
1 3

Environmental Science and Pollution Research (2024) 31:2214–2227
https://doi.org/10.1007/s11356-023-31111-5

RESEARCH ARTICLE

Green innovation and environmental quality in OECD countries: 
the mediating role of renewable energy and carbon taxes

Kafeel Kafeel1 · Jing Zhou1 · Monmala Phetkhammai1 · Lu Heyan1 · Sher Khan2 

© The Author(s) 2023

Abstract
The exceptional rise in overall economic activities has deteriorated environmental sustainability around the world. However, 
countries around the globe are implementing strategies for reaching the global climate objective. For this purpose, OECD 
countries committed many efforts, although their pledges and results are not parallel to the level of the Paris Agreement’s 
ambition. This study examines the impact of eco-innovation, environmental taxes, and renewable energy consumption 
on the environmental performance of selected OECD countries over the period of 2006 to 2020. This study uses the 
generalized method of moments (GMM) and instrumental variables 2 stage least square (2SLS) methods. For robustness 
checks, this study uses a quantile regression approach. We conclude that an increase in the adoption of renewable energy 
and green innovation has a statistically significant impact on controlling CO2 emissions. Moreover, the empirical model is 
expanded by incorporating environmental taxes as an explanatory variable. The expanded model showed that the imposition 
of environmental taxes has a detrimental impact on the reduction of CO2 emissions. Moreover, on the contrary, an increase 
in economic activities, measured by GDP, is responsible for rising CO2 emissions in OECD countries. In light of the results 
we obtained, policy recommendations are provided.

Keywords CO2 emissions · Eco-innovation · Environmental tax · Renewable energy

Introduction

A worldwide appeal for sustainable solutions to minimize 
greenhouse gas emissions (GHG) and alleviate the adverse 
effects of carbon dioxide (CO2) on the environment has been 
sparked by the rising climate change hazards. One of the 
possible reasons for environmental degradation is the threat 
of global natural resource exhaustion required for economic 
activities (Munasinghe 1998). Thus, during 1990–2008, the 
world’s CO2 emissions rose from 22.5bn tons to 31.5bn tons, 
which is a severe challenge for sustainable growth and the 
environment (OECD 2021). For this purpose, the recently 

held COP-26 conference for the implementation of the 
Paris Agreement and Kyoto Protocol to engage their mem-
ber countries to cope with environmental-related problems. 
Emissions of Carbon dioxide have been at a declining rate 
in the case of OECD countries due to their strengthened cli-
mate policies and the post-financial crises of 2008. However, 
their progress is still lacking, and they are expected to con-
front a rise in CO2 emissions due to the increased demand 
for energy use and CO2-related emissions. On average, the 
largest emitter of GHG emissions is the energy sector, which 
creates about 29% of GHG emissions in the entire OECD 
countries, tailed by the transportation sector (13%), agricul-
ture sector (09%), and industrial sector (07%). Given the dis-
astrous climate change due to increased economic activities 
through higher energy demand in industrialization, countries 
are devising their strategies to control emissions of green-
house gases. These strategies include eco-innovation, green 
tax policies, carbon pricing, and the adoption of renewable 
energy. Environmental innovation is one of the key forces 
in the effort to create a low-carbon economy. Environmental 
innovation refers to a broad spectrum of scientific develop-
ments, legal frameworks, and commercial strategies that are 
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intended to reduce negative environmental effects, improve 
resource efficiency, and support sustainable development. 
Environmental innovation positively influences the reduction 
of CO2 emissions through developments in clean technol-
ogy, renewable energy, and energy efficiency (Costantini 
et al. 2017; Righi et al. 2016). The adoption of sustainable 
practices to address the carbon emissions issue can be facili-
tated by policies and laws that encourage R&D investment 
and offer financial incentives for green technologies. For 
example, the Commission of the EU for Emissions Trading 
System & Renewable Energy Directive has been crucial in 
fostering environmental innovation and reaching emission 
reduction goals (Bleischwitz et al. 2018). Additionally, the 
circular economy idea places an emphasis on resource effi-
ciency, recycling, and reuse, which reduces waste and emis-
sions over the course of a product’s existence. Therefore, 
to have a beneficial effect on environmental sustainability, 
eco-innovation extends beyond technology improvements 
and includes modifications to business models and consumer 
behavior.

As the world struggles to address the urgent need to halt 
climate change, environmental taxes have grown to be a 
powerful tool for policymakers. Environmentally related tax 
is also used as a device that aims to prevent actions that raise 
GHG emissions and reduce carbon footprints by levying fees 
on polluting activities. Modern economies internalize pol-
lution’s external costs and encourage environmentally ben-
eficial behavior. Parry et al. (2016) asserted that CO2 emis-
sions in the US states of Walls and Harrington were lowered 
by 2–3% as a result of the 10% gasoline tax. In the past, 
environmental tax policies implemented by many countries 
have proved to have a desirable impact on environmental 
sustainability. For example, the carbon tax policy in 1991 in 
Norway, the comprehensive energy system and CO2 tax sys-
tem in Sweden, the vehicle-related tax in Finland and Energy, 
and CO2 tax in Denmark have shown favorable impacts on 
controlling emissions of carbon dioxide (Eyckmans and 
Hagem 2011; Baldursson et al. 2022; Toppinen et al. 2019). 
In the case of OECD countries, the climate tax as a percentage 
of total tax revenue has been increased over the years.

Fossil fuel energy is the largest generator of GHG emis-
sions. OECD countries still have reliance on fossil fuels 
energy, which accounts for about 80% of their energy 
consumption (OECD 2021). To combat climate change 
and cut down on emissions of greenhouse gases, switch-
ing to renewable energy sources is an appealing option. 
Solar, wind, hydro, and biomass are examples of renewable 
energy sources that promise to replace fossil fuel-based 
energy output and reduce carbon dioxide (CO2) emissions. 
For instance, Wang et al. (2017) discovered that in China, 
a 0.036 percentage point drop in carbon dioxide emissions 
is achieved for every 1% increase in renewable energy uti-
lization. Similarly, according to research by Waris et al. 

(2023), using more solar energy and biofuel fuels can sig-
nificantly lower CO2 emissions in G20 countries. According 
to the Inter-governmental Panel on Climate Change (IPCC), 
global warming must stop at 1.5°C by 2050. In addition, 
the International Energy Agency (IEA) also emphasizes the 
significance of renewable energy in reaching global climate 
targets. The World Energy Outlook 2020 report underlines 
the importance of raising the share of sources of renewable 
energy in the energy mix in order to come up with the mis-
sion of net-zero emissions by the year 2050 (IEA 2021a, b).

This study intends to analyze the impact of eco-
innovation in the presence of environmental taxes (ETAX) 
and renewable energy consumption (REC) on carbon 
emissions as the case study of 21 OECD economies over the 
periods of 2006–2020. The basic purpose of this research is 
to devise strategies to abate CO2 emissions in the 21 OECD 
countries (see Table 6 for a list of countries). This study 
addresses several pressing problems. The study analyzes the 
effectiveness of eco-innovation policies, a critical issue for 
policymakers seeking sustainable growth. The contribution 
of this research lies in empirically demonstrating whether 
eco-innovation policies indeed lead to significant emissions 
reductions, thereby providing evidence-based guidance for 
policy formulation. Moreover, it seeks to quantify the impact 
of environmental taxes, shedding light on the effectiveness 
of market-based mechanisms in incentivizing emissions 
reductions, a contribution that can inform the design of future 
environmental tax policies. Furthermore, the examination 
of the role of renewable energy consumption in emissions 
mitigation contributes by elucidating the extent to which 
transitioning to renewable sources aligns with emissions 
reduction goals. Novelty emerges from the nuanced insights 
that can be gained, such as identifying optimal tax levels 
and conditions for renewable energy effectiveness, thus 
advancing our understanding of effective environmental 
policy design. When addressing pressing global issues, the 
significance of this study cannot be exaggerated. The adverse 
impacts of climate change, pollution, and biodiversity loss 
constitute significant threats to the well-being of both 
current and future generations. Consequently, the urgency 
to address environmental sustainability has become an issue 
of growing concern. This research provides valuable support 
to policymakers by elucidating the effectiveness of measures 
such as eco-innovation, environmental taxes (ETAX), 
and renewable energy consumption (REC) in enhancing 
environmental quality. This facilitates the formulation of 
legislation and incentives by policymakers that are well-
informed and efficacious. Furthermore, it offers valuable 
insights to companies operating in the green technology 
and renewable energy sectors, enabling them to make 
informed decisions regarding their investment strategy and 
market positioning. Furthermore, this initiative enhances 
the existing leadership of OECD countries in the realm of 
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sustainable development, therefore serving as an exemplar 
for other nations and fostering global collaboration in 
addressing shared environmental challenges. This research 
possesses the capacity to include individuals in the practice 
of environmental stewardship through the enhancement 
of public awareness and the promotion of environmental 
policies. This will foster a sense of civic engagement among 
individuals, prompting them to endorse policies aimed at 
addressing global issues. The research conducted in this 
field significantly contributes to the academic community, 
generating findings that can influence resource allocation 
and long-term sustainability planning. Consequently, it plays 
a crucial role in shaping a future characterized by enhanced 
resilience and environmental responsibility.

This paper is organized in different sections. In the “Liter-
ature review” section, reviews of the literature are discussed. 
The “Research methodology and data identification” section 
highlights the methodology and data description, and the 
result, discussion, and policy recommendations are discussed 
in the “Results and discussions” and “Conclusions and policy 
implications” sections, respectively.

Literature review

Existing literature has attempted well to address 
the discussion of various measures to cope with the 
environmental degradation problem. Being focused on 
the objective of the research, this section extracts existing 
literature related to the role of eco-innovation (EI), 
environmental tax (ETAX), and REC on CO2 emissions.

Review of the literature on eco‑innovation and CO2 
emissions

The relationship between EI and CO2 emissions remained 
the subject of extensive research (Qi et al. 2014; Costan-
tini et al. 2017; Erdoğan et al. 2020; Shobande et al. 2023). 
Eco-innovation has been added to the empirical model by 
academics to more accurately analyze the factors that boost 
CO2 emissions. Erdoğan et al. (2020) assessed the con-
tribution of environmental innovation to the reduction of 
CO2 emissions in the group of G20 economies. They found 
that using green technology in manufacturing reduced CO2 
emissions. According to Zoundi (2017), the use of renew-
able energy, natural resource utilization, and technological 
advancements in the energy sector all contribute to a more 
sustainable world. The significance of eco-innovation in 
controlling CO2 emissions in European industry has been 
examined by Costantini et al. (2017), Shobande and Ogbei-
fun (2021), and Shobande and Asongu (2023). In their find-
ings, EI is anticipated to help raise environmental stand-
ards. Similarly, Shahbaz et al. (2020) found that introducing 

energy innovations and energy-efficient technology can 
have an impact on environmental sustainability. Safi et al. 
(2022) underlined the importance and significance of eco-
innovation in lowering carbon emissions in China. Similarly, 
Zhang (2023) stressed that eco-innovation can lower CO2 
emissions and enhance environmental sustainability when 
combined with technological breakthroughs. Alvarez-Her-
ranz et al. (2017) emphasizes the significance of low-carbon 
technologies in order to promote environmentally friendly 
growth in the group of seventeen OECD countries. Accord-
ing to the authors, using energy-efficient equipment would 
ease the switch from conventional energy to green and clean 
energy sources. As a result, the production of carbon diox-
ide is inversely correlated with eco-innovation. However, 
Robinson (2019) claimed that the adoption of some innova-
tions, such as e-commerce and digital technology, may also 
result in higher CO2 emissions and energy consumption. 
It is crucial to understand that a variety of factors, such as 
market dynamics, governmental support, financial resources, 
and technological readiness, can affect how eco-innovation 
affects the decrease of carbon emissions (Geissdoerfer et al. 
2017; Shobande 2021). In the study of Li et al. (2020), it is 
asserted that eco-innovation can have a substantial impact on 
environmental sustainability. Chien et al. (2021) promoted 
eco-innovation as a way to achieve zero carbon emissions. 
The author found that eco-innovation worked together with 
other measures to cut carbon dioxide emissions and increase 
efficiency. Similar findings were made by Wei and Li-hua 
(2022), who found that eco-innovations, particularly those in 
R&D, have a negative long-term impact on CO2 emissions. 
According to Hojnik and Ruzzier (2016), eco-innovation, 
especially in cleaner technology, can sustainably improve 
environmental quality. According to the findings of Ahmed 
et al.’s (2016), technological innovation helps to reduce car-
bon emissions in a few European countries (See Henriques 
and Borowiecki 2017 for similar results). Furthermore, Naz 
and Aslam (2023) emphasized that eco-innovation lowers 
CO2 emissions by improving and changing current goods 
and services. Naz and Aslam (2023) looked at the cyclical 
impact of tech innovation in the environmental sector on 
CO2 emissions in the South Asia. They found that positive 
shocks in the development of environmental technologies 
result in a drop in CO2 emissions. The association between 
CO2-reducing innovations and outsourcing in the sustain-
able buildings and photovoltaics industries was studied by 
Leoncini et al. (2016). Their findings showed that advances 
in CO2 reduction are positively impacted by outsourcing 
concrete operations. Additionally, Ma et al. (2022a) stressed 
that eco-innovation has a detrimental impact on CO2 emis-
sions, showing that environmental technological innovation 
lowers consumption-based CO2 emissions. Thus, a study of 
the literature shows how eco-innovation has a major impact 
on lowering CO2 emissions. Eco-innovation is essential for 
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reducing environmental pollution and advancing sustainable 
development through the use of cleaner technology, R&D 
expenditures, and process enhancements. We construct the 
given hypothesis.

Literature on environmental taxes and CO2 
emissions

There have been numerous research that study how envi-
ronmental taxes affect emissions of CO2. Numerous stud-
ies have importance in the existing literature on this topic, 
and their findings have absorbed the correlation between 
environmental taxes and carbon dioxide (CO2) emis-
sions, which have shed important light on the efficacy of 
such regulations. Economic policy uncertainty (EPU) and 
CO2 emissions in China were studied by Liu et al. (2021). 
According to their study, EPU directly affects CO2 emis-
sions and indirectly affects them through environmental leg-
islation. Ghazouani et al. (2020) conducted research on how 
different European countries’ carbon tax regimes affected 
their CO2 emissions. Their empirical findings revealed that 
environmental levies might not be successful in lowering 
pollution and carbon emissions. The effects of environmen-
tal taxes on carbon emissions in OECD economies were 
assessed by Bashir et al. in 2020. They found that carbon 
emissions are negatively impacted by environmental fees 
utilizing system-GMM and quintile regression methods. 
Ulucak et al. (2020) looked at how different carbon prices 
affected the economy and the environment. Their research 
suggests that a higher carbon tax rate at its foundation can 
lead to more money being put towards measures to reduce 
emissions, which in turn can lead to environmental sustain-
ability. In the study of Wisdom et al. (2022), they focused 
on the need to manage carbon taxes well, especially in 
developing nations. They emphasized the paucity of stud-
ies examining how carbon prices affect Sub-Saharan Afri-
ca’s economic growth. According to Liu et al. (2021), the 
reduction of carbon emissions and improved environmental 
conditions are just a couple of the advantages of collecting 
carbon taxes. They also talked about the economic effects 
of carbon prices, emphasizing the possibility of a “double 
dividend” in accordance with the tax neutrality principle. 
Silajdzic and Mehic (2018a) investigated the functional 
relationship between energy consumption and transport 
taxes on the reduction of CO2 emissions in the countries 
under transition. They discovered that environmental levies 
could reduce CO2 emissions despite frequent worries about 
the negative effects on economic costs and business compet-
itiveness. Mundaca et al. (2021) examined the consequences 
of carbon pricing on international transportation fuels, as 
well as its effects on carbon emissions and trade activity. 
Their research showed that rises in fuel prices, which may 
be viewed as a stand-in for fuel taxes, have a significant 

impact on the volume of maritime transport, the use of 
bunker fuel, and carbon emissions from the global ship-
ping industry. Using environmental taxes as a percentage of 
overall tax revenue, Sommer and Hargrove (2020) looked 
at the connection between environmental governance and 
CO2 emissions for 75 different countries. According to their 
analysis, reduced CO2 emissions are related to better envi-
ronmental governance, which is reflected in higher envi-
ronmental levies. The impact of energy and carbon taxes 
on household welfare and CO2 emissions in Mexico was 
examined by Renner et al. (2018). They discovered that 
household welfare and carbon emissions could be affected 
by environmental taxes in both favorable and unfavora-
ble ways. The complicated connection between REC and 
CO2 emissions and environmental legislation in China was 
examined by Zhang et al. (2022b). They emphasized the 
importance of considering the “green paradox” and other 
potential unintended consequences of environmental rules, 
such as the encouragement of fossil fuel mining and CO2 
emissions. The irregular dynamics of oil prices and environ-
mental degradation, including CO2 emissions, in Pakistan 
were investigated by Qudrat-Ullah (2022). While they did 
identify a correlation between oil prices and environmen-
tal deterioration, they also found that the usage of renew-
able energy and GDP were more significant in influencing 
CO2 emissions. Li and Zhao (2017) investigated the policy 
impact of the environment of carbon pricing with a particu-
lar emphasis on the situation in Sweden. They discovered 
that Sweden’s carbon tax helped to reduce CO2 emissions, 
demonstrating the potency of carbon taxation as a tool for 
environmental policy. The effectiveness of environmental 
policy was examined by Nerudova et al. (2016), along with 
the effect of environmental tax ratios on CO2 emissions. 
They discovered a negative relationship between tax rates 
and CO2 emissions, indicating that higher tax rates may 
help reduce emissions.

Literature review on renewable energy 
consumption and CO2 emissions

The utilization of renewable energy as a means of combat-
ing climate change and lowering emissions of greenhouse 
gases like carbon dioxide (CO2) has received considerable 
attention in recent years. Examining the actual evidence and 
major conclusions from prior studies, this literature review 
strives to provide a thorough knowledge of the connection 
between renewable energy and carbon emissions. Mensah 
et al. (2018) discovered that employing renewable energy 
sources could reduce carbon emissions in 28 tested OECD 
economies. Inglesi-Lotz and Dogan (2018) also support the 
claim that REC is better than non-renewable energy sources 
for reducing CO2 emissions. The results of the study by Hu 
et al. (2018) give additional support for the use of REC for 
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CO2 emissions control in the case of 25 chosen emerging 
economies (see Bölük and Mert 2015 for similar results). 
According to Alvarez-Herranz et al. (2017), in addition to 
eco-innovation, green energy is helpful in dropping CO2 
emissions in 17 OECD countries. In a meta-analysis of 
128 papers, Lu et al. (2019) discovered a consistent inverse 
association between REC and CO2 emissions. The results 
showed that across nations and industries, increasing the 
use of REC results in a significant decrease in CO2 emis-
sions. Similar findings were found by Zheng et al. (2020), 
who looked at how renewable energy in China affected CO2 
emissions. The functional relationship between the produc-
tion of renewable energy and CO2 emissions in the member 
states of the European Union (EU) was examined by Soares 
et al. (2018). Their results showed that REC is beneficial 
in lowering the carbon intensity of the electrical industry. 
Similarly, the impact of using renewable sources on lower-
ing carbon emissions in G7 countries was investigated by 
Zafar et al. (2019). They discovered an inverse relationship 
between the two factors. A study conducted by Li et al. 
(2020) examined the efficiency and trade perspectives of 
improving energy resource quality and reducing CO2 emis-
sions in China and Nigeria. Moreover, Zhu et al. (2020) 
discovered that increasing the use of renewable energies 
resulted in a sizable decrease in CO2 emissions in China. 
They argued that government support is necessary in addi-
tion to private investment, which is essential but insufficient 
for promoting eco-friendly energy. According to the analysis 
or examination of their study, demonstrated the potential of 
renewable energies in lowering carbon emissions by dem-
onstrating the lower carbon footprint of renewable technolo-
gies compared to technologies based on fossil fuels. They 
discovered that renewable energies had a favorable effect on 
reducing carbon emissions in seven different locations (See 
Hertwich et al. 2015; Waris et al. 2023; Khan et al. 2021; 
Muhammad and Khan 2021 for similar results). In a similar 
vein, Namahoro and Wu (2023) investigated how economic 
growth and renewable sources interact to affect CO2 emis-
sions in leading solar energy producers. They discovered that 
the combination of growth and renewables could affect CO2 
emissions in both favorable and unfavorable ways. In order 
to move toward a more environmentally friendly future, 
Kilci (2022) underlined the significance of producing power 
with a small carbon impact. Rezaei Sadr et al. (2022) con-
ducted research on how the Paris Agreement, the use of fos-
sil fuels, and net energy imports affected CO2 emissions in 
three West European nations. They discovered that increas-
ing the use of renewable energies had a detrimental effect 
on CO2 emissions. The study by Ganegodage et al. (2021) 
analyzed how grid-connected photovoltaic (PV) technology 
might reduce carbon emissions from buildings in Sri Lanka. 
They emphasized the country’s low adoption of grid-tied 
PV technology and the need to emphasize its significance 

in lowering carbon emissions. Raza et al. (2020) examined 
the disproportionate environmental impacts of Pakistan’s 
renewable energy use. Using the nonlinear-ARDL, they 
found that switching to renewable sources had a nonlinear 
effect on CO2. Gnangoin et al. (2022) examined how envi-
ronmental taxes and regulations affected the deployment of 
renewable sources in advanced economies. They found that 
eco-friendly tools advocate for renewable energies and pro-
mote the swapping of dirty fuels for greener alternatives. 
Bashir et al. (2022) examined the correlation between renew-
able and non-REC, GDP growth, and carbon dioxide emis-
sions in nations with expanding economies. They discovered 
that if renewable energy sources were used in tandem with 
human capital, carbon dioxide emissions might be lowered. 
According to research by Mongo et al. (2021), energy con-
sumption has a statistically significant impact on CO2 emis-
sions in Africa. They emphasized the potential advantages 
of increasing the proportion of renewable energies in the 
energy mix, such as a decrease in GHG emissions and an 
increase in GDP. Kahia et al. (2020) looked at how REN 
and economic development work together to achieve envi-
ronmental sustainability in Saudi Arabia. They discovered 
that the REC has no effect on slowing down environmental 
deterioration indicators and that the combined effect of REC 
and economic growth on CO2 emissions is negligible.

An extensive analysis of the prior literature is presented. 
Numerous analyses have looked at how different variables 
affect the emissions of CO2. Still, there is little research 
available that looks at how different approaches, such as eco-
innovation, REC, and environmental taxes, play a role in the 
development of policies to reduce carbon dioxide (CO2) emis-
sions. This study aims to be the first of its kind by analyzing 
the effect of different measures on reducing CO2 emissions 
in the 21 OECD countries and addressing the climate change 
challenge. The findings of this study can be used as a basis for 
policy decisions by the many groups working to achieve Goal 
No-13 of the UN Sustainable Development Agenda.

Research methodology and data 
identification

Theoretical justification and elaboration 
of the econometric model

The objective of this research is to investigate the impact 
of green innovation, renewable energy consumption (REC), 
and environmental tax (ETAX) within the framework 
of OECD countries. The theoretical basis of this study is 
based on the theory of sustainable development. This theory 
offers a broader contextual framework and underscores the 
importance of achieving a sustainable equilibrium between 
economic advancement and the welfare of society and 
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the environment over an extended period. The utilization 
of the innovation hypothesis is also employed in the 
research, which examines the impact of technological 
advancements and the dissemination of environmentally 
sustainable technologies on energy habits and, subsequently, 
environmental quality. Theories pertaining to environmental 
policy and regulation provide valuable insights into the 
development and implementation of policies that seek to 
foster sustainability and mitigate the rate of environmental 
deterioration. The resource-based view (RBV) theory 
elucidates the impact of business resources and strategies 
on the environmental practices of said businesses, while 
the ecological modernization theory provides valuable 
perspectives on the potential transition of industries 
and societies towards more environmentally sustainable 
practices. The application of political economics theory 
proves valuable in comprehending the intricate political 
dynamics inherent in the formulation of environmental 
policy decisions. The researcher’s decision to ground the 
study in a diverse theoretical landscape has provided a solid 
foundation for understanding the intricate network of factors 
that impact environmental quality in OECD countries. The 
following model explains the specification of the study as 
under:

where CO2 and GDP represent carbon emissions and 
gross domestic product, respectively. Moreover, EI shows 
environmental innovation proxied by the development of 
eco-friendly technologies as % of all technologies, and REC 
measured as a percentage of total final energy consumption. 
Furthermore, environmental tax is also adjusted as an 
explanatory variable in the model. The expended model is 
as given:

where ETAX represents environmentally related taxes, % 
GDP. Eco-innovation is a strategy that businesses use to 
increase their economic efficiency in the manufacturing pro-
cess. The term “eco-innovation” refers to the practice of 
minimizing negative effects on the environment while simul-
taneously making the most of available resources. Therefore, 
eco-innovation is predicted to negatively affect carbon diox-
ide emissions 

(

𝜆1 =
𝜕lnCCO2

𝜕lnei
< 0

)

 . The environment is under 
constant threat from the world’s tremendous expansion in 
output, and billions of people’s lives are in danger as a result. 
Consistent growth of economic output increased GDP, which 
in turn increased demand for energy leading to a rise in CO2 
emissions (Mitić et al. 2017; Tiwari 2011; Ameyaw and Yao 
2018). In addition, rising levels of production are linked to a 
greater ecological footprint due to the ongoing depletion of 

(1)CO2,i,t = �1lnEIi,t + �2lnGDPi,t + �3lnRECi,t + �i,t

(2)
CO22,i,t = �1lnEIi,t + �2lnGDPi,t + �3lnRECi,t + �4lnETAXi,t + �i,t

natural resources. This phenomenon may be explained by the 
fact that natural resources are becoming increasingly scarce. 
As a consequence of this, we believe that both the gross 
domestic product and the value added to industry will con-
tribute to a reduction in CO2 emissions 

(

𝜆2 =
𝜕lnCO2

𝜕lngdp
> 0

)

.
Equally crucial in the effort to cope up with the problem 

of GHG is the REC. The theoretical foundation for the 
inverse link between REC and GHG emissions is the fact 
that REC are eco-friendly and sustainable, which can meet 
the demand in the present and future (Waheed et al. 2018). 
The foregoing reasons suggest that switching to renewable 
energy sources will reduce CO2 emissions 

(

𝜆3 =
𝜕CO2

𝜕lnrec
< 0

)

 . 
Similarly, The environmental tax (ETAX) is crucial to 
cutting down on pollution. Environmental taxes have been 
shown to negatively effect on CO2 emissions, with the 
underlying theory being that such taxes discourage the use 
of fossil fuels by corporations and governments. Hence, 
ETAX is theoretically expected to negatively affect the 
emissions of CO2 

(

𝜆3 =
𝜕CO2

𝜕lnrec
< 0

)

.
The process of selecting the variables for this inquiry has 

been conducted with careful planning, aiming to facilitate 
a comprehensive understanding of the research topic. The 
existing body of research gives substantial support for these 
alternatives. Numerous studies have demonstrated that the 
implementation of green innovation exerts a positive impact 
on the preservation of the environment. Extensive research 
has consistently shown the significance of this characteristic. 
Several studies, including Ali et al. (2021), Safi et al. (2022), 
Chi et  al. (2021), and Ameyaw and Yao (2018), have 
emphasized the importance of technological advancements 
in reducing emissions and optimizing resource use. The 
implementation of renewable energy sources has been 
shown to significantly reduce greenhouse gas emissions and 
enhance air quality in countries that have made substantial 
investments in these technologies (Wang et al. 2020; Li 
et al. 2020; Kirikkaleli et al. 2021). The aforementioned 
conclusions were derived from studies conducted by 
Wang, Li, and Kirikkaleli. Previous studies conducted by 
Ji et al. (2018) and Khan et al. (2021) have examined the 
efficacy of carbon pricing systems. These studies have 
highlighted the significance of carbon taxes as a crucial 
policy tool since they have garnered considerable interest 
for their potential to mitigate carbon emissions. The research 
conducted by Ji et al. (2018) and Khan et al. (2021) has 
demonstrated the existence of this possibility. In summary, 
there exists a significant body of research that examines 
the variable of environmental quality, specifically focusing 
on the evaluation of air and water quality, biodiversity, 
and broader ecological metrics. Numerous studies have 
demonstrated the interrelationship between environmental 
policies and indicators of quality, as highlighted by the 
Intergovernmental Panel on Climate Change (IPCC) 
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Beck and Mahony (2018). This study contributes to the 
establishment of the fundamental principles underlying 
environmental quality. These parameters, which have been 
informed by a substantial body of research, are positioned 
to provide useful insights into the correlation between eco-
friendly innovation, carbon taxation, renewable energy, and 
the state of the environment in OECD countries.

Data

The data on all variables are obtained from OECD (2021). 
Analysis of this study is based on the 21 selected OECD 
countries (shown in Table 6). The study uses CO2 emissions 
as dependent variable to capture the environmental 
performance. Eco innovation (EI), Renewable-energy 
consumption, GDP and ETAX are used as independent 
variables. The description, unit of measurement and sources 
of data are mentioned in Table 1.

The descriptive statistics are given in Table 2.

Analytical techniques

This study employed instrumental variable methodology and 
is based on the following analytical techniques for estimating 
the relationship between the variables in models.

Generalized method of moments (GMM)

To assess how various factors affect a country’s energy 
efficiency, research scholars frequently employ the GMM 
methodology. It is common practice to employ GMM in 
the setting of OECD countries to investigate the connec-
tion between GDP, EI, and ETAX and CO2 emissions. The 
GMM system estimator approach thrives in the analysis of 
panel data. It enables the researcher to account for varia-
tions in the link between the variables of interest that may 
result from factors that are not directly observable. More 
depth can be derived from the study of the variables when 
the researcher is able to distinguish between instantane-
ous and delayed impacts. In this setting, the GMM method 
could be used to examine a number of hypotheses. The 
topic of whether or not increased eco-innovation can be 

achieved through GDP growth is an important one. Several 
GMM-based studies have found that eco-innovation can 
help cut down on CO2 emissions while boosting the econ-
omy. This is because eco-innovation may promote the crea-
tion of greener, more efficient technology, which in turn 
can help cut down on emissions and boost the economy. 
These studies also demonstrate that GDP expansion damp-
ens the effect of eco-innovation on CO2 emissions. GMM 
could also be used to test the premise that if eco-innovation 
is increased, greenhouse gas emissions will decrease. This 
may seem like a no-brainer but changes in consumer behav-
ior and technical advancements are only two examples of 
the many factors that might affect the correlation between 
eco-innovation and lower emissions. Typically, economet-
ric models, including variables pertaining to GDP growth, 
eco-innovation, and emissions, are used when applying 
GMM to these issues. The model may account for con-
founding variables, such as economic development, popula-
tion density, and policy choices, which may have an impact 
on the causal connection. The possible effects of high GDP 
growth and efficiency measures on CO2 emissions can be 
better understood with the use of GMM analysis. Recent 
research, for instance, has shown that GDP growth can 
contribute to increases in eco-innovation, which in turn 
can lead to significant decreases in emissions. Neverthe-
less, studies also show that these connections can be intri-
cate, so government measures are required to guarantee 
that increases in GDP growth and eco-innovation translate 
into substantial cuts in CO2 emissions. When considering 
these important questions in the framework of global GDP 
growth and carbon emissions, the GMM method emerges 
as a potent technique.

Table 1  Data description Variables Description Measure Data source

CO2 Carbon emissions per capita Metric tons Global Carbon Project
EI Eco innovation % All technologies OECD (2021)
REC Renewable-energy consumption % of total final energy 

consumption
OECD (2021)

GDP GDP per capita Current US$ OECD (2021)
ETAX Environmentally related taxes % GDP OECD (2021)

Table 2  Descriptive statistics

Model variables Obs: Mean: Std.Dev: Min Max

lnco2 315 5.211 1.331 3.266 8.721
Lngdp 315 27.473 1.197 25.441 30.625
Lnrec 315 2.715 .74 .441 4.113
Lnei 315 .789 .386 -.33 1.579
Lnetax 315 2.419 .257 1.633 3.25
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Two‑stage least square regression (2SLS)

To deal with endogeneity problems, many empirical 
investigations employ the 2SLS econometric methodology. 
Using the 2SLS method, we establish unbiased estimates of 
the causative links between eco-innovation, GDP growth, 
REC, environmental taxes, and CO2 emissions for selected 
21 OECD member nations. The 2SLS method is a two-step 
estimation procedure. In the initial phase, we choose a group 
of instrumental variables to use in resolving the endogeneity 
problem. In the beginning, these instrumental factors need 
to have associations with the endogenous variables, and 
secondly, they need to be independent of the error term. It 
is found that EI, GDP growth and REC were all positively 
correlated with instrumental variables. As an instrumental 
variable, we utilized the lagging value of the ETAX. Stage 
two involved employing instrumental factors as indicators 
of endogenous variables to derive objective measures of 
correlation and causation.

The present analysis employed robust methodologies 
(such as GMM, 2SLS, and quantile regression), specifically 
developed to effectively tackle the challenges arising 
from endogeneity and cross-panel correlations. GMM 
is a method that effectively addresses endogeneity 
challenges by employing lagged variables as instruments. 
This methodology facilitates the collection of dynamic 
interactions and mitigates bias in parameter estimations. 
In contrast, quantile regression allows for a more nuanced 
examination of the influence of factors at various quantiles 
of the distribution, hence offering valuable insights into 
potential heterogeneity and distributional consequences. 
The incorporation of instrumental variables and the 
application of a structural equation modeling approach are 
two methods via which the two-stage least squares technique 
enhances the handling of endogeneity. This assertion holds 
particular significance within the framework of policy 
variables, specifically carbon taxes. By integrating these 
research methodologies, the study not only acknowledges 
the intricate interplay among the variables but also provides 
a comprehensive and dependable examination of the 
relationship between green innovation, renewable energy, 
carbon taxes, and environmental quality. Moreover, the 
study effectively tackles the issues of endogeneity and cross-
panel correlations. The integration of both of these research 
methodologies enables the achievement of this outcome. 
The utilization of this particular methodological framework 
enhances the veracity and comprehensiveness of the 
research results, so yielding a more intricate understanding 
of the intricacies associated with policy outcomes and 
environmental ramifications inside the member nations 
comprising the OECD. Hence, this research shows how 
crucial it is to address endogeneity issues that can bias 
estimates by employing proper econometric approaches 

like the 2SLS method in empirical investigations if 
accurate estimates of causal links between variables are to 
be obtained. Such methods can inform policy decisions by 
revealing which policy interventions work best at bringing 
about the intended results.

Results and discussions

This study employs the generalized method of moments 
(GMM) and instrumental variables (2SLS) regression 
approaches to estimate models 1 and 2. The results suggest 
that eco-innovation, GDP, REC, and ETAX are important var-
iables affecting CO2 emissions in OECD countries. Increases 
in eco-innovation and REC have been found to reduce OECD 
countries’ CO2 emissions, as indicated by their adverse and 
substantial statistical coefficients. CO2 emissions, on the 
other hand, are positively correlated with GDP. To be spe-
cific long-run elasticity of GDP, REC, and EI are −0.496%, 
0.475%, and 0.890%, respectively (model 1). Next, we intro-
duce environmental tax as an explanatory variable in the 
model. With the inclusion of ETAX, the performance of the 
model is improved. Especially the long-run elasticity of gross 
domestic product, EI, REC, and ETAX are −0.706%, 0.458%, 
0.861%, and 0.134%, respectively (see model 2). In addition, 
Table 2 represents the following results. Firstly, there is an 
adverse correlation between economic innovation and carbon 
dioxide emissions. In the long term, eco-innovation reduces 
CO2 emissions by an average of 0.67 percent. Furthermore, 
economic innovation causes a short-term 0.68% decrease in 
CO2 emissions. Because it helps move the economy towards 
a greener energy source, economic innovation helps to reduce 
CO2 emissions and support environmental performance. In 
order to minimize greenhouse gas emissions, a country can 
implement policies to strengthen innovation without placing 
heavy taxes on businesses may reduce CO2 reduction. The 
aforementioned results corroborate those of Guedie et al. 
(2022) and Töbelmann and Wendler (2020). Secondly, there 
is a negative and statistically significant impact of ETAX on 
CO2 emissions in the selected economies. This evidence sup-
ports the conclusion that ETAX is a useful policy instrument 
for cutting CO2 emissions in advanced economies. The results 
indicate that higher ETAX on emissions can effectively deter 
polluting practices and hasten the development of new clean 
technologies. Finding an acceptable compromise between 
economic development and CO2 emissions is the subject 
of this study, which also serves as a call to responsibility. 
The aforementioned results corroborate those of Khan et al. 
(2021), Muhammad et al. (2020), and Haug and Ucal (2019). 
Thirdly, there is a correlation between GDP and consumption-
based carbon emissions that needs to be clarified. Long-term 
GDP growth is the primary driver of CO2 emissions. Mean-
while, GDP is responsible for a short-term increase in CO2 
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emissions as well. Increases in gross domestic product (GDP) 
have a beneficial influence on carbon dioxide (CO2) emis-
sions because rising economic activity necessitates increased 
energy use. The aforementioned results corroborate those of 
(Ma et al. 2022b; Ding et al. 2021).

Fourthly, the use of renewable energy sources and emis-
sions brought on by human consumption are inversely 
related. In the long run, using renewable energy sources 
results in a reduction of 0.041% in carbon dioxide emissions. 
In addition, using renewable energy sources results in a tem-
porary reduction in CO2 emissions. These results support 
the findings of York and McGee (2017); Yuan et al. (2022), 
Hanif et al. (2019), and Waris et al. (2023). Considering 
that renewable energy technology makes use of clean and 
more environmentally friendly forms of energy that meet 
the demands of the present and the future, it is the primary 
means by which CO2 emissions can be reduced.

Finally, there is a short-term indication of disequilibrium, 
which is rectified by the 92% speed (model 2). The error 
correction term showed a statistically significant coefficient 
with adverse impact. This demonstrates reasonable 
convergence to the long-run equilibrium in less than a 
year, eliminating the gap between CO2 emissions and its 
repressors Tables 3, 4 and 5.

This study further uses MM quantile regression approach 
to check the robustness of variables and model. The results 
show that GDP positively affect CO2 emissions at all quan-
tiles. On the contrary, eco-innovation, ETAX, and REC 
negatively affect CO2 emissions at all quantiles. However, 
the impact of GDP, EI, ETAX, and REC on CO2 emissions 
varies across different quantiles, suggesting heterogeneity 
in the relationships. The coefficient of GDP is increasing 
with successive quantiles, which suggests that countries 

with lower CO2 emissions have a stronger positive relation-
ship between GDP and CO2 emissions, possibly due to a 
greater reliance on biomass-based technologies. Similarly, 
the coefficient of EI is increasing with a successive quantile, 
which suggests that in countries with lower CO2 emissions, 
there is a strong impact of eco-innovation on environmental 
performance.

Discussion

The study's findings provide insights into several note-
worthy elements that contribute to carbon dioxide (CO2) 
emissions in countries belonging to the Organization 
for Economic Cooperation and Development (OECD). 

Table 3  Generalized method of moments’ estimates

***p<0.01, **p<0.05, *p<0.1

Variables Model 1 coefficient Model 2 coefficient

Lngdp 0.696*** 0.706***
[0.112] [0.121]

Lnrec −0.475*** −0.458***
[0.136] [0.166]

Lnei −0.890** −0.861***
[0.372] [0.408]

Lntax --- −0.134
[0.514]

Constant −11.909*** −11.923
[3.587] [3.497]

Mean dependent var 5.211 5.211
Number of obs 315.000 315.000
SD dependent var 1.331 1.331
Chi-square 620.268 653.998

Table 4  Instrumental variables (2SLS) regression estimates

***p<0.01, **p<0.05, *p<0.1

Variables Model 1 (Coefficients) Model 2 (Coefficients)

Lngdp 0.440*** 0.465***
[0.139] [0.128]

Lnrec −1.019*** −0.992***
[0.263] [0.248

Lnei −0.670*** −0.678***
[0.100] [0.099

Lntax --- 0.301**
[0.143

Constant −4.260 −5.672
[4.251] [3.763]

Mean dependent var 5.211 5.211
R-squared 0.831 0.840
Chi-square 1204.921 1304.415
Prob > chi2 0.000 0.000

Table 5  Estimates of quantile regression–MMQR

Estimation results are reported by the MMQR method. *** ,** and 
* 1%, 5% and 10% levels of statistical significance, respectively. The 
standard errors are in parentheses

Variable Quantiles

Q0.25 Q0.50 Q0.75 Q0.90

Lngdp 0.844*** 0.829*** 0.820*** 0.811***
(0.130) (0.156) (0.216) (0.285)

Lnrec −0.457*** −0.409** −0.380 −0.352
(0.172) (0.206) (0.285) (0.377)

Lnei −0.050*** −0.512*** −0.396*** −0.734***
(0.116) (0.124) (0.027) (0.108)

Lntax −0.275 −0.326 −0.358 −0.389
(0.368) (0.441) (0.611) (0.808)

Drift −18.055*** −15.986*** −14.714*** −13.468
(3.956) (4.721) (6.528) (8.631)

2222



1 3

Environmental Science and Pollution Research (2024) 31:2214–2227 

Significantly, eco-innovation, the utilization of renewable 
energy (REC), and the implementation of environmental 
taxes (ETAX) exhibit negative coefficients, indicating 
their significant contribution to the mitigation of carbon 
emissions. The results of this study align with the existing 
theoretical frameworks that have been previously created. 
To commence, the observation that eco-innovation exhib-
its a negative coefficient underscores its substantial con-
tribution to mitigating human impact on the environment. 
The theoretical underpinning of this conclusion is based 
on the notion of eco-innovation, which prioritizes the 
development and implementation of environmentally sus-
tainable technologies and activities. This aligns with the 
theory of the resource-based view (RBV), which suggests 
that a company’s strengths, such as its ability to sustain-
ably innovate, can positively impact the company’s over-
all environmental performance. Moreover, the negative 
coefficient for REC provides support for the proposition 
that the adoption of renewable energy sources can effec-
tively reduce carbon dioxide emissions. This aligns with 
the concept of environmental economics, which places 
focus on the favorable environmental externalities linked 
to the utilization of renewable energy sources. By reduc-
ing reliance on fossil fuels and mitigating greenhouse gas 
emissions, the adoption of renewable energy contributes 
to these positive outcomes. Additional support for the 
validity of the theoretical framework underlying market-
based environmental policy is provided by the presence 
of a negative coefficient associated with environmental 
taxes, commonly referred to as ETAX. The proposition 
posits that the implementation of elevated environmental 
taxes serves as a catalyst for both corporations and indi-
viduals to reduce their emissions, hence aligning with 
the concept of carbon pricing. This approach effectively 
incorporates the societal burden of pollution. The ration-
ale behind this phenomenon lies in the fact that the impo-
sition of elevated environmental taxes results in increased 
costs for both enterprises and individuals engaged in pol-
luting activities.

The implications of these findings have significant 
importance, not just for policymakers in OECD 
countries, but also for firms operating within such 
countries. This information can serve as a valuable 
resource for policymakers in the development of 
environmental regulations and incentives that exhibit 
more efficiency. The presence of negative coefficients 
in eco-innovation, REC, and ETAX underscores the need 
of establishing a conducive climate for fostering green 
innovation and the uptake of renewable energy sources. 
Additionally, leveraging taxes as a means to incentivize 
behavioral modifications becomes crucial in this 

context. Furthermore, the business sector can leverage 
the competitive advantages provided by eco-innovation 
and renewable energy sources, leading to practical 
implementations in various business contexts. Business 
entities possess the opportunity to adopt ecologically 
sustainable business practices and technology, exploit 
renewable energy credits (REC), and take into account 
the tax consequences associated with their emissions. 
Furthermore, these findings underscore the importance of 
upholding a harmonious equilibrium between economic 
growth and environmental conservation throughout 
periods of economic expansion. Hence, it is imperative 
to employ strategies that facilitate the decoupling of GDP 
development from the escalation of CO2 emissions. In 
conclusion, the present study underscores the significance 
of adopting a comprehensive strategy in mitigating 
carbon dioxide emissions. In order to establish a basis 
for transitioning towards a future that is both ecologically 
responsible and prosperous, it is imperative to integrate 
eco-innovation, renewable energy, environmental taxes, 
and sustainable economic development into the approach.

Conclusions and policy implications

Conclusion

In conclusion, there is a great deal of depth and 
complexity in the relationship between EI, ETAX, 
REC, and ECO2 emissions. This research employed 
(2SLS) method, which is helpful for examining the 
effects of GDP while accounting for confounding 
variables. This study found a negative and statistically 
significant relationship between CO2 emissions and EI, 
GDP growth, and REC and a favorable and statistically 
significant relationship between CO2 emissions and 
ET. These results suggest that ET legislation, along 
with strategies that encourage EI, REC, and sustainable 
economic growth, can help OECD countries reduce 
their CO2 emissions. Based on the selected 21 OECD 
study, this study concludes that policy interventions 
are required to fully realize the potential benefits 
of GDP growth for improving energy effectiveness 
and decreasing greenhouse gases. Some examples of 
such interventions are carbon pricing mechanisms 
to internalize the costs of emissions or legislation to 
encourage the development of goods and innovations 
with lower emissions. Overall, our results highlight the 
significance of studying the issue of lowering carbon 
emissions, including the complex interactions between 
GDP growth, eco-innovation, REC, and other issues like 
technology and policies. While this global problem does 
not have a simple answer, it can be addressed through 
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sustained study and legislative changes that lead to a 
more sustainable future.

Policy recommendations

The findings of the study led us to propose several policy 
actions designed to cut emissions while enhancing 
economic growth. Among our suggestions are as 
follows: (a) setting a system for carbon pricing: Policy 
interventions like carbon pricing have been shown 
to be beneficial for reducing emissions. Businesses 
and individuals can be incentivized to minimize their 
carbon footprint by internalizing the cost of doing so, 
which can be achieved through taxation. (b) Subsidizing 
technological advancements: Innovative technologies 
that help minimize carbon emissions can be developed, 
implemented, and adopted with government support. 
More extensive utilization of environmentally friendly 
technologies may result from the incentives provided by 
these programs. (c) Boosting initiatives to reduce energy 
waste: Incentives for businesses and people to use 
energy-saving practices can also come from government 
policy. Energy-efficient equipment might be subsidized 
through tax breaks, and businesses may be encouraged 
to do energy audits to find ways to cut energy use. 
(d) Sustainable global trade can be encouraged by 
governments setting environmental criteria for imported 
products and services and providing encouragement 
to companies that implement low-carbon practices 
throughout their supply chains. (d) The importance of 
funding R&D efforts: Government spending on R&D 
can help us comprehend more fully the interconnected 
nature of the economy, energy consumption, and 
carbon emissions, leading to the creation of novel, 
environmentally friendly technologies and programs. By 
adopting these policy suggestions, OECD countries may 
boost their economies while cutting carbon emissions, 
creating an environmentally friendly future for everyone.

Limitations and future research direction

This study is limited to analyzing the effects of envi-
ronmental improvement strategies on CO2 emissions 
of selected OECD countries. In the future, studies may 
be carried out to include those factors that accelerate 
CO2 emissions. These factors may include trade flows, 
urbanization, etc. Moreover, we restricted our analysis to 
selected OECD countries. The findings of this study may 
be extended to other groups such as G7, G20, and the 
European Union etc.
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Table 6  List of 21 OECD Countries

S. No Countries CO2 emissions 
(million tons of 
GHG)

1 USA 6297.62
2 Japan 1270.21
3 Germany 873.6
4 Canada 762.12
5 Australia 581.97
6 Turkey 579.19
7 UK 463.74
8 France 450.39
9 Italy 417.56
10 Spain 349.77
11 Netherlands 221.9
12 Belgium 130.56
13 Greece 91.86
14 Austria 85.39
15 Finland 74.8
16 Norway 71.01
17 Portugal 69.55
18 Hungary 67.16
19 Sweden 64.59
20 Denmark 49.17
21 Switzerland 47.91

2224



1 3

Environmental Science and Pollution Research (2024) 31:2214–2227 

Conflict of interest The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article's Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article's Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http:// creat iveco mmons. 
org/ licen ses/ by/4. 0/.

References

Ahmed A, Uddin GS, Sohag K (2016) Biomass energy, technological 
progress and the environmental Kuznets curve: evidence from 
selected European countries. Biomass Bioenergy 90:202–208

Albitar K, Borgi H, Khan M, Zahra A (2022) Business environmental 
innovation and CO2 emissions: the moderating role of environ-
mental governance. Bus Strategy Environ 32(4):1996–2007

Ali S, Dogan E, Chen F, Khan Z (2021) International trade and envi-
ronmental performance in top ten-emitters countries: the role 
of eco-innovation and renewable energy consumption. Sustain 
Dev 29(2):378–387

Alvarez-Herranz A, Balsalobre-Lorente D, Shahbaz M, Cantos JM 
(2017) Energy innovation and renewable energy consumption in 
the correction of air pollution levels. Energy Policy 105:386–397

Ameyaw B, Yao L (2018) Analyzing the impact of GDP on CO2 
emissions and forecasting Africa’s total CO2 emissions with 
non-assumption driven bidirectional long short-term memory. 
Sustainability 10(9):3110

Anser MK, Hanif I, Alharthi M, Chaudhry IS (2020) Impact of fossil 
fuels, renewable energy consumption and industrial growth on 
carbon emissions in Latin American and Caribbean economies. 
Atmósfera 33(3):201–213

Aragón-Correa JA, Hurtado-Torres N, Sharma S, García-Morales VJ 
(2008) Environmental strategy and performance in small firms: 
a resource-based perspective. J Environ Manage 86(1):88–103

Azhgaliyeva D, Liu Y, Liddle B (2020) An empirical analysis of energy 
intensity and the role of policy instruments. Energy Policy 
145:111773

Baldursson FM, Bruvoll A, Dahlberg E, Karttinen E, Bruvik Westberg 
N (2022) Covid-19 policy responses and green recovery in the 
Nordic region. Nordic Council of Ministers

Balsalobre-Lorente D, Shahbaz M, Roubaud D, Farhani S (2018) How 
economic growth, renewable electricity and natural resources 
contribute to CO2 emissions? Energy Policy 113:356–367

Bashir MF, Ma B, Bashir MA, Radulescu M, Shahzad U (2022) Investi-
gating the role of environmental taxes and regulations for renew-
able energy consumption: evidence from developed economies. 
Econ Res-Ekon Istraz 35(1):1262–1284

Beck S, Mahony M (2018) The IPCC and the new map of science and 
politics. Wiley Interdiscip Rev Clim Chang 9(6):e547

Bleischwitz R, Spataru C, VanDeveer SD, Obersteiner M, van der Voet 
E, Johnson C et al (2018) Resource nexus perspectives towards 
the United Nations sustainable development goals. Nat Sustain 
1(12):737–743

Bölük G, Mert M (2015) The renewable energy, growth and environ-
mental Kuznets curve in Turkey: an ARDL approach. Renew 
Sustain Energy Rev 52:587–595

Chaudhry I, Azali M, Faheem M, Ali S (2020) Asymmetric dynamics 
of oil price and environmental degradation: evidence from Paki-
stan. READS 1(6):1–12. https:// doi. org/ 10. 47067/ reads. v6i1. 179

Chi Y, Liu Z, Wang X, Zhang Y, Wei F (2021) Provincial CO2 emis-
sion measurement and analysis of the construction industry under 
China’s carbon neutrality target. Sustainability 13(4):1876

Chien F, Sadiq M, Nawaz MA, Hussain MS, Tran TD, Le Thanh T 
(2021) A step toward reducing air pollution in top Asian econo-
mies: the role of green energy, eco-innovation, and environmen-
tal taxes. J Environ Manage 297:113420

Costantini V, Crespi F, Palma A (2017) Characterizing the policy mix 
and its impact on eco-innovation: a patent analysis of energy-
efficient technologies. Res Policy 46(4):799–819

Ding Q, Khattak SI, Ahmad M (2021) Towards sustainable production 
and consumption: assessing the impact of energy productivity 
and eco-innovation on consumption-based carbon dioxide emis-
sions (CO2) in G-7 nations. Sustain Prod Consum 27:254–268

Erdoğan S, Yıldırım S, Yıldırım DÇ, Gedikli A (2020) The effects 
of innovation on sectoral carbon emissions: evidence from G20 
countries. J Environ Manage 267:110637

Eyckmans J, Hagem C (2011) The European Union’s potential for stra-
tegic emissions trading through permit sales contracts. Resour 
Energy Econ 33(1):247–267

Ezzi F, Jarboui A, Zouari-Hadiji R (2020) Csr Categories and R&d 
Investment: the moderating role of managerial emotional intel-
ligence. Manag Mark 1(15):17–37. https:// doi. org/ 10. 2478/ 
mmcks- 2020- 0002

Ganegodage, L. H., Waidyasekara, K. G. A. S., & Mallawaarachchi, 
H. (2021). Assessing the carbon emission reduction by grid-tied 
photovoltaic (pv) technology for buildings in Sri Lanka.

Geissdoerfer M, Savaget P, Bocken NM, Hultink EJ (2017) The cir-
cular economy–a new sustainability paradigm? J Clean Prod 
143:757–768

Ghazouani A, Xia W, Ben Jebli M, Shahzad U (2020) Exploring the 
role of carbon taxation policies on CO2 emissions: contextual 
evidence from tax implementation and non-implementation 
European Countries. Sustainability 12(20):8680

Gnangoin TY, Kassi DF, Edjoukou AJR, Kongrong O, Yuqing D 
(2022) Renewable energy, non-renewable energy, economic 
growth and CO2 emissions in the newly emerging market econo-
mies: The moderating role of human capital. Front Environ Sci 
10:1017721

Guedie R, Ngnemadon ASA, Fotio HK, Nembot L (2022) Disaggre-
gated analysis of the effects of energy consumption on green-
house gas emissions in Africa. Energy Econ Lett 9(2):75–90

Hanif I, Aziz B, Chaudhry IS (2019) Carbon emissions across the spectrum 
of renewable and nonrenewable energy use in developing economies 
of Asia. Renew Energy 143:586–595

Haug AA, Ucal M (2019) The role of trade and FDI for CO2 emissions 
in Turkey: nonlinear relationships. Energy Econ 81:297–307

Henriques ST, Borowiecki KJ (2017) The drivers of long-run CO2 
emissions in Europe, North America and Japan since 1800. 
Energy Policy 101:537–549

Hertwich EG, Gibon T, Bouman EA, Arvesen A, Suh S, Heath GA, Shi 
L (2015) Integrated life-cycle assessment of electricity-supply 
scenarios confirms global environmental benefit of low-carbon 
technologies. Proc Natl Acad Sci 112(20):6277–6282

Hojnik J, Ruzzier M (2016) What drives eco-innovation? A review of 
an emerging literature. Environ Innov Soc Trans 19:31–41

Hu H, Xie N, Fang D, Zhang X (2018) The role of renewable energy 
consumption and commercial services trade in carbon dioxide 
reduction: Evidence from 25 developing countries. Appl energy 
211:1229–1244

2225

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.47067/reads.v6i1.179
https://doi.org/10.2478/mmcks-2020-0002
https://doi.org/10.2478/mmcks-2020-0002


1 3

Environmental Science and Pollution Research (2024) 31:2214–2227

IEA (2021a) Hydrogen projects database. Available at: https:// www. 
iea. org/ data- and- stati stics/ data- produ ct/ hydro gen- proje cts- datab 
ase. Accessed 20 June 2022

IEA (2021b) Hydrogen projects database. IEA Paris, Available at: 
https:// www. iea. org/ data- and- stati stics/ data- produ ct/ hydro gen- 
proje cts- datab ase. Accessed 4 Jan 2022

Inglesi-Lotz R, Dogan E (2018) The role of renewable versus non-
renewable energy to the level of CO2 emissions a panel analysis 
of sub-Saharan Africa’s Βig 10 electricity generators. Renew 
Energy 123:36–43

Ji CJ, Hu YJ, Tang BJ (2018) Research on carbon market price mecha-
nism and influencing factors: a literature review. Nat Hazards 
92:761–782

Kahia M, Omri A, Jarraya B (2020) Does green energy complement 
economic growth for achieving environmental sustainability? 
evidence from Saudi Arabia. Sustainability 13(1):180

Khan S, Khan MK, Muhammad B (2021) Impact of financial develop-
ment and energy consumption on environmental degradation in 
184 countries using a dynamic panel model. Environ Sci Pollut 
Res 28(8):9542–9557

Kilci EN (2022) Incentives for sustainability: relationship between 
renewable energy use and carbon emissions for Germany and 
Finland. Oppor Chall Sustain 1(1):29–37

Kirikkaleli D, Adebayo TS, Khan Z, Ali S (2021) Does glo-
balization matter for ecological footprint in Turkey? Evi-
dence from dual adjustment approach. Environ Sci Pollut 
Res 28(11):14009–14017

Leoncini R, Montresor S, Rentocchini F (2016) Co2-reducing innova-
tions and outsourcing: evidence from photovoltaics and green 
construction In North-east Italy. Res Policy 8(45):1649–1659. 
https:// doi. org/ 10. 1016/j. respol. 2016. 04. 010

Li G, Zakari A, Tawiah V (2020) Energy resource melioration and Co2 
emissions in China and Nigeria: efficiency and trade perspec-
tives. Resour Policy 68:101769. https:// doi. org/ 10. 1016/j. resou 
rpol. 2020. 101769

Li Z, Zhao J (2017) Environmental effects of carbon taxes: a review and 
case study. WJSS 2(4):7. https:// doi. org/ 10. 5430/ wjss. v4n2p7

Liu Z, Lang L, Hu B, Shi L, Huang B, Zhao Y (2021) Emission 
reduction decision of agricultural supply chain considering car-
bon tax and investment cooperation. J Clean Prod 294:126305

Lu H, Guo L, Zhang Y (2019) Oil and gas companies' low-carbon 
emission transition to integrated energy companies. Sci Total 
Environ 686:1202–1209

Ma Q, Han X, Badeeb R, Khan Z (2022a) On the sustainable trade 
development: do financial inclusion and eco-innovation mat-
ter? Evidence from method of moments quantile regression. 
Sustain Dev 5(30):1044–1055. https:// doi. org/ 10. 1002/ sd. 2298

Ma Q, Khan Z, Tariq M, IŞik H, Rjoub H (2022b) Sustainable 
digital economy and trade adjusted carbon emissions: evi-
dence from China’s provincial data. Econ Res-Ekon Istraz 
35(1):5469–5485

Mensah CN, Long X, Boamah KB, Bediako IA, Dauda L, Salman 
M (2018) The effect of innovation on CO 2 emissions of 
OCED countries from 1990 to 2014. Environ Sci Pollut Res 
25:29678–29698

Mitić P, Munitlak Ivanović O, Zdravković A (2017) A cointegration 
analysis of real GDP and CO2 emissions in transitional coun-
tries. Sustainability 9(4):568

Mongo M, Belaïd F, Ramdani B (2021) The effects of environmen-
tal innovations on CO2 emissions: empirical evidence from 
Europe. Environ Sci Policy 118:1–9

Muhammad, B., & Khan, S. (2021). Understanding the relationship 
between natural resources, renewable energy consumption, 
economic factors, globalization and CO2 emissions in devel-
oped and developing countries. In Natural Resources Forum 
(45, 2, 138-156). Oxford, UK: Blackwell Publishing Ltd.

Muhammad S, Long X, Salman M, Dauda L (2020) Effect of urbani-
zation and international trade on CO2 emissions across 65 belt 
and road initiative countries. Energy 196:117102

Munasinghe M (1998) Climate change decision-making: science, 
policy and economics. Int J Environ Pollut 10(2):188–239

Mundaca G, Strand J, Young I (2021) carbon pricing of international 
transport fuels: impacts on carbon emissions and trade activity. 
J Environ Econ Manage 110:102517. https:// doi. org/ 10. 1016/j. 
jeem. 2021. 102517

Namahoro, J. P., & Wu, Q. (2023). The interaction effect of renewa-
bles, economic and industrial development on CO2 emissions 
in top solar energy producers.

Naz A, Aslam M (2023) Green innovation, globalization, finan-
cial development, and Co2 emissions: the role of govern-
ance as a moderator in South Asian countries. Environ Sci 
Pollut Res 20(30):57358–57377. https:// doi. org/ 10. 1007/ 
s11356- 023- 26527-y

Nerudová D, Solilová V, Dobranschi M (2016) Sustainability-ori-
ented future EU funding: The case of a C (C) CTB

OECD (2021) OECD Statistics. OECD, Paris
OECD (2021i) OECD Environmental Performance Reviews: Ireland 

2021. In: OECD Environmental Performance Reviews. OECD 
Publishing, Paris. https:// doi. org/ 10. 1787/ 9ef10 b4f- en

OECD (2022) OECD Data Explorer. Available in: https:// data. oecd. 
org/ envpo licy/ envir onmen tal- tax. htm

Parry IWH, Shang B, Wingender MP, Vernon N, Narasimhan T 
(2016) Climate mitigation in China: which policies are most 
effective? International Monetary Fund

Qi T, Zhang X, Karplus VJ (2014) The energy and CO2 emissions 
impact of renewable energy development in China. Energy Policy 
68:60–69

Qudrat-Ullah H (2022) A review and analysis of renewable energy 
policies and CO2 emissions of Pakistan. Energy 238:121849

Raza MY, Wasim M, Sarwar MS (2020) Development of renewable 
energy technologies in rural areas of Pakistan. Energy Sources, 
Part A: Recovery, Util Environ Eff 42(6):740–760

Renner S, Lay J, Greve H (2018) Household welfare and Co2 emis-
sion impacts of energy and carbon taxes In Mexico. Energy 
Econ 72:222–235. https:// doi. org/ 10. 1016/j. eneco. 2018. 04. 009

Rezaei Sadr N, Bahrdo T, Taghizadeh R (2022) Impacts of Paris 
agreement, fossil fuel consumption, and net energy imports on 
CO2 emissions: a panel data approach for three West European 
countries. Clean Technol Environ Policy 24(5):1521–1534

Righi S, Bandini V, Fabbri D, Cordella M, Stramigioli C, Tugnoli A 
(2016) Modelling of an alternative process technology for bio-
fuel production and assessment of its environmental impacts. 
J Clean Prod 122:42–51

Robinson T (2019) Using the technology acceptance model to examine 
technology acceptance of online learning technologies by non-
traditional students. I-Manager's J Educ Technol 16(1):21

Safi A, Chen Y, Zheng L (2022) The impact of energy productivity 
and eco-innovation on sustainable environment in emerging 
seven (E-7) countries: does institutional quality matter? Front 
Public Health 10. https:// doi. org/ 10. 3389/ fpubh. 2022. 878243

Shahbaz M, Nasir MA, Hille E, Mahalik MK (2020) UK’s net-zero 
carbons emissions target: investigating the potential role of 
economic growth, financial development, and R&D expendi-
tures based on historical data (1870–2017). Technol Forecast 
Soc Change 161:120255

Shobande OA (2021) Decomposing the persistent and transitory 
effect of information and communication technology on envi-
ronmental impacts assessment in Africa: evidence from Mund-
lak specification. Sustainability 13(9). https:// www. mdpi. com/ 
2071- 1050/ 13/9/ 4683

2226

https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
https://doi.org/10.1016/j.respol.2016.04.010
https://doi.org/10.1016/j.resourpol.2020.101769
https://doi.org/10.1016/j.resourpol.2020.101769
https://doi.org/10.5430/wjss.v4n2p7
https://doi.org/10.1002/sd.2298
https://doi.org/10.1016/j.jeem.2021.102517
https://doi.org/10.1016/j.jeem.2021.102517
https://doi.org/10.1007/s11356-023-26527-y
https://doi.org/10.1007/s11356-023-26527-y
https://doi.org/10.1787/9ef10b4f-en
https://data.oecd.org/envpolicy/environmental-tax.htm
https://data.oecd.org/envpolicy/environmental-tax.htm
https://doi.org/10.1016/j.eneco.2018.04.009
https://doi.org/10.3389/fpubh.2022.878243
https://www.mdpi.com/2071-1050/13/9/4683
https://www.mdpi.com/2071-1050/13/9/4683


1 3

Environmental Science and Pollution Research (2024) 31:2214–2227 

Shobande OA, Asongu SA (2023) Searching for sustainable foot-
prints: does ICT increase  CO2 emissions? Environ Model Assess 
28:133–143. https:// doi. org/ 10. 1007/ s10666- 022- 09859-w

Shobande OA, Ogbeifun L (2021) Has information and communication 
technology improved environmental quality in the OECD? —a 
dynamic panel analysis. Int J Sustain Dev World Ecol 29(1):39–
49. https:// doi. org/ 10. 1080/ 13504 509. 2021. 19091 72

Shobande OA, Ogbeifun L, Tiwari A (2023) Re-evaluating the impacts 
of green innovations and renewable energy on carbon neutral-
ity: does social inclusiveness really matters? J Environ Manage 
336:117670. https:// doi. org/ 10. 1016/j. jenvm an. 2023. 117670

Silajdzic S, Mehic E (2018a) Trade openness and economic growth: 
empirical evidence from transition economies. In Trade and 
global market, IntechOpen

Silajdzic S, Mehic E (2018b) Do environmental taxes pay off? the 
impact of energy and transport taxes on Co2 emissions in tran-
sition economies. South East Eur J Econ Bus 2(13):126–143. 
https:// doi. org/ 10. 2478/ jeb- 2018- 0016

Soares N, Martins AG, Carvalho AL, Caldeira C, Du C, Castanheira 
É, Garcia R (2018) The challenging paradigm of interrelated 
energy systems towards a more sustainable future. Renew Sust 
Energ Rev 95:171–193

Sommer J, Hargrove A (2020) Power and politics in the world-system. 
JWSR 2(26):263–287. https:// doi. org/ 10. 5195/ jwsr. 2020. 998

The Climate Action Monitor (2021) OECD, “Environmental policy: 
environmentally related tax revenue”, OECD Environment Sta-
tistics (database). https:// doi. org/ 10. 1787/ df563 d69- en

Tiwari AK (2011) A structural VAR analysis of renewable energy con-
sumption, real GDP and CO2 emissions: evidence from India. 
Econ Bull 31(2):1793–1806

Töbelmann D, Wendler T (2020) The impact of environmental inno-
vation on carbon dioxide emissions. J Clean Prod 244:118787

Toppinen A, Korhonen J, Tuppura A, Kylkilahti E, Miettinen J, 
Ollikainen M, Mikkilä M (2019) Accelerating transition towards 
more sustainable forest bioeconomy: role of regulation?. In: 
International Sustainability Transitions Conference 2019: Accel-
erating sustainability transitions: Building visions, unlocking 
pathways, navigating conflicts

Toppinen-Tanner, S., Jallinoja, N., Ollikainen, J., Ruokolainen, M., 
& Vuori, J. (2019). Voidaanko jatkuvaa oppimista edistää vah-
vistamalla oman osaamisen hallintaa?. Satunnaistettu kenttäkoe 
(RCT) osaamiseen hallintaa vahvistavan intervention vaikutuk-
sista työuraan ja koulutukseen hakeutumiseen. Työpaperi. Työ-
terveyslaitos, Helsinki. Luettavissa

Ulucak R, Danish, Kassouri Y (2020) An assessment of the envi-
ronmental sustainability corridor: investigating the non-linear 
effects of environmental taxation on CO2 emissions. Sustain Dev 
28(4):1010–1018

Waheed R, Chang D, Sarwar S, Chen W (2018) Forest, agricul-
ture, renewable energy, and CO2 emission. J Clean Prod 
172:4231–4238

Wang L, Su CW, Ali S, Chang HL (2020) How China is fostering 
sustainable growth: the interplay of green investment and pro-
duction-based emission. Environ Sci Pollut Res 27:39607–39618

Wang W, Li M, Zhang M (2017) Study on the changes of the decou-
pling indicator between energy-related CO2 emission and GDP 
in China. Energy 128:11–18

Wang X, Jiang D, Lang X (2017) Future extreme climate changes linked 
to global warming intensity. Science Bulletin 62(24):1673–1680

Waris A, Khan S, Hronec M, Suplata M (2023) The impact of hydro-
biofuel-wind-solar energy consumption and coal consumption on 
carbon emission in G20 countries. Environ Sci Pollut Res 1–11

Wei Z, Li-hua H (2022) Effects of tourism and eco-innovation on 
environmental quality in selected ASEAN countries. Environ 
Sci Pollut Res 15(30):42889–42903. https:// doi. org/ 10. 1007/ 
s11356- 021- 17541-z

Wisdom O, Apollos N, Samuel O (2022) Carbon accounting and eco-
nomic development in sub-Saharan Africa. Asian J Econ, Bus 
Account 22(18):81–89

Wong JB, Zhang Q (2022) Impact of carbon tax on electricity prices 
and behaviour. Financ Res Lett 44:102098

York R, McGee JA (2017) Does renewable energy development 
decouple economic growth from CO2 emissions? Socius 
3:2378023116689098

Yuan X, Su CW, Umar M, Shao X, LobonŢ OR (2022) The race to zero 
emissions: can renewable energy be the path to carbon neutral-
ity? J Environ Manage 308:114648

Zafar MW, Zaidi SAH, Sinha A, Gedikli A, Hou F (2019) The role of 
stock market and banking sector development, and renewable 
energy consumption in carbon emissions: insights from G-7 and 
N-11 countries. Resour Policy 62:427–436

Zhang C, Cao R, Majeed M, Usman A (2022a) Clean energy consump-
tion and Co2 emissions: does China reduce some pollution bur-
dens through environmental regulation. Environmental Science 
and Pollution Research 29(52):79156–79167. https:// doi. org/ 10. 
21203/ rs.3. rs- 13087 61/ v1

Zhang H, Wang Y, Li R, Si H, Liu W (2022b) Can green finance 
promote urban green development? Evidence from green 
finance reform and innovation pilot zone in China. Environ 
Sci Pollut Res 5(30):12041–12058. https:// doi. org/ 10. 1007/ 
s11356- 022- 22886-0

Zhang Y (2023) The impact of energy transition and eco-innovation on 
environmental sustainability: a solution for sustainable cities and 
communities of top ten Asian countries. Eng Econ 34(1):32–45

Zheng X, Lu Y, Yuan J, Baninla Y, Zhang S, Stenseth NC, Chen D 
(2020) Drivers of change in China’s energy-related CO2 emis-
sions. Proc Natl Acad Sci 117(1):29–36

Zhu Y, Wang Z, Yang J, Zhu L (2020) Does renewable energy techno-
logical innovation control China’s air pollution? A spatial analy-
sis. J Clean Prod 250:119515

Zoundi Z (2017) CO2 emissions, renewable energy and the environ-
mental Kuznets curve, a panel cointegration approach. Renew 
Sustain Energy Rev 72:1067–1075

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

2227

https://doi.org/10.1007/s10666-022-09859-w
https://doi.org/10.1080/13504509.2021.1909172
https://doi.org/10.1016/j.jenvman.2023.117670
https://doi.org/10.2478/jeb-2018-0016
https://doi.org/10.5195/jwsr.2020.998
https://doi.org/10.1787/df563d69-en
https://doi.org/10.1007/s11356-021-17541-z
https://doi.org/10.1007/s11356-021-17541-z
https://doi.org/10.21203/rs.3.rs-1308761/v1
https://doi.org/10.21203/rs.3.rs-1308761/v1
https://doi.org/10.1007/s11356-022-22886-0
https://doi.org/10.1007/s11356-022-22886-0

	Green innovation and environmental quality in OECD countries: the mediating role of renewable energy and carbon taxes
	Abstract
	Introduction
	Literature review
	Review of the literature on eco-innovation and CO2 emissions
	Literature on environmental taxes and CO2 emissions
	Literature review on renewable energy consumption and CO2 emissions

	Research methodology and data identification
	Theoretical justification and elaboration of the econometric model
	Data
	Analytical techniques
	Generalized method of moments (GMM)
	Two-stage least square regression (2SLS)


	Results and discussions
	Discussion

	Conclusions and policy implications
	Conclusion
	Policy recommendations
	Limitations and future research direction

	Appendix
	References


