuel combustion in energy use. 
Adopting green technologies reduce the intensity of 
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energy usage by industries, residential houses and 
the transportation sector. Empirical research on 
environmental sustainability has pervaded the litera
ture for the past three decades, including the pio
neering scholarly work of Grossman and Krueger 
(1991), Selden and Song (1994), Carson et al. (1997) 
and Suri and Chapman (1998).

In recent times, a growing number of empirical 
studies have attempted to examine the main drivers 
of environmental sustainability using time series and 
panel data settings; however, several challenges per
sist such as the need to examine whether material 
productivity and intensity influence environmental 
sustainability positively or negatively within the frame
work of the environmental Kuznets curve (EKC) 
hypothesis in G7 countries. Although one might 
expect the impact to be negative, material productivity 
and intensity may be associated with high levels of 
clean energy use, which would reduce the pressure 
on natural resources and thereby improve environ
mental sustainability (see Balcilar et al. 2023). The avail
able literature only unfolds the factors influencing 
material productivity, which has been growing signifi
cantly across the world. Therefore, there is a need to 
further our understanding of sustainable consumption 
and production––a key element of the Sustainable 
Development Goals (SDGs).

Given this background, the main objective of this 
study is to examine the environmental effects of mate
rial domestic productivity, material footprint, and 
material intensity in the Group of Seven (G7) countries 
over the period 1970 to 2019. The choice of G7 is 
motivated by the fact that these countries have wit
nessed an astronomical increase in not only material 
productivity but also the intensity of the materials. As 
material productivity and its intensity increase, the 
goal of achieving environmental sustainability may 
be jeopardized. Moreover, to spur economic prosperity 
and curtail negative environmental externalities aris
ing from human activities, including material produc
tivity, the G7 countries have implemented 
environmental policies that commit to attaining net- 
zero emissions by 2050. For example, Germany 
boosted clean energy consumption by 9.3% between 
2008 and 2018. Within the same period, France, Italy 
and the United Kingdom boosted their use of renew
able energy by 10.9%, 13.2% and 17.8%. This corre
sponds with the rise in the proportion of clean energy 
in the total energy mix in the G7 countries. The 
Statistical Review of World Energy reported on the 
growth of clean/renewable energy in four European 
G7 countries in 2019 and found that Germany had the 
highest growth (7.3%), followed by the United 
Kingdom (3.7%), Italy (2.2%) and France (2.1%). Non- 
European G7 countries have also made remarkable 
progress on this front. Between 2008 and 2018, the 
share of renewables rose by 13.3% in Japan, 10.1% in 

the United States and 13.5% in Canada, which indi
cates concerted efforts to achieve environmental sus
tainability in these countries.

While the choice of this period is necessitated by 
the data availability, the mean group dynamic least 
squares (DOLSMG) estimator and Dumitrescu-Hurlin 
Panel Causality are applied. These methods are more 
suitable for heterogeneous panels which might be 
a typical feature of the G7 data explored. Overall, our 
study contributes to the literature on environmental 
sustainability in several ways. First, given the increase 
in material productivity and intensity, which has 
attracted environmental stakeholders in recent times, 
this study examines how material productivity, mate
rial footprint, and material intensity relate to carbon 
neutrality goals in G7 countries. Second, unlike most 
studies in the literature, we measured environmental 
sustainability using two separate indicators – CO2 and 
greenhouse gas emissions – which showcases the 
robustness of our findings. Third, panel cointegration 
and the mean group dynamic least squares (DOLSMG) 
estimator were used to examine the long-term impacts 
of the independent variables on environmental sus
tainability. Country-specific impacts of material pro
ductivity and material intensity, alongside other 
control variables, were also considered. Finally, to cir
cumvent the endogeneity problem and check the 
robustness of the results, we performed a panel caus
ality test using Dumitrescu and Hurlin’s (2012) frame
work. We hope that the results of this study will 
facilitate the crafting of effective environmental policy 
that will accelerate progress towards attaining the net- 
zero emissions target in G7 countries by 2050.

This study is organised as follows: Section 2 outlines 
the study’s theoretical and empirical literature as it 
relates to material efficiency and intensity. The descrip
tion of the dataset is presented in section 3. Section 4 
presents the methods adopted in this study and sec
tion 6 presents the discussion of the results. Lastly, in 
section 6, the concluding remark is outlined and we 
address the policy-based implication and limitation of 
the findings.

2. Theoretical and empirical literature

2.1 Theoretical framework

In this study, two theoretical frameworks are adopted. 
First, the theoretical underpinning the relationship 
between environmental indicators and economic 
growth is rested on the EKC hypothesis proposed by 
Kuznets (1955) and popularized by the empirical work 
of Grossman and Krueger (1991). The main thesis of the 
EKC hypothesis is that at early stage of development, 
production and environmental pollution levels are at 
the lower stage; although as income level increases, 
environmental pollution would increase until a certain 
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threshold is reached, after which an increase in the 
level of income would reduce environmental pollution. 
This hypothesis has received a huge empirical valida
tion (see Ozturk and Acaravci 2010; Alola et al. 2021; 
Akadırı et al. 2021; Usman et al. 2021; Magazzino et al.  
2023a). Secondly, the theoretical underpinning of the 
connection between material productivity and the 
environment rests on material flow analysis (MFA). 
This methodological foundation has been studied but 
only by a few researchers (e.g. Fischer-Kowalski et al.  
2014; OECD 2008; Schütz and Steurer, 2001). MFA 
demonstrates the process of not only monitoring 
a system but also analysing the physical fluxes of 
materials into and out of that system. Essentially, 
while MFA can be limited to specific materials or che
mical constituents, it can also holistically consider all 
the resources and products in a system (see OECD  
2008, Talmon-Gros, 2014). Given that the core objec
tive of environmental regulations and laws is to reduce 
the harmful effects of emissions and wastewater on 
the environment, it must be noted that the inputs of 
a system directly determine its outputs. Therefore, 
issues pertaining to material flows may provide 
insights into sustainable environment analysis.

2.2 Empirical literature

The empirical literature on the EKC hypothesis has 
generated a mixed finding. While some studies found 
a support for the EKC hypothesis, others failed to 
validate the hypothesis. For example, Shahbaz et al. 
(2017) tested the EKC hypothesis for China by incor
porating energy consumption and globalization. The 
results validated the EKC hypothesis. In the case of 
Nigeria, it was discovered via an empirical work con
ducted by Ali et al. (2021) that the EKC hypothesis 
holds in Nigeria. In a recent paper, Magazzino etal. 
(2023a) tested the effectiveness of governance in 
tourism-led EKC hypothesis in the EU and UK regions 
after the Brexit by employing the ARDL and quantile 
regression modelling techniques. The outcomes 
show that governance exerts an upward pressure 
on the level of emissions while the tourism-induced 
EKC hypothesis is validated only in the first quantile. 
Additionally, Magazzino et al. (2023b) tested the 
long-term EKC using the parametric and semi- 
parametric additive models for nine advanced coun
tries between 1870 and 2008. The results based on 
the panel level validate the EKC only in the post- 
1950s level while in the country-specific level, the 
inverted U-shape is detected between CO2 emissions 
and GDP for a subset of countries only. Furthermore, 
Magazzino (2023) investigated the effect of electricity 
consumption and economic growth on ecological 
footprint by incorporating geopolitical risk and nat
ural resources governance. Using the quantile regres
sion method of analysis for the period 1960 to 2019, 

the results show that electricity consumption and 
economic growth promote environmental degrada
tion but the effect of urbanization and trade dampen 
environmental degradation. Magazzino (2012) exam
ined how disaggregated energy production affects 
real aggregate income in Italy for the period 1883 
to 2009. Having found a cointegration between the 
variables, the results further unveil a two-way caus
ality flowing between energy production and eco
nomic growth. The implication of this finding is that 
energy production can determine the level of eco
nomic growth which consequently leads to environ
mental pollution.

In recent times, several research papers have inves
tigated the potential determinants of material produc
tivity and how material resources affect environmental 
protection (Giljum et al. 2008, Schandl and West 2010, 
Steger and Bleischwitz 2011, Gan et al. 2013, West et al.  
2014, Agnolucci et al. 2017, Alataş et al. 2021). For 
example, Giljum et al. (2008) examined the develop
ment trajectory of materials use as well as resource 
productivities in Europe. The study modelled three 
different scenarios towards achieving a sustainable 
natural resources usage in the European region. The 
results show that policy instruments targeting eco- 
system efficiency at micro level is economic growth 
driven. However, to reduce rebound effect at the 
macro level, the policy instruments need to be syn
chronized with other policies to influence not only 
prices of energy but also materials. Given the rapid 
rise in resource use leading environmental degrada
tion in the globe, Schandl and West (2010) investigated 
the linkage between resource efficiency and resource 
use in the Asia-Pacific region for the period spanning 
from 1970 to 2005. The results show that the region 
has experienced an increasing level of total resource 
use but the resource efficiency level is declining which 
is associated with and driven by the declining level of 
resource efficiency in terms of the global level. Steger 
and Bleischwitz (2011) examined the drivers for not 
only resource use but also materials productivity 
across fifteen countries from the European Union 
over the period 1980 to 2000 and 25 countries from 
the European Union over the period 1992 to 2000 
respectively. The results unveiled that score drivers of 
resource use include energy efficiency, road mainte
nance/construction activities, and new dwelling. 
Furthermore, West et al. (2014) assessed the main 
patterns of materials use and efficiency changes in 
the different states of the former Soviet Union. 
Particularly, their study is focused on assessing three 
main drivers of materials use within the framework of 
the IPAT. The results suggested that a positive and 
significant association is detected between the indivi
dual economic growth states and the level to which 
material productivity is being improved in these states. 
This finding is essential for assessing whether 
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dematerialization process promotes or retard eco
nomic growth.

Furthermore, using the ARDL modelling 
approach, Wang et al. (2016) examined the 
dynamics of not only the material productivity but 
also socioeconomic factors in China over the period 
1980 to 2010. The results established a long-run 
relations between the variables. The decrease in 
intensity of secondary industry is driven primarily 
by improved technological innovation, which 
equally promotes material productivity. 
Additionally, the openness of trade is significant in 
promoting material production both in the long run 
and the associated short term. However, domestic 
extraction per capita is not significant in driving 
material productivity in China with a low and weak 
size of the coefficient. Furthermore, the result 
showed that domestic extraction per capita dam
pening material productivity in the short run, sug
gesting a declining marginal revenue of resource 
inputs. Moreover, Alataş et al. (2021) assessed the 
potential of not only material productivity but also 
energy productivity in mitigating climatic changes in 
the EU28. Using the convergence testing approach, 
the energy productivity of conditional β- 
convergence is found. This convergence does not 
include material productivity. Furthermore, there is 
no evidence supporting that all countries in the 
European Union will converge to specific steady- 
state equilibrium path. In additional material pro
ductivity is found to have contributed towards redu
cing emissions if it is aligned with measures to 
reducing energy consumption.

Given the foregoing literature, it is clear that 
there is a paucity of literature, focusing on how 
material productivity, material footprints, and mate
rial intensity influence environmental degradation. 
In addition, several arguments been made in the 
existing literature about the most comprehensive 
way to measure environmental degradation. While 
some empirical studies applied CO2 emissions, 
others argued that greenhouse gas is more inten
sive (See Usman et al. 2021). In this study, we 

applied both CO2 emissions and greenhouse gas in 
different equations and within the framework of the 
EKC hypothesis. Therefore, we hope that this study 
will provide insights for achieving environmental 
sustainability, which is central focus in the United 
Nations’ Sustainable Development Goals (SDGs)

3 Data description

In this study, we investigated the EKC hypothesis 
within the framework of material efficiency for the G7 
countries using data from 1970 to 2019. Stata 17.0 and 
EViews 11.0 software programs were used in the ana
lysis. In addition, we created two econometrics models 
for analysis process. In the first model, total annual 
production-based emissions of carbon dioxide CO2ð Þ

was the dependent variable, while in the second 
model, greenhouse gas emissions (GHG) was the 
dependent variable. A series of explanatory variables 
was employed, and a description of all variables used 
in the analysis is presented in Table 1.

The analysis was conducted in the following stages:

● First, descriptive statistics of the variables were 
generated. Alongside the series plots that provide 
visual representations of the data, the statistical 
information offers raw and vivid insights arising 
from the changes in the variables over time. Some 
transformations were made in the series deemed 
necessary.

● Given that a shock in a country arising from social, 
economic, macroeconomic or even environmen
tal factors could spill over to other G7 countries, it 
was important to investigate whether the series 
had cross-sectional dependence. Thus, cross- 
sectional dependence (CD) was tested with the 
Breusch – Pagan LM (Breusch and Pagan 1980), 
the Pesaran scaled LM, the bias-adjusted scaled 
LM and the Pesaran CD (Pesaran 2004) tests. The 
CD test revealed that there was cross-sectional 
dependence in the series. Hence, the results indi
cate that the panel unit root and slope coeffi
cients are homogeneous, and cointegration tests 

Table 1. Definition of variables.
Variables Code Unit Source

Carbon dioxide emissions CO₂ Metric  
tonnes

https://ourworldindata.org/co2-emissions

Greenhouse gas emissions GHG Metric tonnes https://ourworldindata.org/co2-emissions
Growth rate of GDP GDP Percent https://data.worldbank.org/
Material productivity (GDP/DMC) MP Rate https://www.resourcepanel.org/data-resources
Material footprint productivity (GDP/MF) MF Rate https://www.resourcepanel.org/data-resources
Material Intensity (DMC/GDP) MI Rate https://www.resourcepanel.org/data-resources

Note. DMC states domestic material consumption while MF states material footprint. Growth rate of GDP is calculated based on constant 2015 
prices. Also, the environmental indicators are transformed into their natural logarithms.
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that account for CD in the panel are the most 
appropriate.

● Thereafter, we applied the panel Cross-section 
Augmented Dickey-Fuller (CADF) unit root test 
developed by Pesaran (2007) in unit root tests 
that take into account CD and heterogeneity. 
We found that the growth rate and the square 
of the growth rate variables are stationary at level 
values, i.e. at I(0), whereas the other variables 
become stationary when the first difference of 
the series is taken, i.e. at I(1).

● Also following the existence of CD for the models, 
the results obtained showed the existence of CD, 
as the Swamy (1970) test showed that the panel 
had a heterogeneous structure. In this direction, 
the investigation benefited from the Westerlund 
(2008) Durbin – Hausman panel cointegration 
test, which suggests the suitability of using it for 
series that are stationary at different levels.

● Following the cointegration evidence, we investi
gated whether the slope coefficients are homo
geneous with the homogeneity test proposed by 
Pesaran and Yamaga (2008). The results indicate 
that the slope coefficients are heterogeneous.

● Eventually, given that the results show that there 
is a long-term cointegration relationship in both 
models. We used the mean group dynamic least 
squares (DOLSMG) estimator proposed by 
Pedroni (2001) because of its suitability for het
erogeneous panels.

● Lastly, a Granger causality test was performed. 
The panel causality test proposed by Dumitrescu 
and Hurlin (2012) was used because of its suit
ability for heterogeneous panels.

4. Empirical computations

Following Kuznets (1955) study on the nexus 
between economic growth and income inequality, 
which is best known for testing the EKC hypothesis, 
we examined the roles of material efficiency and 
material density within the framework of the EKC 
hypothesis. The impact of the level of material or 
resource productivity and density on the 

environment has been a major focus of many stu
dies in recent years (e.g. Alola et al. 2021, Chen 
et al. 2023, Flachenecker and Kornejew 2019, 
Mushafiq and Prusak 2023, Steinberger and 
Krausmann, 2011, Usman et al. 2022, Xin et al.  
2023). To test the EKC hypothesis and examine the 
roles of the explanatory variables, two models were 
implemented separately. The two models, carbon 
function and GHG emissions function, were 
employed because (i) each serves as robustness to 
the other and (ii) the GHG emissions function 
potentially includes the environmental impacts of 
other gaseous compounds, including nitrous oxide 
(N2O), methane (CH4), hydrofluorocarbons (HFCs), 
perfluorocarbons (PFCs), sulphur hexafluoride (SF6) 
and natrium trifluoride (NF3). The EKC model is as 
follows:

Mathematical Model 1: 

Mathematical Model 2: 

The econometric model is as follows:
Econometric Model 1: 

Econometric Model 2: 

In the above models, α0 and β0 represent the con
stant term, while α1, . . . , α5 and β1, . . . , β5 denote 
the slope coefficient terms. In addition, Uit and it are 
error terms that represent the stochastic property of 
the econometric model versus the deterministic 
property of the mathematical model. In line with 
the general characteristics of the data in Table 2, 
the econometric model was used in logarithmic – 
linear form; dependent variables were logarithmic, 
while independent variables were linear.

Table 2. Statistical description of data.
LNCO2 LNGHG GDP GDP2 MP MF MI

Mean 20.515 20.720 2.315 9.867 1.971 1.428 0.647
Median 20.167 20.515 2.336 6.034 1.914 1.377 0.522
Maximum 22.538 22.676 8.413 7.787 4.536 2.668 1.817
Minimum 19.507 19.670 −5.693 2.07 .551 0.711 0.220
Std. Dev. 0.853 0.822 2.125 11.101 .881 0.417 0.366
Skewness 1.278 1.352 −.486 2.0568 .463 0.615 1.418
Kurtosis 3.508 3.790 4.417 8.4410 2.782 2.911 4.323
Jarque-Bera 99.075 115.790 43.11 678.51 13.21 22.24 142.80
Probability 0.000 0.000 .000 .000 .000 0.000 0.000
Observations 350 350 350 350 350 350 350

Note. The Mean VIF value was determined as 4.96. This result shows that there is no multicollinearity problem.
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4.1. Preliminary tests

Before starting the econometric analysis, it was first 
necessary to examine the general characteristics of 
the data used. We reported the statistical values of 
the data we used in the analysis in Table 2. The values 
of CO2 and GHG are extremely high, thus necessitating 
a natural logarithmic conversion of these variables. 
Conversely, the maximum – minimum values and stan
dard deviations of the independent variables were at 
an appropriate level given that these variables are 
mostly in ratios and percentages. Apart from GDP, all 
the variables have a positive skewness while all the 
variables employed in this study have positive and 

excess kurtosis. Consequently, the Jarque-Bera statis
tics for all the variables are extremely high, rejecting 
the null hypothesis of normal distribution of the vari
ables. The distributions of numeric data values 
between variables presented by the descriptive statis
tics are depicted in Figure 1.

In addition, Table 3 reported the correlation matrix 
analysis of variables employed in this study. As we can 
see, the coefficients the correlation between the vari
ables are low except for the case of lnCO2 and lnGHG, 
which both measured environmental degradation. 
Also, the correlation analysis is also presented via 
a scatterplot matrix for variables as shown in Figure 2.
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Figure 1. Box plot for variables.

Table 3. Correlation analysis results.
LNCO2 LNGHG GDP GDP2 MP MF MI

LNCO2 1.000
—–

LNGHG 0.99*** 1.000
(0.00) —–

GDP 0.07 0.09* 1.000
(0.22) (0.08) —–

GDP2 0.05 0.07 .69*** 1.000
(0.37) (0.21) (.00) —–

MP −0.20*** −0.30*** −.33*** −.33*** 1.000
(0.00) (0.00) (.00) (.00) —–

MF −0.09* −0.15*** −.34*** −.36*** .90*** 1.000
(0.08) (0.00) (.00) (.00) (.00) —–

MI 0.00 0.12** .25*** .25*** −.86*** −0.75*** 1.000
(0.93) (0.02) (.00) (.00) (.00) (0.00) —–

Note. Values in parentheses represent probability values (p). *** p<0.01, ** p<0.05, * p<0.1.
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4.2. Other preliminary tests: CD, unit roots, 
cointegration and slope homogeneity

In the next stage of the analysis, the CD test of the 
variables, which shows whether there is a relationship 
between the examined countries, was examined (see 
Table 4). In this framework, four types of cross-section 
dependency tests (Breusch-Pagan LM, Pesaran scaled 

LM, bias-adjusted scaled LM and Pesaran CD) were 
implemented. The CD test results showed that the 
null hypothesis (that there is no cross-sectional depen
dence at the 1% significance level) was rejected. There 
was also no CD, which means that any shock that 
countries may be exposed to can be affected by 
other countries.

Pesaran and Yamagata’s (2008) homogeneity test 
results are presented in Table 5. The null hypothesis 
expressing the homogeneity of the slope coeffi
cients was rejected at the 1% significance level. 
This result shows that the slope coefficients are 
heterogeneous. Additionally, a panel CADF unit 
root test was used in the stationarity analysis of 
the series under the condition of the presence of 
CD and heterogeneity. The result of the panel CADF 
unit root test is presented in Table 6. While the null 
hypothesis of the panel CADF test states that the 
series has a unit root, the alternative hypothesis 
states that it does not. The analysis results in 
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Figure 2. Scatterplot matrix for variables.

Table 4. Cross-section dependence results.
lnCO2 lnGHG GDP GDP2 MP MI MF

Breusch-Pagan LM 490.18*** 
(0.000)

495.19*** 
(0.000)

366.92*** 
(.000)

293.98*** 
(.000)

845.28*** 
(.000)

904.21*** 
(0.000)

854.58*** 
(0.000)

Pesaran scaled LM 71.31***  
(0.000)

72.08***  
(0.000)

52.297*** 
(.000)

41.04***  
(.000)

126.10*** 
(.000)

135.20*** 
(0.000)

127.54*** 
(0.000)

Bias-corrected scaled 
LM

71.24***  
(0.000)

72.01***  
(0.000)

52.225*** 
(.000)

4.97***  
(.000)

126.03*** 
(.000)

135.13*** 
(0.000)

127.47*** 
(0.000)

Pesaran CD 2.68***  
(0.007)

3.19***  
(0.001)

18.812*** 
(.000)

16.40***  
(.000)

28.91***  
(.000)

30.03***  
(0.000)

29.16***  
(0.000)

Note. Values in parentheses represent probability values (p). *** p<0.01, ** p<0.05, * p<0.1.

Table 5. Pesaran and Yamagata (2008) homogeneity test 
results.

Delta p-value

Panel A. Model 1
22.644*** 0.00

adj. 24.417*** 0.00

Panel B. Model 2
Delta p-value

23.098*** 0.00
adj. 24.907*** 0.00

Note. *** p<0.01.
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Table 6 show that the GDP and GDP2 series were 
stationary at the level values for the 1% significance 
level. The other series became stationary after tak
ing the first difference. In this framework, the 
dependent variable was I(1) and the independent 
variables I(0) and I(1) were stationary. Following the 
panel unit root test, we tested for CD in both 
models. As reported in Table 7, the null hypothesis 
stating that there is no CD was rejected. This result 
confirms the CD of the models.

4.3. Estimations: cointegration and slope 
homogeneity

We emphasised that the models established before the 
panel cointegration analysis had CD. Additionally, 
while taking into account the heterogeneity of the 
slope parameters, Swamy’s (1970) homogeneity test 
results show the rejection of the null hypothesis, stat
ing that the slope coefficients are homogeneous at the 

1% significance level. In other words, the slope coeffi
cients are heterogeneous. Based on the CD, heteroge
neity and unit root test results in the study, the 
investigation employs the Durbin – Hausman cointe
gration test developed by Westerlund (2008).

For the Durbin – Hausman cointegration test, the 
cointegration relationship was examined separately 
for the panel and for the groups that make up the 
panel. The null hypothesis of this test was defined 
as ‘no cointegration’. Therefore, the rejection of the 
null hypothesis means that there is a cointegration 
relationship for the entire panel. The Durbin – 
Hausman panel cointegration results are presented 
in Table 8. The results show that in Model 1 with 
the constant, the null hypothesis should be rejected 
at the 5% significance level of the individual panel 
results. It also shows that the results of both indivi
dual panel and group statistics of Model 1 for the 
fixed and trended cases should reject the null 
hypothesis at the 10% and 5% significance levels, 

Table 6. Pesaran (2007) panel CADF unit root test results.
Variable t-bar cv10 cv5 cv1 Z[t-bar] P-value

lnCO2 −0.906 −2.21 −2.33 −2.55 2.459 0.993
lnGHG −0.843 −2.21 −2.33 −2.55 2.638 0.996
GDP −4.245*** −2.21 −2.33 −2.55 −6.939 0.000
GDP2 −4.644*** −2.21 −2.33 −2.55 −8.061 0.000
MP −1.642 −2.21 −2.33 −2.55 0.389 0.651
MF −2.123 −2.21 −2.33 −2.55 −0.966 0.167
MI −2.072 −2.21 −2.33 −2.55 −0.823 0.205
∆lnCO2 −4.878*** −2.21 −2.33 −2.55 −8.721 0.000
∆lnGHG −4.834*** −2.21 −2.33 −2.55 −8.596 0.000
∆MP −3.995*** −2.21 −2.33 −2.55 −6.234 0.000
∆MF −4.733*** −2.21 −2.33 −2.55 −8.311 0.000
∆MI −4.642*** −2.21 −2.33 −2.55 −8.055 0.000

Note. *** p<0.01. cv states the critical values. ∆ indicates the first difference of the variable.

Table 7. Cross-section dependence results for Model a and 
Model B.

Test Statistic p-value

Panel A. Model 1
LM 137.8*** 0.000
LM adj 64.41*** 0.000
LM CD 8.416*** 0.000
Swamy Chi2(30)=60198.03*** Prob>chi2= 0.000

Panel B. Model 2
LM 158.8*** 0.000
LM adj 76.09*** 0.000
LM CD 10.16*** 0.000
Swamy Chi2(120)=85702.09* Prob>chi2= 0.000

Note. *** p<0.01.

Table 8. Westerlund (2008) panel cointegration test results.
Test ist. P- Value Test ist. P- Value

Panel A: Model 1 with constant Panel B: Model 1 with constant and trend
DHg −1.088 0.138 DHg −1.377 0.084*
DHp −1.379 0.040** DHp −1.822 0.034*
Panel C: Model 2 with constant Panel D: Model 2 with constant and trend
DHg −1.141 0.127 DHg −1.559 0.060*
DHp −1.752 0.040** DHp −1.827 0.034**

Note. *** p<0.01, ** p<0.05, * p<0.1.

50 A. CELIK ET AL.



respectively. The results from Model 2 are similar to 
those of Model 1 in terms of both the constant and 
trend structures. The null hypothesis stating that 
there is no cointegration relationship was rejected 
and a long-term cointegration relationship was 
found between the variables. Hence, the results 
establish the statistical significance or validity of 
the panel cointegration relationships in the models. 
This result means that the null hypothesis stating 
that there is no cointegration relationship was 
rejected. In this direction, the DOLSMG estimator, 
alongside the Granger causality among the vari
ables, was implemented to provide concrete infor
mation about the proposed relationships.

5. Results and discussion

As revealed by the DOLSMG panel results in Table 9, 
the EKC hypothesis is valid for Models 1 and 2. 
Accordingly, given the validity of EKC and the statisti
cal significance of the parameter while other variables 
are constant, a 1-unit change in GDP increases CO2 and 
GHG emissions by approximately 0.02%. Additionally, 
while other variables are constant, a 1-unit change in 
GDP2 reduces CO2 and GHG emissions by approxi
mately 0.005% in the models, respectively. Evidence 
of valid EKC in the G7 countries is expected due to their 
advanced economic development, high societal 

awareness of and attitudes towards environmental 
challenges, and states’ commitments to nationally 
determined contributions (NDCs) arising from global 
climate goals. Notably, this evidence (EKC validity) has 
been largely acclaimed in previous literature (Ike et al.  
2020, Shahbaz et al. 2019, Usman et al. 2021). Although 
Balcilar et al. (2020) did not investigate panel evidence, 
they found that the validity of the EKC hypothesis was 
country-specific among the G7 countries.

Furthermore, while other variables are constant, 
a 1-unit change in MP reduces CO2 emissions by ~  
9%, a 1-unit change in MF reduces the CO2 emissions 
by ~ 25%, and a 1-unit change in MI reduces 
AccessisdeniedAccessisdenied emissions by ~ 40%. The 
DOLSMG test results of the Model 2 test revealed that 
the parameters were statistically significant. 
Accordingly, while other factors are constant, a 1-unit 
change in MP reduces AccessisdeniedAccessisdenied 
emissions by ~ 4%. Similarly, other factors being con
stant, it was found that a 1-unit change in MF reduces 
CO2 emissions by ~ 32%. Additionally, a 1-unit change 
in MI reduces CO2 emissions by ~ 40%. These results 
point to the key issues of productivity and the intensi
fication of material resource extraction in the midst of 
the environmental sustainability drive of the countries. 
They suggest that these countries are on the path 
towards environmental sustainability given that their 
material resource utilisation now promotes 

Table 9. Long-run coefficients results 
(DOLSMG).

Variables Beta t-stat

Panel A: Model 1
GDP 0.022** 2.787
GDP2 −0.005** −2.611
MP −0.087** −8.424
MF −0.248** −2.025
MI −0.403** −7.593

Panel B: Model 2
GDP 0.018** 2.131
GDP2 −0.005** −2.576
MP −0.042** −6.808
MF −0.315** −3.036
MI −0.396** −10.09

Note. ** p<0.05.

Figure 3. DOLSMG schematic results for Model 1.
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environmental quality by reducing CO2 and GHG emis
sions. This suggests that the countries have already 
undergone significant shifts towards sustainable con
sumption and production in accordance with 
Sustainable Development Goal 7. In line with this 
result, several studies have reported that improve
ments in material efficiency reduce environmental 
degradation (Chen et al. 2023; Flachenecker and 
Kornejew 2019; Mushafiq and Prusak 2023; Wang 
et al. 2016;). Furthermore, from foregoing analysis, 
Figures 3 and 4 present the graphical schematic of 
the findings based on Model 1 and Model 2 
respectively.

The country-specific results are reported in Table 10, 
which shows that the EKC hypothesis for Models 1 and 
2 is only valid for Germany and the United States. 
However, this finding is contrary to the findings of 

Balcilar et al. (2020), which indicate reverse evidence 
of EKC in Canada, Germany, Japan, the United 
Kingdom and the United States. The EKC hypothesis 
has also been validated (Alola and Ozturk 2021, Pata  
2021), invalidated (Dogan and Turkekul 2016) and con
ditioned on other salient factors (Aslan et al. 2022, 
Usman et al. 2021) in the case of the United States. 
The findings of both Iwata et al. (2010) and Pata and 
Samour (2022) contradict the evidence of the EKC 
hypothesis for France. Additionally, the EKC hypothesis 
has been validated in Germany (Pata et al. 2023, Alola 
and Adebayo 2023, Zambrano‐Monserrate and 
Fernandez, 2017), Japan (Liu et al. 2018, Rafindadi,  
2016) and Canada (Olale et al. 2018). While partial 
validation of the EKC hypothesis was established for 
Canada by He and Richard (2010), the evidence of EKC 
is supported by several studies conducted in the 

Figure 4. DOLSMG schematic results for Model 2.

Table 10. Country-specific long run coefficients results.
Variables Beta t-stat Variables Beta t-stat Variables Beta t-stat

Canada for Model 1 France for Model 1 Germany for Model 1
GDP 0.01 1.56 GDP −0.005 −0.26 GDP 0.11* 1.82
GDP2 0.00 0.22 GDP2 0.007 0.24 GDP2 −0.02** −2.34
MP −0.23*** −7.48 MP −0.76*** −14.53 MP 0.21 0.71
MF −0.14 −1.39 MF 0.23*** 4.77 MF −0.83** −2.38
MI −0.26*** −5.43 MI −2.48*** −15.21 MI −1.04 −0.51
Italy for Model 1 Japan for Model 1 UK for Model 1
GDP 0.022* 1.97 GDP 0.002 0.07 GDP −0.014 −0.41
GDP2 −0.001 −0.97 GDP2 −0.007 −1.13 GDP2 0.002 0.38
MP 0.00 −0.11 MP 0.79*** 5.04 MP −0.31* −1.99
MF −0.18* −2.00 MF −0.73*** −2.94 MF 0.08 0.19
MI 0.94*** 7.36 MI 1.77 1.56 MI −1.14* −2.05
USA for Model 1 Canada for Model 2 France for Model 2
GDP 0.029*** 2.66 GDP 0.02*** 1.80 GDP −0.007 −0.48
GDP2 −0.004*** −3.42 GDP2 0.00 0.12 GDP2 0.001 −0.52
MP −0.30*** −3.65 MP −0.16* −4.03 MP −0.59* −16.06
MF −0.17 −1.54 MF −0.19 −1.46 MF 0.16* 4.67
MI −0.60*** −5.91 MI −0.29* −4.61 MI −2.29* −19.84
Germany for Model 2 Italy for Model 2 Japan for Model 2
GDP 0.11* 1.77 GDP 0.011 0.84 GDP −0.008 −0.32
GDP2 −0.02* −2.27 GDP2 −0.001 −0.68 GDP2 −0.005 −0.94
MP 0.19 0.65 MP 0.07 1.48 MP 0.81*** 5.80
MF −0.81** −2.26 MF −0.31*** −3.04 MF −0.92*** −4.21
MI −1.09 −0.52 MI 0.97* 6.67 MI 1.85* 1.85
UK for Model 2 USA for Model 2
GDP −0.02 −0.55 GDP 0.03*** 2.62
GDP2 0.003 0.45 GDP2 −0.004*** −3.21
MP −0.34** −2.46 MP −0.26*** −3.12
MF 0.07 0.19 MF −0.20* −1.77
MI −1.12** −2.22 MI −0.81*** −8.02

Note. *** p<0.01, ** p<0.05, * p<0.1.
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United Kingdom (Ben Amar 2021, Caglar 2023, Fosten 
et al. 2012), and partial evidence is reported for Italy by 
Mazzanti et al. (2008).

Moreover, the results reveal that an increase in 
material efficiency and intensity in the majority of 
countries promotes the reduction of environmental 
degradation, especially in terms of decreasing carbon 
and GHG emissions. Specifically, in the United States, 
the United Kingdom, Germany, Canada and (partially) 
France, the results show that material resource use is 
environmentally efficient, such that intensification of 
materials for production activities is not harmful to the 
environment. However, in Italy and Japan, environ
mental quality is especially harmed by material use.

In Table 11, robustness evidence through the 
Dumitrescu – Hurlin panel causality test results is pre
sented in terms of lag length (k), where k = 1 and k = 2. 
These results show that there is no dramatic difference 
in lag lengths. When k = 1, a one-way causality rela
tionship between GDP2 and MP was found. Another 
result proves the existence of a bidirectional causality 
relationship between MI and GDP2. When k = 2, there 
was bidirectional causality between CO2 and MF. There 
was also bidirectional causality between GDP and MI 
for both lag lengths. Additionally, the existence of 
a one-way causality relationship between MF and 
GHG was validated. Finally, when k = 1, one-way caus
ality was found between MP and MI, and when k = 2, 
one-way causality was found between MP and MF.

6. Conclusion and policy implementation

This study examined the roles of material productivity, 
material footprint, and material intensity within the EKC 
framework for G7 countries using the DOLSMG estima
tor. While this study produced valuable insights into the 
G7 economies in both panel and country-specific mea
sures, it also compared the environmental impacts of 
carbon emissions with GHG emissions alongside the 
Granger causal relationships among the indicators 
over the 1970–2019 period. Importantly, the results 

validate EKC in the panel and only in the United 
States and Germany with carbon and GHG emissions 
as environmental indicators. Material productivity, foot
print and intensity mitigate environmental degradation 
given their negative impact on carbon and GHG emis
sions in the panel. By contrast, the country-specific 
investigation revealed that material productivity and 
intensity are detrimental to environmental quality in 
Italy and Japan. Meanwhile, material productivity and 
intensity promote environmental quality in other coun
tries, except France, where material productivity from 
the perspective of material (aggregate) footprint is 
environmentally devastating.

Although the above results are insightful, the study 
has clear limitations that should be considered in 
future investigations. For instance, future studies 
could focus on the specificity (components) of the 
material footprint and use more comprehensive envir
onmental indicators, such as ecological footprints or 
biocapacity. Moreover, cross- and intra-sectoral analy
sis of this framework, especially for developed econo
mies, would be interesting because it could further 
guide policymakers and industry actors.

The results of this study also suggest relevant policy 
recommendations. In particular, there is a need for 
France, Italy and Japan to further improve their sus
tainable consumption and production approaches, 
possibly through a multi-sectoral approach that pro
motes responsible behaviour among economic actors 
at the household, industry and national levels. 
However, for all the G7 countries – but especially for 
France, Italy and Japan – a review of environment- 
related taxes (energy, resource, pollution and transpor
tation) could further guide the prioritising of this tax 
system. While the outcome of the current investigation 
is seen to provide guidance to relevant stakeholders, 
future studies can improve on the limitation of the 
study. For instance, future studies could also look at 
both consumption- and production-based aspects of 
the examined environmental indicators from the per
spective of the explored explanatory variables. 

Table 11. Dumitrescu and Hurlin (2012) panel causality test results.
k= 1 k=2

Null Hypothesis Zbar-Stat. Prob. Zbar-Stat. Prob.

GDP2≠> ∆MP 2.223 0.026** 1.640 0.101
∆MI≠> GDP2 3.201 0.001*** 3.304 0.001***
GDP2≠> ∆MI 4.625 0.000*** 7.284 0.000***
∆MP ≠> ∆MF 0.204 0.839 2.514 0.012**
∆MP ≠> ∆MI 3.214 0.001*** 0.995 0.320
∆LNCO2≠> ∆MF 1.862 0.063* 1.733 0.083*
∆MF≠> ∆LNCO2 1.904 0.057* 2.185 0.029**
GDP≠> ∆MI 1.816 0.069* 2.412 0.016**
∆MI≠> GDP 2.913 0.004*** 3.289 0.001***
∆MF≠> ∆LNGHG 1.657 0.098* 2.475 0.013*

Note. ≠> sign means that there is no homogeneously causality relationship between variables. k shows 
the lags length. *** p<0.01, ** p<0.05, * p<0.1. In addition, ∆ indicates the first difference of the 
variable.
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Moreover, within the current framework, the aspects of 
human behavior especially at the micro level such as 
culture, choice or preference, e.t.c., can also be the 
basis of investigation in the future investigation.
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