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ABSTRACT: Green growth has revolutionized society by reducing carbon dioxide (CO2) emissions, intensifying
energy efficiency, and promoting environmentally friendly technologies and energy utilization, eventually leading
to sustainable economic development. However, research on the intricate relationship between green growth and
CO2 emissions is limited. This study aims to evaluate the impact of green growth, Information and Communication
Technology (ICT), renewable energy, and population on environmental sustainability for a panel of 20 OECD countries
from 2000 to 2023. Cointegration regression methods (Fully Modified Ordinary Least Squares, Dynamic Ordinary Least
Squares, and Pooled Mean Group-AutoRegressive Distributed Lags) and pairwise panel causality tests are applied. The
empirical findings reveal that green growth and renewable energy significantly reduce CO2 emissions, whereas ICT and
population growth have a positive impact on CO2 emissions. The study offers significant insights into the long-term
relationships among green growth, renewable energy, ICT, and population in shaping CO2 emissions. The study helps
policymakers formulate specific strategies to achieve a sustainable environment.
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1 Introduction
In recent decades, the frequency of extreme climate events has captured the attention of international

organizations, such as the World Meteorological Organization (WMO) and the Organization for Economic
Co-operation and Development (OECD), which considered the issue a global risk. These organizations have
urged the immediate implementation of environmental strategies to combat ecological destruction [1,2].
Carbon emissions are one of the major contributors to environmental degradation, contributing to 75% of
greenhouse gases (GHGs) [3]. In 2020, OECD countries were observed to contribute one-third of global
carbon dioxide (CO2) to the atmosphere [4]. Moreover, in the same year, CO2 emissions per person in
OECD countries were 8.1 metric tons, accounting for nearly double the global average of 4.5 metric tons per
capita [5]. According to the World Health Organization (WHO), it is projected that 250,000 deaths will be
caused by climate change annually between 2030 and 2050. Presently, researchers focus on understanding

Copyright © 2026 The Authors. Published by Tech Science Press. This work is licensed under a Creative Commons Attribution 4.0 International
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/EE
https://www.techscience.com/
https://doi.org/10.32604/ee.2026.076916
https://www.techscience.com/doi/10.32604/ee.2026.076916
mailto:magazzino@lum.it


2 Energy Eng. 2026;123(5):22

the key drivers of GHGs and CO2 emissions and determining solutions to tackle the harmful impacts on the
environment and human life [6].

In 2013, 5.5 million unexpected deaths, or approximately 1 in 10 deaths, were attributed to air pollution,
underscoring the severe impact of environmental degradation on human health [7]. To address the harmful
consequences of CO2 emissions, the international community proposed multiple charters like the Kyoto
Protocol (1997), the Paris Agreement (2015), and the UNFCCC (1992). Many countries are encouraging
organizations to achieve carbon neutrality [8]. The continual rise in CO2 emissions and environmental
deterioration will become increasingly detrimental to human health and economic sustainability [9].
The UN warns that the disastrous impact of climate change will be significantly more grievous than the
COVID-19 pandemic “if the world does not act now” [10].

OECD countries play a significant role in the global economy, making substantial contributions to the
world’s economic growth. Most OECD countries contribute significantly to GHG emissions. In particular,
CO2 arises from fossil fuel consumption and industrialization. Although OECD countries are highly
developed, their level of green growth varies from country to country. Although emissions from high-
consumption lifestyles remain a great challenge, OECD countries need to integrate green growth into their
development plans.

Green growth refers to promoting economic prosperity while safeguarding natural resources, ensuring
a sustainable delivery of resources essential for human well-being. To achieve this goal, countries must
catalyze investments and innovations to boost growth and new economic opportunities [11]. Green growth
is a quite new phenomenon with various definitions. The United Nations Economic and Social Commission
for Asia and the Pacific (UNESCAP) endorsed this concept in 2005, enabling fast-developing Asian countries
to explore opportunities for introducing low-carbon sustainable development [12]. The concept of green
growth has been endorsed by numerous international organizations, including the UN, as it is viewed
as a pillar for sustainable economic growth and environmentally friendly development. Green growth is
pivotal in enhancing economic growth by mitigating the hazardous effects of CO2 and preserving the
environment for descendants [13,14]. Green growth is considered a pillar of sustainable development,
so governments worldwide focus on achieving it. In this regard, environmental taxes provide financial
incentives for consumers and businesses, which help reduce demand-based emissions through innovations
in the supply chain [15]. While countries around the globe are striving for sustainable and environmentally
friendly growth, they must adopt green growth strategies along with eco-friendly technologies. This adoption
will lead to cleaner and more sustainable futures (Saleem et al., 2022). Recent global policy changes aimed at
reducing CO2. Green growth strategies stimulate economic growth by curbing the threats posed by resource
depletion [16].

Recently, Information and Communication Technology (ICT) has become a cornerstone in improving
the quality of life and shaping modern society. It plays a significant role in stimulating economic growth
across various sectors. However, it has a considerable impact on CO2. Although ICT benefits economic
growth, its environmental implications regarding CO2 emissions are addressable. So, it is imperative to
acknowledge the role of ICT in reducing environmental damage associated with economic growth [17].
Information and communication technology has affected every aspect of the social and economic sectors.
However, it affected consumers, industry, and macroeconomic levels differently. It directly affects electricity
consumption, increases CO2 emissions, and indicates a significant advantageous link between ICT and
environmental damage [18]. ICT affects the environment in two ways: usage and replacement, which
have positive and negative impacts. The manufacturing of ICT equipment and the exploitation of natural
resources are outcomes that incorporate usage effects, while energy consumption and e-waste disposal
indicate replacement effects. The usage effect gives rise to 2% to 3% of global pollution. The boom in energy
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use for mobile data circulation and data centers triggers CO2 emissions and threatens future generations [19].
Besides these threats, ICT can also have divergent effects. Traffic surveillance cameras, GPS, and intelligent
transportation systems are beneficial in mitigating CO2, as they reduce the need for physical activities [19].

Over the last few decades, environmental pollution has become a great menace to the world. To address
the issue of environmental challenges, countries worldwide have a consensus on reducing GHG and CO2
emissions. Fossil fuel consumption significantly contributes to surging temperatures and CO2 emissions
levels, eventually leading to the warmest years in history. The world leaders have agreed that they need
urgent energy reforms. Meanwhile, solar, wind, and hydro energy sources are becoming increasingly popular
and practical solutions for reducing CO2 emissions [20]. The surge in economic prosperity and increased
demand for energy are interconnected, leading to heightened competition for natural resources and rising
CO2 emissions. The major source of environmental degradation is the manufacturing sector. According to
the IPCC, energy-related CO2 emissions are projected to rise by 41% to 109% by 2030 [21]. IEA stated a
significant breakthrough: global CO2 emissions from energy consumption remain stable at about 33 billion
tons. This was an exceptional achievement, as CO2 emissions have risen for the last two years [22]. Renewable
energy is the most effective alternative to fossil fuels and is crucial in achieving sustainability. Investing in
renewable sources, such as solar and wind power, can significantly reduce CO2 emissions and contribute to
achieving sustainable progress. Moreover, renewable energy is a powerful opportunity to secure a greener
future and carbon neutrality [23].

The conversion to renewable sources is a cornerstone in curbing CO2 emissions. The International
Energy Agency (IEA) reported that a reduction in coal usage in 2019 resulted in nearly 200 million tons
of cuts in global CO2 emissions compared to 2018. Developed countries, such as those in Europe, Japan,
and the United States, have achieved extraordinary success in reducing CO2 emissions while maintaining
an average Gross Domestic Product (GDP) growth rate of 1.7%. The emission of CO2 reached its lowest
level in 2019, although electricity consumption surged three times higher than in 1980 [22]. According to
the IEA’s prediction, renewable energy usage is expected to expand from 11% to 15% between 2008 and 2035,
ultimately reducing CO2 emissions due to the clean and sustainable nature of renewable energy sources. It
is also projected that 70% of global electricity production growth will be based on hydro, solar, wind, and
bioenergy [24,25].

Economic development has enhanced life expectancy by improving local healthcare standards and
pension systems worldwide. However, the acceleration in the elderly population has greatly challenged
many nations, including Japan, Italy, and Portugal. Japan shared an intensive rise in the elderly population,
28% of the total population, and Italy and Portugal shared 23% and 22%, respectively [26]. The growing
elderly population affects carbon emissions because age sizes influence economic activities and lead to
energy-intensive industries. The Sustainable Development Goals (SDGs), particularly SDG 8, emphasize
employment, while SDG 10 focuses on eradicating age-related barriers. Both goals support these demo-
graphic changes. Numerous earlier studies have focused on the relationship between the aging population
and economic progress; however, recent research is now examining how other aspects of aging, such as
health and social care, impact carbon emissions. They focus on the repercussions of population size, age
distribution, and household relationships on CO2, consequently predicting future CO2 emissions. Aging
is a crucial component in economic and environmental models nowadays [27]. Moreover, it is essential
to understand the intricate relationship between population dynamics and environmental sustainability.
Many factors, along with economic output, influence environmental challenges and demand a deeper
understanding of population-driven impacts [28].
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The study aims to analyze the impact of green growth and renewable energy on CO2 emissions in
20 OECD countries from 2000 to 2023. CO2 emissions are the dependent variable, while green growth,
renewable energy, ICT, and population are the independent variables. Although OECD countries are
developed and advanced, their high levels of industry, heavy energy use, and urbanization pose significant
environmental challenges. OECD countries significantly contribute to CO2 emissions and highly depend
on conventional energy sources. Although OECD countries have adopted advanced renewable sources, the
transition is not even across all OECD countries. Moreover, the adoption level of green energy projects
varies from country to country. The OECD launched the Green Growth Declaration in 2009 and the
Green Growth Strategy in 2011, both of which aimed to motivate countries to adopt policies that promote
green growth investment and sustainable resource management practices. The Green Growth Strategy 2011
identified several key sectors that could significantly reduce GHG emissions. Furthermore, the OECD is
determined to accelerate clean energy investments. The OECD’s government Budget allocations for Research
and Development (R&D) exhibit a strong commitment by OECD countries to encourage innovation in the
energy sector.

Several studies analyzed the relationship between green growth and CO2, demonstrating how green
growth may combat environmental challenges, i.e., Hao et al. [29], Wei et al. [30], Sadiq et al. [31], Khan
et al. [15], and Dam et al. [14]. Several studies have investigated the role of green growth and renewable energy
in promoting environmental sustainability in OECD countries. Further studies are required to understand
the effect of green growth, renewable energy, population, and ICT on environmental sustainability in
OECD countries.

The study aims to fill this research gap by evaluating the impact of green growth and ICT on
environmental sustainability in OECD countries. It also examines the effects of green growth, renewable
energy, ICT, and population on CO2 emissions in OECD countries. The study contains impactful and
multifaceted contributions. Firstly, this research provides an in-depth analysis of the relationship between
green growth and CO2 emissions in OECD countries. Research exploring this affinity is often overlooked,
especially within OECD countries. Previous studies either focused on a small group of countries or a
single country. This research’s observations are crucial in formulating plans to enhance environmental
sustainability. Secondly, the use of robust datasets and the application of advanced statistical methodologies
make this research superior to previous work. These methodologies significantly boost the reliability of
findings when formulating policies. Thirdly, it integrates the mediating part of ICT, demonstrating how
digital advancements help reduce environmental degradation. These contributions show how green growth
can reduce CO2 in OECD economies.

Moreover, this work translates macroeconomic relationships into actionable guidance for energy
engineers and system planners. The results highlight that scaling renewable generation and embedding green
growth policies are associated with measurable CO2 reductions, underscoring the importance of coupling
variable renewables with storage, grid flexibility measures, and demand-side management to realize their full
emissions benefits. Conversely, the positive association between ICT diffusion and emissions in some con-
texts signals the need for energy-aware ICT design, more efficient data centers, and ICT-enabled optimization
(e.g., smart metering and demand response) to avoid rebound effects. Population dynamics further indicate
where capacity planning and targeted efficiency retrofits will be most effective. Framing green growth
as a portfolio of engineering interventions–renewable integration, energy conversion efficiency, storage
deployment, and ICT-driven control strategies–bridges policy and technology, providing a clear roadmap
for engineers to design resilient, low-carbon energy systems informed by long-run empirical evidence.
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The rest of the paper proceeds with a literature Review and the theoretical framework (Section 2), the
materials and methods (Section 3), the results and discussion (Section 4), and finally, the conclusions, policy
recommendations, limitations, and suggestions for future studies (Section 5).

2 Literature Review
The study elucidates how progress in green growth, renewable energy, ICT, and population affects

environmental sustainability. Experts have long emphasized the importance of studying established literature
to inform and guide better decision-making in the present and future. The world today is struggling to
combat the pressing problem of climate change. GHG and CO2 are the key contributors to the climate
emergency [32]. Numerous studies have reviewed the various aspects of CO2. Different studies have used
various macroeconomic and environmental variables to determine CO2 emissions. Under this heading, we
attempted to summarize the existing literature on CO2 causal factors among farmers.

2.1 Theoretical Framework
The theoretical framework also plays a significant role in data analysis and adequate decision-making

in this study. To explain the subject comprehensively, this study invoked Sustainable Finance and Sustainable
Development theories. The study’s ambitious objective was to examine how these theories elucidate the
relationship between green growth and a sustainable environment. Fig. 1 illustrates the theoretical framework
of this investigation.

Figure 1: Theoretical framework.

The concept of green growth was introduced in South Korea in 2005, prioritizing sustainable develop-
ment by protecting the environment and reducing CO2 emissions [33]. GG can combat CO2 by implementing
renewable energy sources, enhancing energy efficiency, and adopting low-carbon technologies [14]. More-
over, it encourages investment in R&D and innovations. Adopting green growth can facilitate countries’
addressing climate issues as it actively reduces CO2 emissions. The OECD proposed GG as a policy strategy
for executing the UN SDGs [34].
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Firstly, this study selected Sustainable Finance Theory due to its effective role in achieving a healthy
environment in the current era of development and financial transformation. Achieving economic growth
without compromising the environment or leaving anyone behind has become crucial [35]. Sustainable
Finance Theory considers economic, social, and environmental aspects. It emphasizes long-term and
sustainable development and prosperity by practicing green growth strategies [36]. Sustainable Finance
Theory promotes investments that align with environmental, social, and governance (ESG) principles. It
directs governments to adopt strategies and projects to help improve the environment and the future [37].
This theory supports the 2030 SDGs due to the importance of ESG aspects in informing financial decisions.
Secondly, considering the sustainable development theory, this study focuses on adopting renewable energy
and supports SDG 7. It advocates for using less imported fossil fuels and switching to renewable energy
projects to make the countries more energy-independent. Moreover, this study supports the specific sus-
tainable goals that concentrate on protecting the environment and economic development. It also embodies
the concept of green growth, such as utilizing renewable energy, which can help mitigate the harms of CO2
emissions and reduce dependence on fossil fuels. Adopting renewable energy projects in the power sector
can also enrich economic growth and stimulate green growth [38].

Sustainable Development Theory provides the overarching normative framework for this study, empha-
sizing that economic progress should be pursued within ecological limits and with intergenerational
equity. The concept is commonly operationalized through the “triple bottom line” (economic, social, and
environmental pillars) and the broader sustainable development agenda, which calls for growth pathways
that reduce environmental pressures while maintaining welfare and resilience [39–41]. In this perspective,
climate mitigation and emissions reduction are not ancillary outcomes but core conditions of development.
Accordingly, our IPAT-inspired specification treats CO2 emissions as the environmental “impact” dimension
and models how demographic scale (population) and technological/structural factors (green growth, renew-
able energy, and ICT) shape that impact, consistent with the sustainable development objective of decoupling
economic activity from environmental degradation.

Jevons [42] introduced the rebound effect theory in his book The Coal Question, observing that coal
efficiency resulted in higher overall consumption rather than preservation. Later, Hilty & Aebischer [43]
linked this theory to ICT and presented it in their work on sustainability in the digital economy. They claimed
that the higher energy demand in ICT is due to improved energy efficiency. The reverberation of ICT in the
environment also depends on the rebound effects of ICT. The rebound effect theory claims that the positive
impact of technology can have a reverse impact in the long run. For example, development in ICT leads to
cheaper production and causes a hike in demand for these products, ultimately increasing pollution.

Yet, ICT also plays a favourable role in promoting environmental preservation by mitigating the
harmful effects of human activities, addressing climate change, and promoting sustainability. ICT can create
awareness regarding environmental issues and help predict environmental risks. The effects of population
size, density, and urbanization on the environment are a subject for consideration. These demographic
changes positively influence freight, food, clothing, shelter, and other basic prerequisites and boost their
demands. According to Malthus [44], this phenomenon can lead to increased energy consumption, resource
scarcity, and environmental damage. Conversely, a rise in demand for transformational services, shelter, food,
and clothing may lead to technological innovations and can improve energy efficiency [45].

This study adopts an integrated theoretical framework that combines Sustainable Development Theory
and Sustainable Finance Theory within an IPAT-inspired mechanism to explain cross-country variation in
environmental pressure, proxied by CO2 emissions. Sustainable Development Theory provides the overarch-
ing objective: economic and social progress should be pursued within ecological constraints, implying that
lower carbon intensity and reduced emissions are core components of sustainable development outcomes.
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The IPAT logic (Impact = Population × Affluence × Technology) offers a parsimonious structure for
translating this objective into testable relationships. In line with our empirical specification, we operationalize
the “Population” component directly through population size, while the “Technology” component is decom-
posed into three complementary channels that are central to the green transition: eco-efficiency/productivity
improvements (green growth), decarbonization of the energy mix (renewable energy), and digitalization
(ICT). Country and time effects absorb persistent cross-country differences and common macro-trends that
would otherwise be captured by the affluence term in a fully specified IPAT formulation.

Within this structure, Sustainable Finance Theory provides the main transmission mechanism linking
economic systems to environmental outcomes: a financial system that internalizes climate-related risks and
reallocates capital toward low-carbon investment reduces the cost of financing green technologies, acceler-
ates clean-energy diffusion, and supports innovation and productivity improvements consistent with green
growth. Accordingly, green growth is expected to lower CO2 by improving the joint production of economic
output and environmental quality through cleaner production processes, resource efficiency, and innovation
(H1). Renewable energy is expected to reduce CO2 by substituting fossil fuels in the energy mix and lowering
the emissions intensity of output (H2). ICT affects emissions through two competing mechanisms. The
efficiency channel operates via smarter production, dematerialization, optimized logistics, and enabling
technologies (e.g., smart grids), which can reduce energy use per unit of output and lower CO2. However, the
rebound effect theory implies that efficiency gains and lower effective costs can stimulate additional demand
(including ICT-related energy use), potentially offsetting part of the environmental benefit. Given the OECD
context–where digital technologies are increasingly coupled with energy-management applications and
decarbonization policies–we hypothesize that the net effect of ICT is emissions-reducing, while recognizing
that rebound effects may weaken the magnitude (H3). Finally, population growth is expected to increase
environmental pressure through scale effects that raise energy demand and emissions, ceteris paribus (H4).

2.2 Green Growth and CO2

Technological innovations have developed world economies at the cost of environmental degrada-
tion [46]. World leaders and organizations recognized the need to promote GG, and as a result. GG is
crucial in attaining economic progress with reduced resource depletion [13]. Many countries are focusing on
achieving a win-win situation in terms of economic growth; the most feasible solution to attain this goal is
green growth.

The interconnection among green growth, population, institutional quality, and CO2 for OECD coun-
tries was analyzed by Dam et al. [14]. The outcomes showed that green growth exacerbates environmental
degradation, while institutional quality and population growth harm the environment. Lin and Ullah [47]
analyzed the link among green growth, energy depletion, and CO2 in Pakistan. The research revealed that
green growth mitigates CO2, while energy depletion degrades ecological quality. For the BRICS countries,
Wei et al. [30] explored the link among fintech, green growth, and CO2. They found that green finance
and green growth reduce CO2. Sadiq et al. [31] scrutinized the affinity among environmental innovation,
green growth, FD, and ecological footprint for OECD countries. They found that environmental innovation
and green growth minimize the ecological footprint, while financial development enhances it. The nexus
among green growth, financial inflow, renewable energy, green trade, and CO2 for the top 10 countries
was scrutinized by Wei et al. [48], adopting the CS-ARDL method. The findings disclosed that all variables
boost ecological quality. For China, Zhao et al. [49] established the link among green growth, green finance,
GDP, energy efficiency, trade, industrial structure, income inequality, and CO2. The outcomes revealed that
GDP, trade, and income inequality increase pollution, while energy efficiency, industrial structure, and green
growth boost eco quality. Khan et al. [15], for 26 EU countries, asserted the interlink among eco-innovation,
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green growth, energy intensity, and CO2. They found that green growth and environmental taxes minimize
CO2. Saleem et al. [16] studied the link between green growth and CO2 for 12 Asian economies, adopting the
CS-ARDL model. The study observed that green growth supports eco-quality.

Similarly, for China, Li et al. [50] inspected the link among industry, FDI, education, and CO2 by
adopting the Pooled Ordinary Least Squares (POLS) approach. The research unveiled that GG, industry, and
energy efficiency exacerbate air quality; conversely, GDP, education, and urbanization decline environmental
quality. Dogan et al. [51] documented the nexus among green growth, energy intensity, and CO2. They found
that all variables accelerate ecological quality in 25 countries. For G-7 countries, Hao et al. [29] inspected
the link among green growth, renewable energy, environmental taxes, and CO2 from 1991 to 2021. The
outcomes highlight that human capital, environmental taxes, and green growth boost environmental quality;
conversely, renewable energy and green growth squares deteriorate the environment.

H1: Green Growth has a significant negative relationship with CO2.

2.3 Renewable Energy and CO2

Since the 1970s oil crisis, researchers have concentrated on the transition to renewable energy, which can
significantly reduce CO2 emissions. Moreover, renewable energy can potentially improve economic growth
without degrading the environment. Energy transition facilitates access to energy for all people, making it
more accessible, affordable, and efficient, while also improving environmental sustainability through cleaner
energy [52]. A plethora of research has examined the effect of renewable energy on CO2 and observed a
negative association between the two.

The interconnection among GDP, globalization, military expenditure, tourism, labor force, renewable
energy, and CO2 for North African countries was reviewed by Idroes et al. [53]. The outcomes highlighted
that renewable energy, globalization, and the labor force positively improve environmental quality, while
GDP, tourism, and military expenditure damage the environmental quality. Employing CS-ARDL, Yadav
et al. [23] for BRICS countries documented the relationship among GDP, renewable energy, energy intensity,
government effectiveness, and CO2 emissions. They found that government effectiveness, green finance, and
renewable energy improve air quality, whereas GDP and energy intensity deteriorate environmental quality.
Sadiq et al. [31] found a correlation among renewable energy, corruption, policy uncertainty, and CO2 in
BRICS countries, using the CS-ARDL method. They revealed that controlling corruption and promoting
renewable energy help clean the environment, whereas GDP growth and policy uncertainty harm the
environment. Liu & Han [54] documented the adverse interconnection between renewable energy and CO2
in 30 Chinese provinces. For G-7 countries, Aslan et al. [55] inspected the nexus among GDP, GDP square,
patent application, renewable energy, urbanization, and CO2. They showed that GDP square increases CO2,
while GDP, renewable energy, and patent applications decrease CO2 emissions.

In the same way, Khan et al. [56] asserted the link among urbanization, broad money, natural resource
rent, renewable energy, and CO2 for SAARC nations. The findings concluded that renewable energy
improves environmental quality, while natural resources and broad money lower it. For Turkey, over the
1990–2019 period, Mukhtarov [57] examined the correlation among renewable energy, exports, imports,
income, and CO2. The ARDL outcomes revealed that renewable energy and exports enhance environmental
quality, while income and imports damage it. For 27 OECD countries, Işık et al. [58] documented the link
among GDP, GDP squared, mineral rents, renewable energy, internet, and CO2 emissions. They revealed
that renewable energy and GDP square lessen CO2, while GDP and the internet enhance environmental
pollution. Bergougui [59] employed the Quantile Autoregressive Distributed Lags (QARDL) model to
examine the relationships among renewable energy, technological innovation, and CO2 emissions. The
verifiable outcomes indicate that renewable energy and trade reduce CO2 emissions, while fossil fuel energy
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and GDP degradation compromise environmental quality. Mamkhezri & Khezri [60] studied the nexus
among GDP, urbanization, trade openness, renewable energy, R&D, and CO2 for 54 countries. The results
highlighted that GDP square and renewable energy ameliorate the eco quality. Magazzino et al. [61], studying
the Scandinavian countries, found a correlation between renewable energy and CO2 emissions. Magazzino
et al. [20] reviewed the link between renewable energy and eco degradation in India, China, and the USA.
The findings confirmed that renewable energy reduces CO2.

H2: Renewable energy has a significant negative relationship with CO2.

2.4 ICT and CO2

CO2 is widely recognized as a primary contributor to climate change. There are several determinants of
CO2 emissions; among them, one of the most important is ICT, which has a double-edged influence on CO2
emissions. Some scholars argue that ICT and CO2 emissions are positively connected, as the ICT application
increases electricity consumption and degrades the environment, because conventional energy sources still
generate electricity and emit polluted gases [62]. Conversely, other scholars argued that increased ICT usage
improves energy efficiency and reduces environmental harm. Therefore, we can conclude that it is evident
that ICT impacts CO2 emissions, but the direction of this impact remains unclear.

Işık et al. [58] identified the link among the internet, mineral rent, and CO2 from 2001 to 2020 for
27 OECD countries. They observed that mineral rent and GDP pollute the environment; in contrast, the
internet improves the environmental quality. Ben Lahouel et al. [63] reviewed the relationship among ICT,
trade, and CO2 for 16 MENA countries. They found that ICT and GDP reduce CO2 emissions, while trade,
GDP, energy consumption, and Foreign Direct Investments (FDI) increase CO2 emissions. From 1980 to
2018, Yahyaoui [17] analyzed the relationship among GDP, ICT, and CO2 in Tunisia and Morocco. They
showed that ICT, GDP, and trade have a detrimental impact on environmental quality. Ahmad et al. [64]
focused on the link among human capital, ICT, globalization, and CO2, adopting the augmented mean
group. The outcomes revealed that ICT and human capital reduce CO2 emissions, whereas globalization
accelerates them. Briglauer et al. [18] examined the link among ICT, R&D, corruption, and CO2 from 2002
to 2019 for 34 OECD countries. They found that corruption, urbanization, and education increase CO2,
while ICT ameliorates the environment. Islam et al. [19] scrutinized the link among energy consumption,
ICT, and CO2, using the Pooled Mean Group (PMG) approach for the Gulf Cooperation Council (GCC)
region. The evidence proves ICT and FD increase the eco quality, while energy increases CO2. Naseem
et al. [65] studied the link among ICT, agricultural production, and CO2 for BRICS countries, applying the
Dynamic Ordinary Least Squares (DOLS) estimator. The results concluded that ICT improves the eco quality;
meanwhile, agriculture accelerates CO2.

In addition, Shobande & Asongu [66] examined the relationship among population, education, and
CO2 emissions in South Africa and Nigeria. The empirical outcomes revealed that population increases
CO2 emissions, and education, income, and life expectancy improve environmental quality in South Africa.
For nine selected Asian economies, Usman et al. [67] found a favorable link between ICT and CO2. Faisal
et al. [68] for fast-emerging countries, demonstrating the link among financial development, ICT, trade, GDP,
and CO2. They observed that trade reduces CO2; conversely, ICT and FD enhance CO2. Raheem et al. [69]
explored the nexus among ICT, trade, and CO2 for G-7 countries. The findings highlighted that urbanization
and trade minimize CO2, while ICT boosts CO2. Chen et al. [70] revisited the relationship among industry,
urbanization, and CO2 emissions in China. The empirical outcomes revealed that ICT and open economies
improve the environment, whereas industry degrades ecological quality. From 2001 to 2014, Park et al. [71]
found an association among ICT, financial development, GDP, trade, and CO2 in a sample of EU countries.
They observed that financial development, GDP, and trade reduce CO2, while ICT degrades environmental
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quality. From 1990 to 2015, adopting the Augmented Mean Group (AMG) model, Danish et al. [72] stated
that ICT enhances CO2.

H3: ICT has a significant negative relationship with environmental sustainability.

2.5 Population and CO2

Sachan et al. [73] studied the interconnectedness among population, industrialization, and CO2 by
employing the Fully Modified Ordinary Least Squares (FMOLS) approach for BRICS countries. They found
that the population damages the ecological quality. Guo et al. [74] uncovered the link among population,
industry, and CO2 for China. They reported that population and GDP increase CO2. Rehman et al. [75]
focused on the nexus among population, food production, energy utilization, and CO2 in Pakistan. They
showed that population growth, GDP, and energy damage environmental quality, while food production
reduces CO2. For OECD countries, Yang et al. [27] explored the connection among population aging,
economic growth, and CO2 from 1971 to 2016. FMOLS outcomes indicate that population aging, GDP per
capita, and economic globalization reduce CO2. Wang & Li [28] studied the link nexus among population,
urbanization, and CO2 for 154 countries. The results clarified that the population accelerates emissions.
Rahman & Alam [76] for Bangladesh identified the connection among population density, technology,
affluence, urbanization, trade, and CO2. The results uncovered that clean energy reduces CO2; however, trade,
urbanization, and population degrade the environmental quality.

Similarly, Khan et al. [77] asserted the link among population growth, renewable energy, and CO2
for the USA from 1971 to 2016. The empirical outcomes disclosed that the population enhances CO2. de
Souza Mendonça et al. [78] documented the connection among population, GDP, and CO2 for the 50
largest economies. They concluded that population degrades eco quality, while renewable energy decreases
CO2 emissions. For SAARC countries from 1994 to 2013, Anser et al. [79] identified the nexus among
population size, urbanization, and CO2 emissions. They found that GDP and population size deteriorate the
ecological quality. Zhang et al. [80] documented the relationship among population, GDP, energy intensity,
urbanization, industrialization, and CO2 emissions in China. They disclosed that the population enhances
CO2. Yu et al. [81] analyzed the correlation between population and CO2 in China. The outcomes showed that
energy intensity reduces CO2 emissions, while industrial structure and population aging negatively affect
environmental quality.

H4: Population has a significant negative relationship with environmental health.
Table 1 reports a literature overview.

Table 1: Summary of the literature.

Author(s) Study Period Sample Methodology Findings
Green growth on CO2

Dam et al. [14] 1996–2020 OECD countries PMG-ARDL Green Growth abates
CO2

Dogan et al. [51] 1994–2018 25 environmentally
friendly countries

Quantile regressions Green Growth abates
CO2

Li et al. [50] 1990–2020 China POLS Green Growth abates
CO2

Hao et al. [29] 1991–2021 G-7 countries CS-ARDL Green Growth abates
CO2

Khan et al. [15] 2000–2020 26 EU countries Quantile regressions Green Growth abates
CO2

(Continued)
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Table 1 (continued)

Author(s) Study Period Sample Methodology Findings
Lin & Ullah [47] 1990–2020 Pakistan Dynamic ARDL Green Growth abates

CO2
Saleem et al. [16] 1990–2018 12 Asian countries CS-ARDL Green Growth abates

CO2
Saqib et al. [31] 1990–2019 OECD countries AMG Green Growth abates

CO2
Wei et al. [48] 1990–2018 Top 10 future green

countries
CS-ARDL Green Growth abates

CO2
Wei et al. [30] 1990–2020 BRICS MMQR Green Growth abates

CO2
Zhao et al. [49] 2004–2018 China POLS Green Growth abates

CO2

ICT on CO2

Ahmad et al. [64] 1990–2018 OECD countries AMG ICT abates CO2
Briglauer et al. [18] 2002–2019 34 OECD countries Panel fixed effects ICT abates CO2

Chen et al. [70] 2001–2016 China OLS/Quantile
regressions

ICT abates CO2

Danish et al. [72] 1990–2015 N-11 countries AMG ICT abates CO2
Faisal et al. [68] 1993–2014 Fast-emerging

countries
DOLS ICT enhances CO2

Islam et al. [19] 1995–2019 GCC countries PMG-NARDL ICT abates CO2
Işık et al. [58] 2001–2020 27 OECD countries Quantile regressions ICT abates CO2

Ben Lahouel et al. [63] 1990–2019 16 MENA countries PSTR ICT abates CO2
Naseem et al. [65] 2000–2019 BRICS DOLS ICT abates CO2

Park et al. [71] 2001–2014 Selected EU countries PMG ICT enhances CO2
Raheem et al. [69] 1990–2014 G-7 countries PMG ICT enhances CO2

Shobande and
Asongu [66]

1980–2017 South Africa and
Nigeria

STIRPAT ICT abates CO2

Usman et al. [67] 1990–2018 9 selected Asian
economies

ARDL ICT enhances CO2 in
8 economies

Yahyaoui [17] 1980–2018 Tunisia and Morocco ARDL ICT enhances CO2

Renewable energy and CO2

Aslan et al. [55] 1995–2018 G-7 countries MMQR RNE reduces CO2
Bergougui [59] 1980–2021 Algeria QARDL RNE reduces CO2
Idroes et al. [53] 1995–2021 North African

countries
ARDL RNE reduces CO2

Işık et al. [58] 2001 and 2020 27 OECD countries Quantile regressions RNE reduces CO2
Khan et al. [56] 1990–2019 SAARC countries Quantile regressions RNE reduces CO2

Liu and Han [54] 2006–2020 China Threshold regressions RNE reduces CO2
Magazzino et al. [20] 1990–2017 USA, India, China Machine learning RNE decreases CO2
Magazzino et al. [61] 1990–2018 Scandinavian

countries
FMOLS RNE reduces CO2

Mamkhezri &
Khezri [60]

2003–2017 54 countries Panel fixed effects RNE reduces CO2

Mukhtarov [57] 1990–2019 Turkey ARDL RNE reduces CO2
Sadiq et al. [31] 2001–2020 BRICS CS-ARDL RNE reduces CO2
Yadav et al. [23] 2000–2021 BRICS CS-ARDL RNE reduces CO2

Population and CO2

Anser et al. [79] 1994–2013 SAARC STIRPAT Population increases
CO2

(Continued)
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Table 1 (continued)

Author(s) Study Period Sample Methodology Findings
Guo et al. [74] 1995–2019 China STIRPAT Population increases

CO2
Khan et al. [77] 1971–2016 USA GMM Population enhances

CO2
de Souza Mendonça

et al. [78]
1990–2015 50 largest economies Hierarchical

regressions
Population increases

CO2
Rahman & Alam [76] 1973–2014 Bangladesh ARDL Population accelerates

CO2
Rehman et al. [75] 1965–2019 Pakistan ARDL Population increases

CO2
Sachan et al. [73] 1996–2022 BRICS FMOLS Population damages

the environmental
quality

Wang & Li [28] 1992–2016 154 countries Threshold regressions Population decreases
the environmental

quality
Yang et al. [27] 1971–2016 OECD countries FMOLS Population cleans the

environmental quality
Yu et al. [81] 1990–2014 China STIRPAT Population increases

CO2
Zhang et al. [80] 2005–2014 China STIRPAT Population increases

CO2

2.6 Literature Gap
The aforementioned literature review encompasses various studies that examined the impact of green

growth on CO2 emissions across multiple scopes. In light of this review, the first research gap is that no study
in the literature has unveiled the effect of green growth on CO2 emissions for 20 OECD countries by applying
the Pooled Mean Group-AutoRegressive Distributed Lags (PMG-ARDL) method. Another research gap is
that no study has examined the impact of green development and renewable energy on CO2 emissions. The
study’s outcomes are helpful for OECD countries in meeting SDG 7 and SDG 13 [82].

3 Data and Methodology

3.1 Data Sources and Descriptions
This study employs panel statistical methods, yielding yearly data series for green growth (GG), ICT,

renewable energy (RNE), population, and CO2 emissions among OECD states from 2000 to 2023. The
dependent variable is CO2, measured in kilotons (kt). Moreover, the independent variables include GG
(environmentally adjusted multifactor productivity growth), ICT (fixed broadband subscriptions per 100
people), population (aged 15–64), and renewable energy consumption (% of total final energy consumption).
The log-transformation of each variable has been applied. Data sources for all variables are from the World
Bank Indicators [83], except for GG, which is sourced from the OECD database. The sample comprises the
following 20 OECD countries: Australia, Austria, Belgium, Canada, Denmark, Finland, France, Germany,
Greece, Hungary, Italy, Japan, the Netherlands, Norway, Portugal, Sweden, Switzerland, Türkiye, the United
Kingdom, and the United States.

The analysis focuses on 20 OECD countries over 2000–2023 because a complete, overlapping time series
for all core variables (especially the OECD environmentally adjusted multifactor productivity indicator)
is not available for the full OECD membership. Therefore, a balanced panel is constructed to avoid shifts
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in country coverage over time that could confound cross-country comparisons and dynamic estimates.
Excluded OECD members are omitted solely due to data unavailability or insufficient time coverage in one or
more key variables. This choice may limit external validity to OECD countries with complete data; however,
it does not reflect outcome-based selection.

3.2 Selection of Variables
The selection of variables is grounded on the following aspects. Firstly, the rationale for the link between

green growth and environmental sustainability lies in how green growth enhances economic prosperity
while ensuring environmental sustainability. This framework examines how economies can benefit from an
economic upswing without compromising ecological health. Green growth can minimize resource depletion,
saving the environment from degradation. Therefore, the relationship between green growth and CO2
emissions has been outlined by prior studies.

Secondly, the association between renewable energy and CO2 emissions is one of the most important
relationships because RNE is crucial in mitigating CO2. Analyzing this relationship helps introduce how
RNE sources can affect environmental sustainability. RNE sources have much lower carbon emissions than
fossil fuels. Transitioning to renewable projects through greener economic models can safeguard countries
from harmful environmental challenges [84]. Thirdly, numerous previous studies have examined the rela-
tionship between ICT and environmental sustainability. ICT has dual effects on environmental sustainability.
ICT can significantly impact environmental health by enhancing energy efficiency and supporting digital
innovations. On the other hand, it may lead to an increase in energy demand.

Lastly, the connection between population (POP) and CO2 has many facets. Substantial changes in
population size and composition can negatively impact environmental health [74]. An increase in population
leads to higher energy consumption, increased land use, and greater waste generation; therefore, examining
this complex relationship may help in understanding how CO2 emissions function.

Environmentally Adjusted Multifactor Productivity (EAMFP) growth is adopted as the baseline proxy
for green growth because it captures the productivity/eco-efficiency dimension of the green transition in a
way that is conceptually aligned with “decoupling” and empirically suitable for cross-country macro-panel
analysis. EAMFP is part of the OECD Green Growth headline indicator set and extends standard multifactor
productivity by embedding environmental pressures directly into a growth-accounting framework: it mea-
sures the residual change in productivity in the joint production of desirable output (income/value added)
and undesirable by-products (e.g., emissions), while also accounting for the use of factor inputs, including
natural capital. In practical terms, positive EAMFP growth indicates that an economy is improving its capac-
ity to generate economic output from a given bundle of inputs while reducing (or more efficiently managing)
environmental burdens—i.e., an outcome-based measure of eco-efficiency improvements consistent with
green growth objectives. Importantly, using the OECD EAMFP series also ensures harmonized definitions,
consistent methodology, and comparability across OECD countries and over time, which is essential for the
long-span panel setting of this study.

3.3 Econometric Strategy
The basic econometric strategy is pivoted on the four statistical checks. Firstly, we examine the possibility

of cross-sectional dependence using a test developed by Pesaran [85]. Secondly, we applied the Pesaran &
Yamagata [86] test to explore the homogeneity among variables. The outcomes of these two steps determined
whether the first- or second-generation unit root and cointegration tests can be applied. For stationarity, we
applied second-generation unit root tests (Cross-sectionally augmented Im, Pesaran, and Shin (CIPS) and
Cross-section Augmented Dickey-Fuller (CADF)). Lastly, we employed the Westerlund (2007) cointegration
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test to determine the long-term association between the variables. The PMG-ARDL method analyzes the
long- and short-term relationships within a panel dataset. It is a flexible and reliable method for estimating
mixed Panel data models. When operating the panel data, PMG-ARDL attracts attention as a strong and
flexible approach.

This method was selected due to its advantages, which aligned with the study goals. First, this technique
demonstrates flexibility for various short-term behaviors, extending beyond countries and organizations,
as long as comparable long-term relationships are maintained. This unique property enables us to capture
each group’s distinctive short-term patterns and a broader picture of long-term trends. Secondly, PMG-
ARDL decouples long-term and short-term trends, unlike conventional methods that frequently combine
the two. Thirdly, PMG-ARDL handles the real-life research issues of small sample sizes and unstable data.
Moreover, PMG-ARDL employs appropriate lags of dependent and independent variables, thereby reducing
the endogeneity problem. Additionally, it handles cross-sectional dependence. Although PMG-ARDL is an
advanced and rigorous method, it is user-friendly; therefore, policymakers and researchers can easily gain
the provided insights without requiring extensive technical knowledge.

Given the mixed integration orders identified by CIPS/CADF test (I(0) and I(1), with no I(2) variables),
PMG-ARDL is adopted as the baseline estimator because it accommodates I(0)/I(1) mixtures within an
error-correction framework and jointly delivers long-run elasticities and heterogeneous short-run dynamics
(including the speed of adjustment) across OECD countries. FMOLS and DOLS are reported as complemen-
tary robustness checks for long-run coefficients, but they do not model the adjustment process and short-run
heterogeneity that are central to our mechanism-based interpretation.

3.4 Econometric Method
To start the analysis, we utilize the IPAT model, which evaluates the significance of factors that influence

environmental health. Here, we consider environmental impacts by (I), variation in population by (P),
affluence (A), and technology (T).

Ehrlich & Holdren [87] presented a model to describe the impact of human activities on the environ-
ment. The IPAT model considers population, affluence, and technology as the three major contributors to
CO2 emissions (see Fig. 2). They claim that increasing population size, affluence, and technology influence
carbon emissions, particularly in economic activities that utilize environmentally damaging technologies.
Furthermore, York et al. [88] supported the same phenomenon and confirmed the fluctuating effects
of population, urbanization, technology, and wealth on the environment. The expansion of urban areas
indicates the share of consumer markets, urban population, and industrial structure.

CO2 = f(GG, RNE, ICT, POP) (1)

Based on the IPAT model, the econometric equation for the present study is given in Eq. (2)

LCO2 i ,t = a + β01LGGi ,t + β02LRNEi ,t + β03LICTi ,t + β04LPOPi ,t + μi ,t (2)

Since the ARDL approach is unable to check for bias in panel dataset models due to the linkage between
the white noise term and the mean-differenced independent variables, this study employed PMG and ARDL
in combination to address this issue. The revised PMG-ARDL model is given in Eq. (3).

yit = A+ δyit−1 + ai

m1
∑
h=1

Δyit−i +Ψi

m2
∑
h=1

ΔLGGit−i + πi

m3
∑
h=1

ΔLRNEit−i + ωi

m4
∑
h=1

LICTit−i + θi

m5
∑
h=1

ΔLPOPit−i

+Ω1 yit−1 +Ω2LGGit−1 +Ω3LRNEit−1 +Ω4LICTit−1 +Ω5LPOPit−1 + ηi + μit (3)
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Figure 2: IPAT model.

4 Empirical Results and Discussion

4.1 Descriptive Statistics
Table 2 displays the explanatory data analysis. The population has the highest mean, maximum, and

median values, while CO2 shows the lowest values. Jarque-Bera test results confirm that all variables are
normally distributed. CO2, green growth, and population are positively skewed, while renewable energy
and ICT are negatively skewed. The findings of the correlation analysis are also displayed in Table 2. CO2
emissions are adversely related to renewable energy and ICT. Similarly, green growth has a negative link
with renewable energy and ICT but a positive association with population. Moreover, renewable energy has
a positive association with ICT but a negative association with the population.

Table 2: Descriptive statistics and correlation matrix.

Statistics CO2 GG RNE ICT POP
Mean 12.0298 −2.85463 2.639565 2.917036 16.49559

Median 11.67224 −2.79465 2.684435 3.377216 16.01376
Maximum 15.56919 −0.50717 4.139637 3.887521 19.19251
Minimum 9.972495 −4.75251 −0.22314 −4.10581 14.88422
Std. Dev. 1.352969 0.77527 0.866882 1.218536 1.171549
Skewness 0.682752 0.047291 −0.51456 −2.56466 0.530811
Kurtosis 2.767302 3.37616 3.214633 10.64367 2.157292

Jarque-Bera test 38.21511 2.996312 22.01113 1687.653 36.59085
p-value 0 0.223542 0.000017 0 0

Sum 5750.284 −1364.51 1261.712 1394.343 7884.892
Sum Sq. Dev. 873.1606 286.6975 358.4583 708.2645 654.6954
Observations 478 478 478 478 478

Correlation Matrix

CO2 1
GG 0.267474 1

RNE −0.57006 −0.48561 1
ICT −0.00931 −0.30275 0.137339 1
POP 0.94874 0.379664 −0.52396 −0.04977 1
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4.2 Cross-Sectional Dependence and Unit Root Tests
The cross-sectional dependence test findings are presented in Table 3.

Table 3: Cross-sectional dependence test results.

Residual Cross-Sectional Test (Panel)

Pesaran CD Statistic p-value
19.18*** 0.0000

Cross-Sectional Dependence Test (Single Variables)

Pesaran CD Variable CO2 GG RNE ICT POP
35.33***
(0.0000)

52.43***
(0.0000)

47.67***
(0.0000)

52.29***
(0.0000)

7.83***
(0.0000)

Notes: p-values in parentheses. ***p < 0.01.

The findings of the CIPS test are displayed in Table 4, revealing that CO2, population, and green growth
are stationary at the first difference, while RNE and ICT are level-stationary. According to CADF results, ICT,
population, and green growth are stationary at the level, while CO2 and RNE are first-difference stationary.

Table 4: CIPS and CADF test results.

Variable CIPS CADF

Level First Diff. Decision Level First Diff. Decision
CO2 −1.728 −4.636*** I(1) −1.638 −3.844*** I(1)
ICT −10.249*** – I(0) −13.721*** – I(0)
POP −1.668 −1.928*** I(1) −2.234*** – I(0)
RNE −2.214** – I(0) −1.850 −3.499*** I(1)
GG −2.014 −3.706*** I(1) −2.458*** – I(0)

Notes: ***p < 0.01, **p < 0.05, *p < 0.10.

Pesaran & Yamagata [86] slope homogeneity test evaluates whether slope coefficients are homogeneous
or heterogeneous. This test is implemented because OECD countries have different economic structures and
environmental policies. The Delta and adjusted Delta test results in Table 5 are found to be significant at a
1% level, which strongly rejects the null hypothesis.

Table 5: Slope homogeneity analysis.

Test Statistics
Delta 7.289***

Adj. Delta 8.747***

Notes: ***p < 0.01.

4.3 Panel Cointegration Tests
A battery of cointegration techniques, such as the Pedroni [89] cointegration test, the Kao [90]

cointegration test, and the Westerlund [91] cointegration test, is used to fully explore the long-term
association among the studied variables. Table 6 gives the outcomes obtained. The Pedroni cointegration



Energy Eng. 2026;123(5):22 17

test accommodates pooling within and between dimensions, each following an independent intercept. The
results are mixed, since 6 out of 11 tests reject the null hypothesis, indicating the presence of cointegration.
This finding is reinforced by the others’ cointegration test results, which clearly indicate the rejection of the
null hypothesis of no cointegration.

Table 6: Panel cointegration test results.

Pedroni Test

Statistic p-Value W-Statistic p-Value
Panel v-Statistic 1.1995 0.1152 −1.2687 0.8977

Panel rho-Statistic 1.3959 0.9186 0.5878 0.7217
Panel PP-Statistic −5.1119*** 0.0000 −7.78173*** 0.0000

Panel ADF-Statistic −1.5605* 0.0593 −1.98923** 0.0233
Group rho-Statistic 2.6207 0.9956
Group PP-Statistic −11.3364*** 0.0000

Group ADF-Statistic −2.6061*** 0.0046

Kao Test

ADF −2.0028** 0.0226

Westerlund Test

Delta 11.346*** 0.0000

Notes: ***p < 0.01, **p < 0.05, *p < 0.10.

4.4 PMG-ARDL Results
The PMG-ARDL findings indicate that green growth exerts a significant and inverse effect on CO2 in

OECD countries. This negative association suggests the complementary investment of GG in reducing CO2.
This result is significant at a 1% level, indicating a strong impact of green growth on environmental health.
Lin & Ullah [47] for Pakistan and Wei et al. [30] for BRICS found the same result. As nations emphasize
green growth investment via RNE sources, eco-friendly technologies, and eco-safe practices, CO2 emissions
tend to decrease, improving environmental sustainability.

The results for RNE demonstrate an adverse and significant link between RNE and CO2, implying
that a one-unit growth in RNE induces a 0.351% decline in CO2 in sampled countries (see Table 7). A
similar relationship was reported by Idroes et al. [53] for North African countries and Yadav et al. [23] for
BRICS countries. The negative impact of RNE on CO2 demonstrates the beneficial role of RNE in improving
environmental sustainability.

Table 7: Long-run and short-run estimates.

Variable Coefficient Std. Err. t-Statistic p-Value
Long-Run

GG −0.190*** 0.063 −3.012 0.002
RNE −0.351*** 0.024 −14.341 0.000
ICT 0.096*** 0.021 4.477 0.000
POP 1.777*** 0.160 11.043 0.000

(Continued)
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Table 7 (continued)

Variable Coefficient Std. Err. t-Statistic p-Value
Short-Run

COINT_EQ −0.209** 0.092 −2.261 0.024
D(GG) −0.247** 0.098 −2.510 0.012

D(GG(−1)) 0.116 0.084 1.378 0.169
D(GG(−2)) −0.092 0.088 −1.045 0.297

D(RNE) −0.305*** 0.101 −3.021 0.002
D(RNE(−1)) −0.049 0.091 −0.539 0.590
D(RNE(−2)) −0.071 0.085 −0.842 0.400

D(ICT) −0.035** 0.016 −2.211 0.028
D(ICT_(−1)) 0.002 0.092 0.028 0.977
D(ICT(−2)) 0.076 0.077 0.993 0.321

D(POP) −0.751 2.966 −0.253 0.800
D(POP(−1)) −4.061 3.006 −1.350 0.178
D(POP(−2)) 4.914 3.690 1.331 0.184

C −3.682** 1.601 −2.299 0.022

Notes: ***p < 0.01, **p < 0.05, *p < 0.10.

In terms of ICT, the coefficient shows a slightly significant positive effect. The positive association
indicates that ICT deteriorates environmental quality. Our findings are aligned with Raheem et al. [69],
who observed that ICT enhances CO2 in G-7 countries. Regarding the population variable, the outcomes
highlight a positive and significant connection with CO2 emissions, in line with Sachan et al. [73] for BRICS
countries and Guo et al. [74] for China, who found the same nexus between population and CO2 emissions.
This positive estimated sign shows the destructive role of population on environmental quality. A rise in
population size positively influences residential energy consumption, which enhances carbon emissions.

This positive ICT–CO2 association should be interpreted as reflecting ICT’s well-documented envi-
ronmental duality rather than a purely “dirty” effect. On the one hand, digitalisation can raise emissions
through higher electricity demand from data centres, cloud services, networks, and connected devices, as
well as through embodied emissions in ICT hardware and rapid equipment turnover. On the other hand,
ICT can reduce emissions by enabling efficiency gains (e.g., process optimisation, smart metering, and real-
time energy management) and by substituting for carbon-intensive activities (e.g., telecommuting, virtual
meetings, and digital delivery of services). A positive net coefficient is therefore consistent with rebound
mechanisms: efficiency improvements and lower transaction costs may stimulate additional consumption
and data use, potentially offsetting efficiency gains—particularly in phases of rapid diffusion when usage
expands faster than efficiency improvements (“early adoption” dynamics). In OECD countries, the net
effect of ICT is likely to be conditional on the extent to which digital infrastructure is powered by low-
carbon electricity and on whether ICT is deployed in emissions-reducing applications (e.g., smart grids and
demand-response) rather than primarily expanding energy-intensive digital services.

The study also applied FMOLS and DOLS methods to inspect the long-run relationship between CO2
and the independent variables (see Table 8). The findings reveal that green growth and renewable energy
are significant and negatively associated with CO2 emissions. Both green growth and renewable energy
show a highly significant relationship with CO2 emissions in both FMOLS and DOLS. These findings are
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consistent with those of Lin & Ullah [47] for Pakistan and Bergougui [59] for Algeria. Moreover, higher
levels of ICT lead to higher CO2 emissions. As ICT increases, CO2 also rises. ICT displays a statistically
significant (p < 0.001) positive coefficient in both models. These findings are aligned with Naseem et al. [65]
for BRICS. The association between population and CO2 emissions shows a positive coefficient, which is
statistically significant.

Table 8: FMOLS and DOLS estimates.

Variable FMOLS DOLS

Coefficient Std. Err. t-Statistic Coefficient Std. Err. t-Statistic
GG −0.4867*** 0.0143 −34.0181 −0.1410*** 0.0363 −3.8835

RNE −1.8804*** 0.0111 −168.7981 −0.2351*** 0.0500 −4.6964
ICT 2.2753*** 0.0205 110.9246 0.0856*** 0.0095 9.0134
POP 0.0155*** 0.0038 4.0327 2.0784*** 0.6280 3.3093

Notes: ***p < 0.01.

4.5 Panel Causality Test
Finally, the pairwise Dumitrescu & Hurlin [92] panel causality test is applied to examine the causality

direction among variables. The results in Table 9 reveal that green growth does not show a significant
homogeneous causal effect on carbon emissions. Similarly, CO2 also does not affect green growth. However,
renewable energy significantly causes CO2 emissions, but CO2 does not cause renewable energy. In the case
of the relationship between ICT and CO2, ICT does not directly cause CO2, as it fails to affect CO2 uniformly.
However, CO2 causes ICT, recommending feedback from environmental issues to digital adoption.

Table 9: Panel causality test results.

Null Hypothesis W-Statistic Zbar-Statistic p-Value
GG does not homogeneously cause CO2 2.97 1.21 0.22
CO2 does not homogeneously cause GG 2.70 0.75 0.45

RNE does not homogeneously cause CO2 4.90 4.54 0.00***
CO2 does not homogeneously cause RNE 3.09 1.43 0.15
ICT does not homogeneously cause CO2 2.74 0.81 0.41
CO2 does not homogeneously cause ICT 5.43 5.44 0.00***
POP does not homogeneously cause CO2 4.28 3.47 0.00***
CO2 does not homogeneously cause POP 6.47 7.26 0.00***
RNE does not homogeneously cause GG 4.30 3.52 0.00***
GG does not homogeneously cause RNE 4.15 3.26 0.00***
ICT does not homogeneously cause GG 2.95 1.18 0.23
GG does not homogeneously cause ICT 2.49 0.38 0.69
POP does not homogeneously cause GG 7.49 9.01 0.00***
GG does not homogeneously cause POP 7.14 8.42 0.00***
ICT does not homogeneously cause RNE 6.47 7.24 0.00***
RNE does not homogeneously cause ICT 3.43 2.01 0.04**
POP does not homogeneously cause RNE 5.81 6.12 0.00***
RNE does not homogeneously cause POP 4.61 4.04 0.00***

(Continued)
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Table 9 (continued)

Null Hypothesis W-Statistic Zbar-Statistic p-Value
POP does not homogeneously cause ICT 9.23 11.99 0.00***
ICT does not homogeneously cause POP 2.34 0.13 0.89

Notes: ***p < 0.01, **p < 0.05.

Population and CO2 emissions reveal a bidirectional causality, identifying a strong causal relationship
between population and carbon emissions. Besides, the findings also reveal a bidirectional relationship
between renewable energy and green growth as well as between renewable energy and population, highlight-
ing a strong mutual effect. Moreover, ICT does not significantly affect green growth or population; however,
population growth significantly affects ICT. Overall, these findings suggest that economic, technological, and
environmental factors interact with one another in distinct ways across OECD countries.

This bidirectional pattern is consistent with a scale channel (population growth raising energy demand
and emissions) and feedback from environmental pressures to demographic outcomes (e.g., health impacts
and migration/spatial reallocation). Accordingly, decarbonization policies should be coordinated with
demographic and spatial/urban planning.

5 Conclusions and Policy Suggestions
OECD countries are the largest contributors of CO2. However, all nations should strive to mitigate CO2

emissions. This study utilizes data from 20 OECD countries from 2000 to 2023 to evaluate the connection
between GDP, ICT, RNE, population, and CO2. Firstly, we examined the descriptive statistics of the sampled
variables and then analyzed the correlation matrix to investigate the relationships between variables. After
that, a cross-sectional dependence test and a unit root test are conducted. After confirming the presence of a
long-run association between the studied variables via different co-integration tests, we employed the PM-
ARDL technique to evaluate the long- and short-term impacts of the independent variables on the dependent
variable, CO2. For robustness, we applied FMOLS and DOLS. We performed the Dumitrescu & Hurlin panel
causality test to determine a causal relationship among variables. Based on the findings of PMG-ARDL, we
conclude as follows:

GG showed an inverse effect on CO2 in the studied countries, indicating a constructive role of GG in
mitigating CO2 in the sampled OECD countries. These results were found to be significant at a 1% level, which
implies a strong effect of GG on CO2. In OECD countries, green growth has gained substantial momentum
in reducing CO2 emissions. The OECD Report 2024 shows a rise in green budgeting measures. Two-
thirds of OECD countries have implemented green growth strategies to minimize environmental challenges.
Green growth has promoted cleaner energy and improved energy efficiency. Many OECD countries have
decoupled their economic growth from CO2 emissions. Furthermore, RNE was found to favor environmental
improvement by reducing CO2 emissions in both the long and short term. Comparable outcomes were
confirmed by Magazzino et al. [61] for Scandinavian countries and Mamkhezri & Khezri [60] for 54
countries. The transition to renewable energy has led to a dramatic drop in CO2 emissions. Investment in
environmentally friendly infrastructure and technology amplifies the effect of lowering CO2 emissions. These
results support the notion that renewable energy has a significant and steady impact on environmental health.
They emphasize the importance of renewable energy in OECD countries for a sustainable and peaceful
future. OECD legislators and policymakers may progress towards environmentally friendly technologies and
renewable energy sources.
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The relationship between population and CO2 was found to be significantly positive. The population
plays a dangerous role in enhancing CO2. The same results were reported by Rehman et al. [75] for Pakistan;
conversely, Yang et al. [27] concluded that population growth has a negative impact on CO2 emissions in
OECD countries. Moreover, ICT has a positive influence on CO2 emissions. According to findings, ICT
enhanced CO2 levels in selected OECD countries, both in the short and long term. These outcomes are
comparable to those reported by Danish et al. [72] for N-11 countries. Moreover, the Panel co-integration
test confirmed a long-run relationship among the studied variables. The Dumitrescu-Hurlin causality test
results also reported the bidirectional association between variables.

Our findings imply that OECD decarbonisation strategies should prioritise (1) productivity-led eco-
efficiency (green growth) and (2) rapid expansion of renewable energy, but also manage the emissions risks
of ICT diffusion. Since ICT is associated with higher CO2 in our estimates, policy should steer digitalisation
toward net abatement by tightening energy-performance and lifecycle standards for ICT equipment and
networks (green ICT standards, green public procurement), regulating data-centre carbon and energy
intensity (PUE/energy-management benchmarks, waste-heat recovery where feasible, carbon-aware siting
and transparent hourly emissions reporting, and clean-power sourcing requirements), and accelerating
innovation in energy-efficient digitalisation (targeted R&D subsidies/tax credits for low-power computing,
efficient networks, and smart-grid/demand-response applications). In parallel, linking digital expansion
to a cleaner power system–via renewables, grid flexibility, and dynamic pricing–reduces the likelihood
that ICT-related electricity demand translates into higher emissions and helps convert digitalisation into a
complementary driver of the green transition.

The OECD countries should invest in green innovations that are more efficient than traditional energy
sources. The findings suggest that sampled countries should terminate fossil fuel assistance and prop up low-
carbon technology. Moreover, environmental awareness can have a positive impact, so governments should
increase public awareness about climate change. Tax holidays may be one of the best options to curb CO2
emissions as they encourage investment in the RNE sector. Legislators in sampled countries should focus on
implementing green ICT policies and energy-efficient measures in the telecommunications sector. Energy
efficiency standards for ICT will help minimize CO2 levels in OECD countries. For sustainable and energy-
efficient technologies, governments should support companies by offering financial assistance and aid for
research and development in the ICT sector. Investing in ICT infrastructure will be beneficial in reducing
pollution levels by lowering energy consumption.

Although this study yields interesting results, several questions remain unanswered, which prevents the
provision of a complete and comprehensive understanding of the link among GG, ICT, and CO2. The first
limitation of this study referred to its scope, as it concentrated on OECD countries. Therefore, the findings are
not generalizable to other regions, especially developing countries with different environmental challenges.
Although this study incorporates a comprehensive set of variables, it overlooks factors such as institutional
quality, technological innovation, and cultural influences. Future research should expand the analysis by
including developing and emerging nations, thereby contributing a more comprehensive approach to the
world. For a more refined understanding of the determinants of CO2 emissions, future research should
include variables such as institutional quality, technological advancements, and FD. Moreover, the effects of
nitrogen oxides, methane, and fluorinated gases as environmental proxies may be explored. Future research
should focus on developing advanced forecasting models and enriching analysis by providing policymakers
with strategic insights for planning policies related to CO2 emissions.

Finally, we explicitly recognize that EAMFP primarily reflects an aggregate outcome (eco-
efficiency/productivity) and does not, by itself, fully represent other pillars of green growth such as policy
stringency, sectoral reallocation, and green innovation. For this reason, EAMFP is used as the baseline
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indicator, while complementary dimensions (innovation, finance/investment, and structural change) may
be addressed through additional indicators in future analyses.
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