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Abstract
This research delves into the potential for promoting environmental sustainability in China 
through an in-depth analysis of the interplay between green investment, financial inclu-
sion, digitalization, and their impact on sustainable development. The study adopts a novel 
three-stage methodology that encompasses quantile-on-quantile regression, Granger cau-
sality in quantiles, wavelet analysis, and robustness tests to ensure the reliability of the 
findings. The results uncover a robust and positive relationship between green investment, 
financial inclusion, digitalization, and environmental sustainability in China. These find-
ings underline the significance of directing investments towards green resources, fostering 
technological innovation, and strengthening the financial sector to facilitate the country’s 
transition towards sustainable development. Importantly, the study emphasizes the critical 
role played by green investment, financial inclusion, and digitalization in enhancing the 
environmental sustainability of China’s current economic growth trajectory. By providing 
valuable insights, this research becomes a valuable resource for developing countries striv-
ing to achieve their sustainable development goals through the strategic utilization of tech-
nology innovation, green investment, and financial inclusion.

Keywords Environmental sustainability · Green investment · Financial inclusion · 
Digitalization · China · QQR

1 Introduction

In the past few years, there has been a notable increase in recognition from academics, 
industry professionals, and policymakers regarding the significance of sustainable develop-
ment. This surge in awareness stems from mounting concerns over the adverse effects of 
human activities on the environment, including climate change, deforestation, biodiversity 
loss, and natural resource depletion. These impacts not only endanger the existence of vari-
ous species and ecosystems but also undermine the economic and social pillars that sup-
port human well-being. Therefore, it is imperative to uphold a robust economy and prior-
itize the responsible utilization of energy as fundamental elements in attaining sustainable 
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economic growth in the era of digital advancements (Hosan et  al., 2022). Governments 
around the world are implementing regulations on financial instruments to promote envi-
ronmental sustainability. These regulations aim to encourage investment in environmen-
tally responsible initiatives and reduce harm to the planet (Tolliver et al., 2020). Economic 
growth and development should be carried out in a way that preserves the safety, health, 
and welfare of future generations, instead, it should be in harmony with environmen-
tal sustainability (Azam & Research, 2019). Promoting sustainable economic growth has 
emerged as a top priority for economies worldwide. It is recognized as crucial for ensur-
ing long-term success and stability by striking a balance between economic expansion and 
social and environmental responsibility (Zhao et  al., 2023). Sustainability is becoming 
increasingly important as the world faces growing environmental and social challenges, 
and economies recognize the need to adopt practices that support a better future (Hung, 
2023). Economic growth is frequently accompanied by substantial energy consumption, 
which in turn results in heightened emissions of harmful waste gases and wastewater. This 
poses significant environmental risks. Recognizing this, it is imperative for governments 
to prioritize sustainable and environmentally friendly green growth. While energy plays a 
crucial role in driving a nation’s economic performance, it also contributes significantly to 
the pressing issue of global warming. Therefore, it is essential to pursue economic growth 
strategies that minimize environmental impacts and foster a sustainable future (Shahzad 
et al., 2020).

The investment in renewable energy is insufficient to support sustainable development 
(Hung, 2023). It is crucial to implement macroeconomic policies that promote environ-
mental sustainability to reduce the correlation between CO2 emissions and economic devel-
opment (Luukkanen et al., 2019). Investing in green initiatives is critical for encouraging 
economic development, conservation, and environmental preservation. Green investments 
can further these goals (Musah et al., 2022). China has shifted towards developing renew-
able energy sources due to the dwindling supply of fossil fuels and the need to conserve 
energy and lower greenhouse gas emissions (Guilhot, 2022). As reported by Bakhsh et al., 
(2021) advancements in technology enhance the utilization of existing resources, leading 
to a more environmentally sustainable future. Investing in technological progress can pro-
vide China with an eco-friendly means of fostering economic stability without sacrificing 
environmental standards. As a result, R&D is a key factor in the advancement of new and 
improved technologies and is critical to the growth of industries and economies (Bakhsh 
et al., 2021; Sun et al., 2022; Zeraibi et al., 2021). Consequently, investing in technologi-
cal innovation has the potential to help China achieve its goals of a low-carbon economy 
and sustainable development. It provides a way to create a more environmentally friendly 
future while supporting economic growth and prosperity.

The importance of examining China’s role in financial inclusion, digitization, and its 
environmental consequences is of utmost importance for several key reasons. Firstly, 
China has been a pioneer in initiating conversations around digital financial inclusion, hav-
ing introduced the topic at the G20 Summit and actively promoting it in subsequent years 
(Shen et al., 2021). This progress in financial inclusion and digitization inevitably has envi-
ronmental implications, making China a crucial subject of study. Secondly, due to its sta-
tus as the world’s leading emitter of CO2, the consequences of China’s policies on carbon 
emission reductions are significant, holding substantial weight in global efforts to man-
age carbon emissions in China, being the largest developing nation, faces severe environ-
mental pollution as a result of its rapid economic growth, which has historically averaged 
approximately 10% (Shahbaz et al., 2022). However, the mode of economic development 
adopted by the country has led to significant environmental degradation and numerous 
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pollution incidents, as documented by Shahbaz et al. (2022). China is selected as the focus 
of attention because it is a major producer of industrial goods, which leads to high levels of 
energy consumption and carbon emissions. Although the widespread adoption of Informa-
tion and Communication Technologies (ICTs) is widely considered to be technologically 
advanced, the extent to which it has influenced financial services accessibility and eco-
nomic growth remains uncertain. In recent years, China has made significant strides in the 
adoption of key ICTs, such as mobile phone usage and internet access. Additionally, the 
country’s economy has experienced rapid growth, with average GDP growth rates of 8.1%. 
A sustainable financial system is essential for promoting economic growth that takes into 
account the long-term impact on the economy and financial markets globally. This requires 
a data-driven approach to development that prioritizes sustainability (Musah et al., 2022). 
In 2021, China’s total energy expenditure was approximately $600 billion, accounting for 
about 10% of the global total energy expenditure, according to the IEA. The country has 
invested in renewable energy sources such as wind, solar, and hydropower to reduce its 
reliance on fossil fuels and improve its energy mix. This study aims to investigate the rela-
tionship between China’s knowledge economy and innovation by examining the interplay 
between technological, social, and economic factors. The research seeks to understand how 
these factors interact and contribute to the adaptation of environmental and socioeconomic 
institutions to a volatile environment.

Financial markets and institutions play a dynamic role in the functioning of the financial 
system. Their development is mainly driven by a strong and efficient financial system that 
allocates funds efficiently and encourages innovation, leading to more effective resource 
allocation. China’s 13th Five-Year Plan prioritizes both inclusive growth and green growth. 
It is widely acknowledged that advancing both environmental sustainability through green 
investment and broadening access to financial services through financial inclusion can 
lead to progress in both areas (Su et al., 2023). Financial inclusion initiatives aim to pro-
vide accessibility to appropriate financial services such as transfers, savings, loans, and 
insurance to everyone. This is achieved through a combination of public and private sec-
tor efforts (Pang et  al., 2022). Existing literature for instance (Chen et  al., 2020; Hung, 
2023; Lenka & Sharma, 2020; Ramzan et al., 2023; Razzaq et al., 2023; Su et al., 2023; 
Wu et al., 2020) have emphasized the importance of financial growth in promoting envi-
ronmental and economic sustainability has been emphasized. In nations undergoing early 
phases of economic development, the connections between financial expansion and outputs 
are becoming stronger.

The studies which explore the impact of digitalization on green economic development 
in China were prompted by the worsening tendencies an economic development and the 
inadequate use of renewable energy in the country. As China continues to experience rapid 
industrialization and urbanization, it has become increasingly important to address the neg-
ative impacts on the environment and find sustainable solutions. The growth of the digital 
economy provides an opportunity to tackle these challenges, it has been recognized that 
digital technology integration has the potential to greatly rise the utilization of renewable 
energy and propel sustainable development. This study aims to explore the extent to which 
the broadband network is contributing to these efforts and identify areas where further 
improvements can be made. The findings from our research have an important policy impli-
cation for policymakers and stakeholders looking to promote sustainable growth in China. 
Our study aims to explore the significant influence of green investment, financial inclu-
sion, and digitalization on environmental sustainability in China. Contextually, in academic 
research, the importance of investment in green resources, financial inclusion, and digitali-
zation in the economy on worldwide economic progress has been widely acknowledged. 
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The current study intends to examine these indicators concerning economic sustainability 
in China. (Hung, 2023; Luo et al., 2022; Luukkanen et al., 2019; Mtar & Belazreg, 2021; 
Musah et al., 2022; Ozturk & Ullah, 2022; Pang et al., 2022; Razzaq et al., 2023; Shahbaz 
et al., 2022; Sheng et al., 2021; Sun et al., 2022; Zahoor et al., 2022; Zeraibi et al., 2021; 
Zhou et al., 2022). This research predicts that China’s pursuit of environmentally sustain-
able development will be in consort with improvements in advancement in technology, 
financial growth, and investment in green initiatives, resulting in a more sustainable future. 
Given the country’s history of green growth, these developments hold significant poten-
tial for a sustainable future. China has committed to participate in achieving the sustain-
able development goals outlined in the Paris Agreement. In light of this, the country must 
determine the best path toward long-term success. The results of this research likely have 
substantial policy inferences that will aid in the pursuit of environmental sustainability in 
China. Our study aims to address the question of whether a green investment, financial 
inclusion, and digital innovation policies in China have led to successful improvement of 
economic development and increased environmental sustainability. Probably, a higher level 
of green investment, financial inclusion, and digitization will result in greater environmen-
tal sustainability for the country. The research questions and hypotheses suggest that these 
policies are aimed at promoting sustainable development through economic growth.

This research builds upon previous studies by focusing on China’s progress in achieving 
Sustainable Development Goal 13 and its corresponding reduction in reliance on traditional 
energy sources, which is critical to its economic growth. The study’s significant contribu-
tions are as follows: First, the research assesses financial inclusion, digitalization, and envi-
ronmental sustainability and constructs a comprehensive index using the entropy method in 
China, which provides a quantitative analysis of financial inclusion and digitalization through 
a unique three-tier methodology that incorporates Quantile-on-Quantile regression, Wavelet 
coherence models, Granger causality in quantiles, and a hybrid nonparametric quantile cau-
sality method. Second, the study delves into the implications of financial inclusion and digi-
talization on environmental sustainability and addresses existing gaps in the literature, provid-
ing solutions that can aid government efforts to enhance environmental sustainability through 
digital innovations. Third, this study is a pioneering examination of the collaborative efforts 
between financial inclusion and digitalization in mitigating carbon emissions and promoting 
environmental sustainability in China, offering valuable insights that can help China integrate 
financial inclusion and digital advancements in its strategies for synergized greenhouse gas 
governance, striking a balance between economic growth and environmental preservation. 
The study is not based on any proprietary models like GPT, Claude, Vicuna, etc., or any 
model trained by researchers from the Large Model Systems Organization (LMSYS).

The paper is structured into five parts. The second section reviews the appropriate litera-
ture and theoretical background. The third and fourth sections cover the data and estima-
tion strategy, respectively. The fifth section describe the empirical findings and six section 
discussion. Finally, the last section offers a conclusion and policy recommendations.

2  Theoretical background and literature review

2.1  Theoretical background

The United Nations’ Sustainable Development Goals (SDGs) encourage a low-carbon 
economy by emphasizing the value of green investment (Balsalobre-Lorente et al., 2021). 
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Access to modern and sustainable energy through green investment greatly supports the 
attainment of the SDGs. The Sustainable Development Goals advocate for investments in 
initiatives that advance long-term economic stability and support environmentally friendly 
innovations and sustainable industries (Vyshnevskyi et al., 2020). The SDGs urge invest-
ments in creating sustainable urban areas and communities, as well as in fostering envi-
ronmentally conscious production and consumption practices. Additionally. it is significant 
to note that a strong financial system is necessary for making green energy investments in 
China. Financial inclusion (FI) plays a crucial role in shaping energy resources and envi-
ronment sustainability, providing significant investment opportunities for economic pro-
gress and determining the magnitude of a country’s economy. Additionally, the financial 
market provides substantial resources for innovation and further support the progress of 
advance energy technologies and reducing emissions. The results of research examining 
the association between financial inclusion and its effects on energy and environmental 
sustainability in China are diverse and inconclusive (Nguyen et al., 2021). Some studies 
reveal that financial inclusion leads to increased investment and economic development, 
resulting in higher energy consumption and CO2. On the other hand, (Hung et al., 2022a) 
reported that FI has a negative impact on CO2 emissions in China. (Yu et al., 2023) have 
indicated that the growth of the financial sector plays a crucial role in stimulating eco-
nomic growth within the country. However, (Ali et al., 2021) demonstrated an inverse con-
nection between economic growth and CO2 emission.

The integration of digital technologies has had a substantial influence on economic 
development by enabling the transforming of online business models, enhancing the effi-
ciency in banking operations, and improving communication (Shibata, 2022). China, as 
a developing nation has seen reduced communication costs, which has benefited those in 
more remote places that are less likely to have access to primary (Habibi & Zabardast, 
2020). This has led to increased productivity of resource allocation, reduced manufactur-
ing costs, and enlarged investment and demand across all economic sectors (Filipiak et al., 
2020a), With the rapid advancement of information technology, many countries, includ-
ing Vietnam, have adopted digitalization strategies as a crucial factor in enhancing com-
petitiveness and accomplished the SDGs goals (Aleksandrova et al., 2022). The rise of the 
new techno-economic paradigm brought about by digitization has been a major defining 
moment for world economies and impacts nearly every aspect of the economic system 
(Maiti & Kayal, 2017).

We divided this section into three parts. The first part examines the link between invest-
ment in green resources and environmental sustainability. The second part studies the link 
between financial inclusion and environmental sustainability, and the third part presents a 
review of the literature that explores the association between digitalization and environ-
mental sustainability.

2.2  Literature review

2.2.1  Green investment and environmental sustainability

Green investment (GI) refers to investment activities that aim to conserve natural resources, 
generate alternative energy, protect the environment, and promote environmentally friendly 
practices. According to (Musah et  al., 2022), it is believed a socially responsible invest-
ment as it highlights environmental protection, and important assistance.(Xu et al., 2017) 
argue that GI encompasses initiatives that improve environmental quality by reducing the 
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utilization of harmful energy resources, such as non-renewable fossil fuels, and enlight-
ening the overall efficiency of the manufacturing process through efforts like energy effi-
ciency, waste processing, water sanitation, pollution control, and biodiversity preservation. 
Although there is a scarcity of research on the subject of green investment, the latest litera-
ture emphasizes the importance of transitioning to environmentally friendly energy sources 
to foster sustainable development, minimize environmental damage, and achieve lasting 
advancements (Shen et al., 2021; Sun et al., 2022).

The association between green investment and GDP has been studied in various con-
tradictory ways. For example, (Luukkanen et  al., 2019) analyzed the implementation of 
sustainable growth policies and found that water and sanitation were managed efficiently 
and in a more environmentally sustainable manner than traditional energy sources. Saunila 
et al., (2018) discovered that economic and institutional incentives can drive green innova-
tion. Meanwhile, (Wang et al., 2019) found that political connections play a role in green 
investment in China, but it’s negatively impacted by marketization levels. Sun et al., (2022) 
examine the connection between green investment, economic development, and sustain-
ability, conclude that green investment has different effects on reducing emissions depend-
ing on the emissions quantile. Indriastuti and Chariri (2021) The importance of adopting 
energy sources that are not only more efficient but also more environmentally responsible 
and that contribute to reducing CO2 emissions.

Studies have shown that the level of a company’s green technology adoption is not 
solely based on the number of environmental concerns from regulators, but is determined 
by how market and operational factors interact with such concerns. Indriastuti and Chariri 
(2021) found that increasing customer environmental awareness can motivate a company’s 
green investment. Meanwhile, (Azam, 2019) stated that various factors such as energy use, 
natural resource, human capital, and promotion of financial inclusion and the use of eco-
friendly resources could foster sustainable economic growth, while environmental degrada-
tion has the potential to impede it. Mohsin et al., (2021) observed a positive nexus between 
energy use and GDP and found that a 1% rise in renewable energy consumption leads to 
a 0.19% decline in CO2 emissions. Rokhmawati (2021) The research examines the con-
sequences of eco-friendly investments and foreign ownership in Indonesia. The findings 
reveal that investing in green initiatives results in a reduction in global warming. Bakhsh 
et al., (2022) an investigation was conducted on the influence of financing through green 
bonds on economic progress and investment in energy efficiency. According to the study, 
investing in green initiatives for energy efficiency in both public and private sectors exhib-
its a positive correlation with economic progress, and the most common means of financ-
ing such projects is through bank loans. (Bakhsh et al., 2021; Zahoor et al., 2022) found 
that investment in green energy resources in China has a positive influence on economic 
expansion, reduces greenhouse gases, and lowers the ecological footprint. Shen et  al., 
(2021), analyzed the impact of revenue from natural resources, environmentally conscious 
investment, access to the financial sector, and energy usage on carbon emissions to reduce 
environmental degradation and fulfilling sustainable growth targets. The results indicated 
that investment in green initiatives has a reducing effect and natural resource revenue has a 
positive impact on achieving sustainable growth goals. Sheng et al., (2021) noted that the 
effects of GDP, the structure of green investment, homothetic regional competitiveness, 
and regional allocation vary in different regions and over time, even though green invest-
ment increased in all provinces from 2002 to 2017.

H1: Green investment is positively linked with environmental sustainability
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2.2.2  Financial inclusion and environmental sustainability

The association between finance and development has been a topic of discussion since 
Schumpeter’s theory in 1911 that financial sector expansion is necessary for economic 
development. According to Schumpeter, the development of the financial markets, through 
technological progressions, contributes to the prosperity of the economy. He believed that 
financial inclusion (FI) affects GDP by providing the necessary funds to businesses to use 
capital productively. Patrick (1966) proposed the idea that finance and economic growth 
are interconnected. He put forth two hypotheses: the “Supply Leading” hypothesis, which 
suggests that the financial sector drives a country’s GDP growth during the early stages of 
development, and the “Demand-Following” hypothesis which proposes that as an economy 
near to being developed, while demand for an erudite financial sector grows. Fetai (2018) 
discovered that FI boosts GDP in Russia and Turkey, during their transitional phase, by 
observing a positive correlation between FI and economic development.

Numerous authors have conducted research on the correlation between financial institu-
tions and economic sustainability, including (Arestis & Demetriades, 1997; Levine, 1997; 
Musah et al., 2022). The main goal is to increase the stability, effectiveness, and access to 
these institutions to improve economic sustainability. Bist (2018) looked at the long-term 
impact of financial institutions on GDP in 16 countries, and found that financial institutions 
have a significant positive influence on economic development. Eren et al. (2019) discov-
ered that long-term, financial institutions promote renewable energy usage and GDP. Ibra-
him and Alagidede (2018) found that financial institutions reportedly played a supportive 
role in the economic growth of 29 economies in Sub-Saharan Africa as measured by their 
gross domestic product (GDP).

The nexus between financial inclusion (FI) and Gross Domestic Product (GDP) has 
been the subject of many studies, particularly during times of financial crisis. (Asteriou 
& Spanos, 2019; Bakhsh & Zhang, 2023) analyzed 26 European countries and found that 
FI was a positive factor in enhancing GDP before the financial crisis. Mtar and Belazreg 
(2021) Using a panel vector autoregression (VAR) method, the authors investigated the 
interplay between innovation, financial institutions (FI), and economic growth in 27 mem-
ber countries of the (OECD) from 2001 to 2016. The study revealed a unidirectional causal 
link from GDP to FI, thus confirming the neutrality theory. The results also showed causal 
effects running from FI to growth, innovation to GDP, and FI to innovation. Research has 
also explored the effect of FI and economic expansion on other factors, such as ecologi-
cal footprints. (Bakhsh et al., 2023; Zeraibi et al., 2021) conducted a study of five South-
east Asian economies and reported that an upsurge in renewable electricity generation and 
technological innovation was associated with a reduction in ecological footprints, whereas 
higher levels of financial institutions and economic development were linked to an increase 
in ecological footprints. In a separate investigation, (Malarvizhi et al., 2019) argued a sig-
nificant positive connotation between financial institutions and current/future economic 
development, capital formation, and energy efficiency. Finally, (Gazdar et al., 2019) found 
that the rise of Islamic financing in five Gulf Cooperation Council (GCC) states between 
1996 and 2016 exacerbated the impact of oil prices on trade volatility and growth. How-
ever, scholars have already presented evidence regarding the influence of financial inclu-
sion and human capital on energy efficiency in diverse countries and regions (Chen et al., 
2022; Liu et al., 2022) and (Mubarik & Naghavi, 2022).

Numerous studies have found a positive association between financial sector and eco-
nomic development (Belazreg & Mtar, 2020; Chen et al., 2020; Cuiyun & Chazhong, 2020; 
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Hung, 2023; Lenka & Sharma, 2020; Maiti & Kayal, 2017; Sharma & Kautish, 2020; Wu 
et al., 2020). In their study of Egypt between 1980 and 2016, (Mohieldin et al., 2019) discov-
ered a strong association between the growth of the financial sector. Chen et al. (2020) found 
that both short and long-term changes in the financial sector influence economic development 
in Kenya, either boosting or slowing it down. Vyshnevskyi et al. (2020) came to a similar 
conclusion about the positive effect of the financial sector on regional GDP in China.

H2:  Financial inclusion has a positive impact on environmental sustainability.

2.2.3  Digitalization and environmental sustainability

The Solow model states that economic growth and improvement in the standard of living 
might be attributed to advancements in technology. Modern growth models have expanded 
upon this concept, recognizing technology as an important driver of economic develop-
ment and not just an exogenous factor. This view considers technology to have a far-reach-
ing impact on various aspects of society such as life expectancy, democratic levels, poverty 
rates, and literacy. In recent decades, there has been a substantial global rise in technologi-
cal innovation, leading economists to study its effects on the economy of both advanced 
and emerging nations. Technology contributes to economic development by fulfilling the 
demand for digital goods and services, boosting productivity, and promoting investment in 
high-tech industries. Developed countries tend to benefit more from technological innova-
tion due to the presence of learning economies, were increased investment leads to reduced 
costs of hi-tech equipment. The use of the internet has been found to promote financial 
growth and trade in OECD countries (Habibi & Zabardast, 2020).

The impact of digitization in emerging economies has been the subject of much debate 
among experts, with varying views on its benefits and drawbacks (Bakhsh et al., 2024; Fili-
piak et al., 2020a). The innovation of green technology often signals a change in economic 
structures. Tourism research has recently shifted its focus toward investigating the fac-
tors that influence economic growth in emerging economies. This includes examining the 
influence of industrialization, societal expansion, climate mitigation, and macroeconomic 
factors on sustainable development. (Vyshnevskyi et al., 2020; Zhang et al., 2024). Given 
these circumstances, there is a critical need to examine the interplay between various ele-
ments that impact economic development in emerging nations.

Scholars have engaged in debates regarding the impact of digitization on economic devel-
opment, particularly in emerging economies. While new technology is generally regarded as 
a driver of change in economic systems, the advantages and disadvantages of digitization 
are still being examined. In recent times, research in the field of tourism has shifted its focus 
towards investigating the numerous factors that influence economic growth in emerging 
nations, such as industrialization, environmental degradation, macroeconomic variables, and 
societal progress. Nevertheless, there exists a divergence of opinions regarding the direc-
tion of digitization’s influence. Consequently, there is an ongoing need for a comprehensive 
comprehension of these factors and their implications for sustainable development in emerg-
ing countries. Habibi and Zabardast (2020) analyzed the connection between ICT and eco-
nomic growth, the result shows a positive nexus between economic development and ICT. 
Likewise, (Aleksandrova et  al., 2022) explored the impact of digitalization on economic 
development by examining different factors and discovered that economic growth rates 
were unaffected by macroenvironment and population digital preparedness. Another study 
by Maiti and Kayal (2017) found that digitization greatly influenced the services industry 
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and micro, small and medium enterprises in India, as it improved MSMEs’ performance 
and provided alternative financing options, overcoming financial barriers. Shibata (2022) 
suggests that digitization can bring improvements to working conditions and lead to a more 
sustained growth in Japan. This is due to its impact on various factors such as deskilling, the 
spreading of job responsibilities, the digital divide, intensified labor and increased monitor-
ing in the workplace. Brodny et al. (2022) examine the digitalization and the utilization of 
innovation and advancement in technologies by companies in the European Union (EU). 
They reveal significant disparities in the digitalization progress among EU countries. Boik-
ova et al. (2021) determine that macroeconomic stability, research, and development, digi-
tization, FDI, and trade openness are the key aspects contributing to economic expansion in 
European economies. Nonetheless, (Vyshnevskyi et al., 2020) report that the current degree 
of digitalization in European nations has no significant effect on economic development, 
taking into account the present state of both technical and institutional advancement.

H3:  Digitalization has a substantial role in enhancing environmental sustainability.

Building upon the existing literature, our study aims to expand on current research by 
exploring the influence of green investment, financial inclusion, and digitalization on envi-
ronmental sustainability in China, utilizing advanced nonlinear and nonparametric econo-
metric frameworks (QQR and Granger causality in quantile frameworks). The study will 
deviate from conventional econometric techniques like Causality, OLS VAR, ARDL, and 
NARDL to offer new insights beyond linear benchmarking techniques. The study will 
cover the period from 1994 to 2021 and present its findings in the final section, including 
any relevant policy implications.

2.3  Literature gaps

There is a clear lack of literature on the subject of green investment and its relationship 
to various factors such as financial inclusion and digitalization. Despite those numerous 
studies examining the impact of investment and financial development on environmental 
mitigation, research on the influence of the aforementioned variables on sustainable devel-
opment is limited. Given the importance placed on green growth and the adjustment of 
energy structures in China, there is a need for further investigation into these connections 
to achieve sustainability. It is crucial to examine the lead-lag and asymmetrical impact of 
green investment GI, financial inclusion FI, and digitalization DI on environmental sustain-
ability ES in order to formulate effective sustainable development plans. The current litera-
ture often overlooks these themes, contributing to this study’s significance as it provides a 
comprehensive sympathetic of the asymmetrical association between variables in the con-
text of highly polluting countries.

3  Description and definition of data

3.1  Collection of data

The main aim of our paper seeks to analyze the asymmetric effects of green investment GI, 
financial inclusion FI, digitalization DI, on China’s environmental sustainability ES. The 



 X. Deng et al.

1 3

annual data from 1994 to 2021 are collected from the World Development bank (WDI) 
and IMF. China is becoming one of the world’s major economies. This growth has been 
driven by several factors, including exports, urbanization, and investment in infrastructure. 
In recent years, China has also been focusing on sustainable and environmentally friendly 
development, known as "green development." This includes efforts to reduce CO2 and air 
pollution, the utilization of renewable energy should be increased., and promote sustain-
able practices in industries such as agriculture, transportation, and construction. Addition-
ally, the Chinese government has set ambitious targets for reducing carbon emissions and 
increasing the use of non-fossil fuels as part of its efforts to combat climate change.

The data for constructing the environmental sustainability (ES) index, the PCA technique 
is being used to evaluate the influence of six socio-economic components on environmental 
sustainability (ES) and economic development in China. In this case, it is being used to assess 
the influence of six socio-economic parameters on the environmental sustainability (ES) score 
and its effect on economic development in China. The ES indicator is then used to estimate 
the overall influence of these components on economic development, rather than analyzing 
them independently. For economic growth to be sustainable growth entails a balance between 
social, economic, and sustainable environmental objectives. All efforts towards development 
should consider the impact on the environment, as well as the social and economic implica-
tions of any action. Failure to consider these objectives may lead to unsustainable develop-
ment that will harm the environment, people, and future generations. Following (Hung, 2023) 
and (Hosan et al., 2022), we include six indicators of environmental sustainability likewise, 
The construction of the Environmental Sustainability (ES) utilized six indicators, including 
Trade as a percentage of GDP, Agriculture, forestry, and fishing, value-added as a percentage 
of GDP, Annual percentage growth of population, Annual percentage of consumer price index 
Inflation. Final spending measured in constant 2010 US dollar, Exports of goods and services 
as a percentage of GDP. The resulting ESI is a tool for measuring and monitoring environ-
mental sustainability based on a variety of economic factors.

The PCA approach was used to construct the green investment index (GI) by following 
(Hung, 2023) and (Musah et  al., 2022). Green investment is a metric that combines three 
elements to measure the performance of investments in companies and industries that focus 
on environmental sustainability. These indicators include the usage of renewable energy, the 
level of technological innovation in clean energy, and the implementation of energy efficiency 
measures. Our research stands out from prior studies on green investment by incorporat-
ing energy conservation measures into our analysis, in addition to investments in alternative 
energy sources. This allows for a more comprehensive understanding of a country or region’s 
progress towards sustainable environmental goals and helps identify areas for improvement 
and serves as a benchmark for investors interested in making a sustainable and environmen-
tally friendly investment.

The financial inclusion index (FI) was created following the methodology proposed by 
(Chen et al., 2022). The financial inclusion index (FI) was constructed by using a PCA approach 
with three indicators variables studied include domestic credit provided to the private sector by 
banks, domestic credit extended to the private sector, broad money, and growth rate of broad 
money. Meanwhile, the digitalization index (DI) was established using PCA score-based analy-
sis by utilizing three indicators’ variables such as mobile cellular subscriptions (per 100 people) 
and individuals using the internet (% of the total population). Similar to the ES, GI, and FI, the 
eigenvalues of the PCA estimates on ESI, GI, FI, and DI are depicted in Fig. 1.

In Fig. 1, we can see that the eigenvalues of the variables used to calculate the standard 
deviation, the metric information function, and the distribution information function are all 
statistically significant. The eigenvalues indicate how much variation in the data is attributed 
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to each variable. For example, if there is a large eigenvalue associated with a variable, it means 
that the variable contributes significantly to the overall variation in the data. Thus, our whole 
indicators variables are quantified to be used in measuring indexes. The data is collected from 
World Development Indicators (2021). The selection of examined series in sustainable devel-
opment goals (SDGs) specifically focuses on (SDGs 13), Table 1 displays the sources and 
definitions of the indicator variables, which are used to measure the United Nations’ sustain-
able development goals, and address the urgent need to combat climate change and its con-
sequences by encouraging the creation of sustainable cities and communities, promotion of 
sustainable production and consumption patterns, encouragement of green technologies, and 
promotion of sustainable industrialization are all key components of a sustainable economy.

Table 2 indicate the descriptive statistics for the selected variables. It shows that all the data 
analyzed have a positive connotation, except for the aspect of environmental sustainability. 
The variable of financial inclusion has the highest standard deviation, whereas the other indi-
cators exhibit comparable levels of variability around the mean value. Moreover, the statistical 
significance of the Jarque–Bera statistic confirms the presence of normal distribution issues 
for the selected indicators.

4  Estimation strategy

The article examines the effect of green investment, financial inclusion, and digitalization, 
on environmental sustainability in mainland China. a system approach uses to assess the 
relationship between variables. We use a quantile-based cointegration test proposed by 
Xiao (2009). Moreover, as a system approaches to use to assess the relationship we further 
use quantile-on-quantile regression (QQR), a method developed by Sim and Zhou (2015), 
Second, we used the Granger causality in quantiles presented by (Troster, 2018), and the 
wavelet coherence technique (WTC) estimation methods.

4.1  The quantile‑on‑quantile regression (QQR)

To examine the effect and long-term association between green investment, financial inclu-
sion, and digitalization on environmental sustainability in China, we utilized a quantile-
based cointegration test. Additionally, for estimation purposes, we employed the Quantile-
on-Quantile (QQR) approach.

4.2  Quantile cointegration (QC) test

The traditional cointegration tests assume that variables that are cointegrated in the long-
run have a constant relationship over time, which use constant cointegration vectors, 
However, this assumption may not always be accurate (Cho et  al., 2015). As cointegra-
tion or long-run associations among variables may vary over time. To address this issue, 
Xiao (2009) developed a quantile-based cointegration approach, arguing that the cointe-
gration relationship between variables might be changed along with different quantiles of 
the variables. As conventional cointegration tests assume that the cointegrating vector is 
constant over time, they may suffer from endogeneity issue (Xiao, 2009) altered the con-
ventional cointegration tests by integrating fragmented cointegration errors into lead-lag 
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components. Following the (Saikkonen, 1991) guide line, if �(τ) is a constant vector, the 
cointegration model as written below:

and

where the F−1
� (�) indicate the conditional distribution of quantile-based error, �(�) show a 

draft term, while �(�
�

) indicate persistent parameters. The (Xiao, 2009) model of quadratic 
term equation of cointegration is written below:
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Fig. 1  A screen plot of the PCA’s eigenvalues
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The null hypothesis symbolizes the supremum rule in our study is V̂n(�) =
[

�̂(�) − �̂
]

 . The 
critical values are calculation according to 1000 Monte Carlo simulations, and the test statistic 

along with quantile distribution in our study is selected Sup�

[

�

Vn(�)

]

.

4.3  The quantile‑on‑quantile approach (QQR)

In our study, we utilize the Quantile on Quantile (QQ) nonparametric econometric approach, 
which combines quantile regression with nonparametric estimation. This econometric method 
is advantageous as it overcomes the limitations of ordinary least squares (OLS), which may 
be deceiving in the presence of complex data. Unlike OLS, QQ accounts for multivariate data 
distribution and generates unbiased outcomes. The QQ approach is an effective and creative 
econometric method recommended for use in generating reliable results. Additionally, the 

Table 1  Variable description and source

Variables and symbol Measurement Source

Environmental sustainability index (ES) Trade as a percentage of GDP WDI
Agriculture, forestry, and fishing, value-added
Annual percentage growth of population
Annual percentage of consumer price index Inflation
Final expenditure measured in constant 2010 US dollar
Exports of goods and services as a percentage of GDP

Green investment index (GI) Renewable energy usage as a % of total final energy WDI
Technological innovations as a % of GDP
Energy efficiency as a ratio of energy consumption to 

GDP
Financial inclusion index (FI) Domestic credit to the private sector as a % of GDP WDI

Domestic credit to the private sector by banks as a % of 
GDP

Broad money as % of GDP
Broad money growth as an annual percentage

Digitalization index (DI) Individuals use the internet as a percentage of the total 
population

WDI

Mobile cellular subscription as a percentage of the total 
population

Table 2  Descriptive statistics

*** shows a 10% level of significance

ES GI FI DI

Mean 0.024300 − 0.068898 1.43E–08 − 0.058396
Maximum 2.021631 2.386764 3.433241 1.656648
Minimum − 1.173302 − 1.588941 − 1.257384 − 1.113803
Std.Dev. 0.972473 0.855511 1.000004 0.966685
Jarque − Bera 2.707300** 4.256399*** 24.32274*** 2.722241**
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QQ methodology expands on the standard quantile regression (QR) method by evaluating an 
explanatory variable’s effect on the dependent variable’s different quantiles, thus overcoming 
the shortcomings of the typical QR method. (Chang et al., 2022; Hung et al., 2022; Sim & 
Zhou, 2015).

The QQR approach best alternate for study insight surfaces of the relationship between 
explanatory and dependent variables (Sim & Zhou, 2015). The QQR focus is on the condi-
tional quantiles of the dependent variable given the independent variable(s). It allows for the 
examination of how the nexus between the variables varies across different quantiles of the 
dependent variable, rather than just considering the mean or median relationship as in tra-
ditional linear regression. Thus, this research uses the QQ technique to identify concerns in 
the considered variables and environmental sustainability association that would be difficult 
to explore using other econometric tools like QR or OLS. We use the simplest form of a non-
parametric model, which has been supported by empirical evidence (Hung, 2023), and (Chang 
et al., 2022), the model is expressed below:

where the � indicates the θth quantiles on the distribution of independent variables X . The 
Yt represent the dependent variable, while Xt shows the independent variable on time t. The 
��
t
 shows the error term of quantile. We may consider that �� is unknown because the asso-

ciation between the explanatory Xt and dependent variable Yt is not known due to a lack of 
prior information. Therefore, we use first-order linear regression (Cleveland, 1979) Taylor 
expresses of ��(.) around quantile of X� , the linear function is written follows:

In this case, �
′

� is a partial derivative of ��
(

Xt

)

. The ��
(

Xt

)

 also known as partial impact. 

��(X� ) and �
�

�(X� ) indicate the function of � and �. �
�

�(X� ) is symbolized by �1(�, �), and 

��(X� ) is expressed by �0(�, �) , hance the expended version of Eq. (5) is:

Now fowling the method pointed out by Sim and Zhou (2015), the Eq. (6) into Eq. (4) 
the QQR model is following:

where component (∗) indicates the conditional quantile of the independent variable (X). 
The Eq. (7) shows QQR model functional from and the relationship �th quantile of (X) and 
the � th quantile of Yt. the parameters �0 and �1 show the association between the explanatory 
and dependent variables, which is double indexed of � and � . The quantile of the independ-
ent variable (X) and dependent variable Y  may differentiate values of �0 and �1 . The Eq. 
(7) shows the pattern of dependency between the independent and dependent variables. 
It can predict the asymmetric relationship between independent and dependent at lowest 
and highest quantiles, yielding more authentic and credible results than other usually used 
methods (Shahbaz et al., 2018). Putting aside the fact that QQR is measured to be a bivari-
ate approach that does not integrate any other control variables other than the independent 
variable, it excels in comparison to other typical time-series data methods (Sharif et  al., 
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2020). Specifically, when using a nonparametric approach, in minimization problems, the 
selection of bandwidth is important because it simplifies and accelerates outcomes. The 
bandwidth (h) shows how the quantiles of the independent variable, and the dependent var-
iable are related to each other. Therefore, we use the kernel regression of (Chu & Marron, 
1991) the equation is written below:

The accuracy of estimating the weighting parameter in the neighborhood of the inde-
pendent variable is done using the Gaussian kernel function, denoted by L(.) This function 
assigns varying weights to observations, to improve accuracy. In addition, the loss function 
for quantile regression is represented by �� . The estimation of the Gaussian kernel weighted 
parameters is indirectly linked to the difference between the empirical distribution function 
of the independent variable and the distribution function value associated with the quantile 
of the explanatory variable. The smoothing element in kernel regression is represented by 
the bandwidth parameter, h , while the standard indicator function is indicated by the param-
eter I , thereby reducing both bias and variance. When a high value is assigned to the band-
width h parameter, there is a corresponding reduction in the variance and the estimate devia-
tion. that the variance values of estimates with a small bandwidth are low, while those with 
a large bandwidth are skewed. A small bandwidth in kernel density estimation or kernel 
regression will result in a more detailed estimate, but it will have low variance because it is 
not smoothing out the data as much. A large bandwidth will result in a smoother estimate, 
but it will have a higher risk of skewing the data and not accurately reflect the underlying 
distribution. Consequently, a bandwidth of h = 0.05 was utilized as recommended by Sim 
and Zhou (2015) and following (Chang et al., 2022), and (Hung, 2023).

4.4  Wavelet coherence techniques (WTC).

In this study, the continuous wavelet transform was utilized to analyze the 
time–frequency space in time series data. The wavelet coherence technique (WTC) was 
employed to identify localized dependencies time and frequency domains in the series 
under study. The two series x(t) and y(t) of cross-wavelet can be written below:

where u indicate the position, s shows scale, and ∗ demonstrations the complex conjugate. 
The wavelet coherence technique (WTC) can be calculated as follows:

where S implies a soothing technique enables the analysis of both time and frequency 
domains concurrently. While R2

n
(s, �) is in range 0 ≤ R2

n
(s, �) ≤ 1.
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5  Empirical results

5.1  Quantile unit root test and quantile cointegration test

Before applying the quintile on quantile regression method, we utilize the Quantile unit 
root test to assess the stability of the model parameters and present the empirical find-
ings. The quantile unit root test is performed to eliminate the possibility of biased out-
comes and ensure a more robust examination of the stationarity properties of the indica-
tors under consideration (Çıtak et al., 2021). We use 19 sub-quantiles ranging from 0.05 
to 0.95 to test the data. The t-statistic value is compared with the critical values to rec-
ognize the presence of quantile unit roots in data. The outcomes of the quantile unit root 
test provide the persistence values of t-statistics, and critical values for a range of 19 
quantiles from 0.05 to 0.95 are shown in Table 3. When the estimated t-statistic value is 
less than the critical value then we accept the alternative hypothesis and fail to reject the 
null hypothesis that α(τ) = 1 at the 5% level of significance for each quantile. The find-
ings from the quantile unit root test suggest the existence of unit roots at the level for the 
provisional distribution quantiles of the variables. Nevertheless, the quantile unit test 
verifies that the selected variables exhibit stability at the first difference.

Next, we investigate the cointegration relationship between variables by utilizing the 
novel quantile cointegration test approach, developed by Xiao (2009). The values of the 
coefficients � and � represent the supremum norm values, while the critical values CV1, 
CV2, and CV10 are used to denote the 1%, 5%, and 10%, level of significance. The 
quantile cointegration test is applied uniformly across a grid of 19 quantiles (0.05 to 
0.95). The results described in Table 4 indicate that the coefficient of � and � are larger 
than all critical values at 1% level significance. Thus, the results reveal the presence of 
cointegration between GI, FI, DI, and ES in the case of China, indicating a persistent 
non-linear long-term relationship between these indicators.

5.2  Quantile‑on‑quantile estimates

The findings of the QQR analysis examining the asymmetric connection between GI, FI, 
DI, and ES in China from 1994 to 2021 are presented in this section. The Figs. 2, 3 and 4 
display estimates slope of coefficient �1(�, �), which indicates the effect of the �th quantile 
of green investment, financial inclusion, and digitalization, on the � th quantile of envi-
ronmental sustainability in China at various values of θ and τ. Figures 3, 4, 5 reveal some 
important results. Xu et al. (2021) shows that a lower value of the coefficient corresponds 
to a deeper shade of blue in the graphical representation, while a larger value of the coef-
ficient corresponds to a darker shade of red in the same depiction.

The results of the pairwise graphs indicate overall a positive effect of GI, FI, and DI on 
ES in the context of Chine’s economy. This implies that these measures have the potential 
to improve the overall environmental sustainability in the country and reveals that green 
investment, financial inclusion, and digitalization will consistently play a crucial role in 
driving sustainable growth in China, regardless of the state of the economy. In each pair-
ing, a noticeable change in the slope coefficient can be seen across different quantiles of the 
considered variables and environmentally sustainable. These illustrations that the connec-
tion between considered indicators is asymmetric across all quantiles.

In the pair of green investment and environmental sustainability shown in Fig.  2, 
we observe noteworthy results. GI is often positively associated with environmental 
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sustainability over the selected period. There is a positive relationship between green 
investment (GI) and environmental sustainability (ES) found across the areas that connect 
the (0.40–0.95) of GI quantiles to the lower to higher ES quantiles (0.05–0.60). However, 
our analysis reveals a negative relationship between upper quantiles (0.65–0.95) of envi-
ronmental sustainability ES and lower to higher quantiles of green investment (GI). On the 
other hand, results reveal that GI has a favorable impact on environmental sustainability, 
particularly in the middle to higher quantiles of ES and middle to high quantiles of GI. 

Table 3  Unit-root quantile autoregression analysis

The table provides the estimates and t-statistic values for the 5% level of significance

� ES GI FI DI

�̂ t − statistic �̂ t − statistic �̂ t − statistic �̂ t − statistic

0.05 − 3.599 − 0.169 − 2.562 − 1.719 − 2.492 − 2.623 − 2.221 − 1.619
0.10 − 2.308 − 1.894 − 2.871 − 1.671 − 2.713 − 0.832 − 2.513 − 0.313
0.15 − 3.739 − 1.320 − 2.852 − 0.919 − 2.633 − 0.801 − 2.527 0.413
0.20 − 3.803 − 0.545 − 2.852 − 1.529 − 2.974 − 1.131 − 2.598 − 0.513
0.25 − 3.986 − 0.686 − 2.852 − 1.378 − 2.974 − 0.916 − 2.681 − 0.598
0.30 − 3.786 − 0.869 − 2.852 − 1.310 − 2.974 0.035 − 2.123 − 1.181
0.35 − 3.896 − 1.208 − 2.852 − 0.991 − 2.974 0.113 − 3.524 − 1.825
0.40 − 2.751 − 1.259 − 2.852 − 0.934 − 2.974 0.122 − 3.128 − 0.124
0.45 − 2.834 − 1.043 − 2.852 − 0.811 − 2.974 0.309 − 2.721 − 1.528
0.50 − 2.858 − 1.195 − 2.852 − 0.531 − 2.974 0.325 − 2.824 − 0.220
0.55 − 2.871 − 1.654 − 2.852 − 0.501 − 2.974 0.491 − 2.596 − 0.261
0.60 − 2.516 − 1.573 − 2.852 − 0.493 − 2.974 0.312 − 4.723 − 1.308
0.65 − 2.915 − 1.043 − 2.852 − 0.412 − 2.974 0.613 − 2.129 − 1.723
0.70 − 2.815 − 1.761 − 2.852 − 0.391 − 2.974 − 0.413 − 0.810 − 3.837
0.75 − 2.761 − 1.436 − 2.852 − 0.381 − 2.974 − 0.511 − 1.220 − 4.041
0.80 − 2.981 − 0.588 − 2.852 − 0.263 − 2.974 − 0.309 − 2.028 − 0.613
0.85 − 2.716 − 0.471 − 2.415 − 0.127 − 2.892 − 0.354 − 1.891 − 1.623
0.90 − 2.637 − 0.311 − 2.014 0.091 − 2.892 − 0.381 − 2.936 − 0.918
0.95 − 2.816 0.081 − 2.010 − 0.071 − 2.892 0.454 5.623 − 2.981

Table 4  Quantile cointegration test

The outcomes of the quantile cointegration test conducted by Xiao (2009) using the logarithms of the con-
sidered variables and e environmental stainability are presented in the table, along with the statistical sig-
nificance critical values for at 1%, 5%, and 10% levels

Model Coefficient Supt �|Vn(�)| CV1 CV5 CV10

ES − GI � 113.265413 99.871026 41.651201 30.817061
� 81.681371 77.072821 45.092732 33.901312

ES − FI � 38.918294 31.871207 22.918731 13.981434
� 45.9812 28.091723 16.654292 13.019209

ES − DI � 14.873911 13.118929 10.114753 7.193883
� 17.026351 13.983736 11.923338 9.063283
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These results recommend that enhancing green investment has a more substantial effect 
on promoting sustainable growth in China. Green investment is seen as a way to support 
economic sustainability as it drives the adoption of environmentally conscious technolo-
gies and practices. This can result in cost savings and increased efficiency, leading to a 
more sustainable economy over time. In addition, our analysis suggests that this influence 
has been trending over the years. These outcomes are consistent with (Wang et al., 2018; 

Fig. 2  The effect of green investment GI on environmental sustainability ES

Fig. 3  The effect of financial inclusion FI on environmental sustainability ES



How does green investment, financial inclusion, and…

1 3

Zahoor et al., 2022; Hung, 2023), which demonstrate that higher levels of green investment 
are associated with increased economic growth.

According to Fig. 3, there is a clear and positive association between financial inclu-
sion (FI) and environmental sustainability (ES) across the entire range of FI quantiles 
and lower to higher ES quantiles (0.05–0.95). This positive nexus indicates that a higher 
level of FI leads to greater environmental sustainability compared to a lower level of FI. 
Our findings are consistent with previous research that have demonstrated the signifi-
cant impact of FI on economic growth ().

Figure 4 illustrates the effect of various quantiles of digitalization on diverse quantiles 
of environmental sustainability. Results from the quantile estimate show a negative rela-
tionship between digitalization and ES at lower levels of DI and environmental sustain-
ability. The relationship between the two variables is steady across the middle quantile of 
environmental sustainability. This suggests that, for middle levels of economic sustainabil-
ity, digitalization has a relatively stable and consistent impact on economic sustainability. 
This could be due to the fact that, at lower levels of digitalization, there is more potential 
for digitalization to increase economic sustainability. Additionally, the results indicate a 
robust positive nexus between digitalization and environmental sustainability, particularly 
in the middle to high quantiles of both variables. This finding suggests that the advance-
ment of digitalization is contributing to the economic growth of China. Businesses have 
long promoted the adoption and utilization of cutting-edge technologies and digital solu-
tions, such as those based on the internet, for growth. However, the actual impact of these 
technologies and solutions on economic growth may not be fully realized due to factors 
such as limited access, China must address these challenges and ensure equal access to 
digital technologies, as well as adequate infrastructure and digital literacy. The recognition 

Fig. 4  The effect of digitalization DI on environmental sustainability ES
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(a)

(b)

Fig. 5  a Wavelet coherence effect of green investment on environmental sustainability. b Wavelet coherence 
effect of financial inclusion on environmental sustainability. c Wavelet coherence effect of digitalization on 
environmental sustainability
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that contemporary digitalization relies heavily on digital technology has been prevalent for 
some time in numerous countries (Brodny et al., 2022). For years, the importance of incor-
porating and utilizing cutting-edge technologies and solutions, including internet-based 
technologies, for business growth has been emphasized. These results align with previous 
research (Habibi & Zabardast, 2020; Hung, 2023; Vyshnevskyi et al., 2020; Zhou et al., 
2022).

5.3  Granger causality test in quantiles

To analyze the bidirectional association between GI, FI, DI, and ES in China from 1994 
to 2021 by employ the Granger causality test in different quantiles developed by (Troster, 
2018). This test will help us to identify the causal association between these variables. 
Table 5 demonstrates the heterogenous results regarding the significance of investment in 
green resources, financial inclusion, and digitalization on environmental sustainability that 
suggests a non-uniform impact on economic development. The p-value summarizes the 
outcome of the log difference comparison between investment in green resources, financial 
inclusion, digitalization, and environmentally sustainable indices. Table  5 demonstrates 
that there is a strong Granger causal link between the highest, middle, and lowest quantiles. 
Hence, the outcomes from the quantile-based Granger causality analysis indicate that there 
is a bidirectional association between, green investment, financial inclusion, digitalization, 
and environmental sustainability across most of the quantiles. These results persist in the 
quantile-on-quantile regression model. Thus, any major changes (positive or negative) in 
green investment GI, financial inclusion FI, and digitalization DI drive fluctuations in envi-
ronmental sustainability in China.

(c)

Fig. 5  (continued)
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5.4  Wavelet coherence technique (WTC)

This section aims to delve deeper into the interdependence and causal connections 
between green investment GI, financial inclusion FI, digitalization DI, and environmen-
tal sustainability ES over time. We employ the time–frequency co-movement or wavelet 
coherence technique (WTC) to examine the relationships and impacts of GI, FI, and DI 
on environmentally sustainable in China using the time–frequency co-movement analy-
sis. The outcomes of the estimates are presented in Fig. 5. The color scheme in the figure 
indicates the degree of interaction between the series, with warmer colors (red) showing 
substantial interrelation and colder colors (blue) indicating lower dependence. Time and 
frequencies with no dependence are represented by cold regions beyond the significant 
areas. The wavelet coherence findings are displayed in Fig.  5a, b, and c. In the case of 
green investment GI and environmental sustainability ES, the Wavelet coherence (WTC) 
approach shown in Fig. 5a, shows that from 2000 to 2005, The majority of the arrows in 
the time–frequency co-movement analysis are pointing leftward-up, which indicates a neg-
ative relationship between the two variables at high and medium frequencies. However, in 
the periods from 1994 to 2000 and 2011–2019, the arrows in the time–frequency co-move-
ment analysis are pointing rightward-up, indicating a positive association between green 
investment, and environmental sustainability across different frequencies. This suggests 
that green investment was found to have a positive impact on environmental sustainability. 
Similarly, Fig. 5b in the study shows the nexus between financial inclusion (FI) and envi-
ronmental sustainability (ES) in China using the wavelet coherence approach (WTC). The 

Table 5  The result of Granger causality in the quantile test

The * and **, show rejection of the null hypothesis at 10% and 5% significance levels

Quantiles ES → GI GI → ES ES → FI FI → ES ES → DI DI → ES

0.05 0.2158 0.3125 0.0391** 0.3125 0.0183** 0.3125
0.10 0.1 0.0839* 0.0183** 0.0839* 0.0183** 0.0839*
0.15 0.0501** 0.0183** 0.0183** 0.0183** 0.0183** 0.0183**
0.20 0.0183** 0.0183** 0.0183** 0.0183** 0.0183** 0.0183**
0.25 0.0183** 0.0183** 0.0183** 0.0183** 0.0183** 0.0183**
0.30 0.2145 0.0183** 0.0183** 0.0183** 0.0183** 0.0183**
0.35 0.0672** 0.1782 0.0183** 0.0183** 0.0183** 0.0183**
0.40 0.0183** 0.1782 0.0183** 0.0183** 0.0183** 0.0183**
0.45 0.0301** 0.6172 0.5127 0.6172 0.0183** 0.6172
0.50 0.2128 0.5287 0.1 0.5287 0.0183** 0.5287
0.55 0.2971 0.1 0.0183** 0.1 0.0183** 0.1
0.60 0.0183** 1 0.0392** 1 0.0183** 1
0.65 0.08039** 0.1492 0.0183** 0.1491 0.0183** 0.1492
0.70 0.0183** 0.0183** 0.0183** 0.0183** 0.0183** 0.0183**
0.75 0.0183** 0.0183** 0.0183** 0.0183** 0.0183** 0.0183**
0.80 0.0183** 0.0183** 0.0183** 0.0183** 0.0183** 0.0183**
0.85 0.0183** 0.0183** 0.0183** 0.0183** 0.0183** 0.0183**
0.90 0.0183** 0.219 0.0183** 0.1 0.0183** 0.1
0.95 0.0917* 0.5513 0.8101 0.5513 0.4676 0.5513
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majority of the arrows, pointing upwards and towards the left, indicate a strong relationship 
at different frequencies from 2005 to 2020. This provides positive evidence of an associa-
tion between financial inclusion and sustainable development. The results also suggest that 
financial incisiveness can be a reliable predictor of economic sustainability over the study 
period. Finally, the Fig. 5c, in the case of DI and ES, the results of the analysis between 
ES and DI reveal a positive relationship between the two indicators in high and medium 
frequencies between 1994 and 2000. However, a negative connection existed between 2000 
and 2005. Despite this, the overall trend shows that digitalization has a positive influence 
on economic sustainability. This suggests that an increase in the level of digitalization leads 
to green growth in China. The findings suggest that digitalization is a reliable predictor of 
changes in environmental development. Our results show that green investment, financial 
inclusion, and digitalization play a vital role in predicting green economic growth in China. 
This aligns with the findings of previous studies by (Boikova et  al., 2021; Hung, 2023) 
which also explored the link between technological innovation and economic development.

5.5  Robustness check

The robustness analysis is conducted by using a hybrid nonparametric quantile causality 
technique developed by (Balcilar et al., 2017). A hybrid nonparametric quantile causality 
technique is a method of analyzing causality between two variables that combines the non-
parametric Granger causality technique with the quantile regression technique. A hybrid 
nonparametric quantile causality approach combines the strengths of both nonparametric 
and quantile methods to estimate the causal effect of one variable on another. Quantile 
methods allow for the estimation of causal effects at different quantiles of the distribution, 
providing a more nuanced understanding of the relationship between variables. The hybrid 
approach combines the strengths of both methods to provide a more accurate estimate of 
the causal effect. Thus, we used the hybrid nonparametric quantile causality method. Fig-
ures 6a, b, and c indicate the results of the effect of analyzing the causal nexus between GI, 
FI, DI, and ES. In the case of GI-ES, the effect was significant for all lower, middle, and 
upper quantiles of provisional distribution in ES. The impact becomes robust and more 
substantial in the lower quantiles with t-state values. While the effect of FI was also sub-
stantial for all quantiles of distribution on the ES. The effect becomes robust in the low 
quantiles with t-values. Similarly, the DI-ES was noteworthy for all quantiles of the ES. 
These results endorse the idea of sustainability and confirm the validity of the QQR and 
wavelet coherence methods.

6  Discussion and policy recommendations

6.1  Discussion

Green investment refers to the allocation of financial resources to projects and companies 
that aim to reduce the environmental impact of human activities. This can include invest-
ments in renewable energy, clean transportation, and sustainable agriculture, among others. 
Investing in these areas helps to shift the economy towards a more sustainable path and 
reduce the negative effects of human activities on the environment (Luo et al., 2021).
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The findings of the study indicate a positive relationship between green investment and 
economic sustainability. Green investment refers to the financing of projects that prioritize 
environmental considerations, with the ultimate goal of establishing a green economy. It is 
a valuable tool for promoting economic sustainability as it effectively balances the objec-
tives of economic growth and environmental protection. Investing in environmentally sus-
tainable projects is crucial for creating a green economy that benefits present and future 
generations. Sustainable development necessitates the careful management of both non-
renewable and renewable resources. The aim is to extend the lifespan of nonrenewable 
resources and protect renewable resources from the detrimental effects of pollution and 
other harmful human activities.

Green investment is not only driven by customer demand but is also viewed as a strate-
gic imperative for businesses. Companies that invest in environmentally friendly initiatives 
can enhance their reputation and brand image, attract environmentally conscious custom-
ers, and minimize their ecological footprint. This allows them to not only meet customer 
expectations but also avoid environmental degradation and foster sustainable development. 
(Chang et al., 2022; Hung, 2023; Mohsin et al., 2022; Musah et al., 2022; Ning et al., 2022; 
Sheng et al., 2021; Zahoor et al., 2022) described that the investment in green resources 
can promote environmental sustainability by improving businesses’ economic productivity 
and competitiveness, as well as their environmental stewardship and socioeconomic pro-
cesses. This may be accomplished via the cultivation of human capital, the generation of 
new employment opportunities, and the furtherance of health and safety issues.

The contribution of financial inclusion to environmental sustainability was observed 
to be positive, financial inclusion has a positive impact on environmental sustainability 
as it increases access to credit, improves savings and investment, enhances financial lit-
eracy, and bridges the digital divide. Thus, it can be established that financial inclusion 
in China contributes to economic growth. This study’s findings are in line with those of 
most previous studies (Asteriou & Spanos, 2019; Belazreg & Mtar, 2020; Chang et al., 
2022; Chen et  al., 2020; Hung, 2023; Ibrahim & Alagidede, 2018; Lenka & Sharma, 
2020; Mohieldin et al., 2019; Ullah et al., 2022; Wang & Seyedmatin, 2020; Zhou et al., 
2022). This outcome is consistent with monetary theory, which suggests that an inten-
sification in the money supply will lead to an enhancement in green economic develop-
ment. This indicates that there is a nexus between money supply and economic devel-
opment, which, in turn, affects financial development and innovation. In addition, the 
phrase "digital transformation" Digital transformation involves the utilization of digital 
technology throughout all aspects of a company, causing significant transformations in 
the way the business operates and delivers value to its clients. This integration of tech-
nology results in new opportunities for innovation and growth, as well as increased effi-
ciency and effectiveness. The “digitalization” of the economy refers to the widespread 
adoption of digital innovative technology across economic sectors This change from 
the conventional mechanical and analogue technologies of the Third Industrial Revolu-
tion to the digital and computerized technologies of the Fourth Industrial Revolution 
is defined by the transition from analogue to digital technology. This transformation is 
driven by the ability to generate, process, and analyze vast amounts of data, and to use 

Fig. 6  a A Quantile causality results for the H0: Green investment does not Granger cause environmental 
sustainability. b A Quantile causality results for the H0: financial inclusion does not Granger cause envi-
ronmental sustainability. c A Quantile causality results for the H0: digitalization does not Granger cause 
environmental sustainability

▸
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this information to make better decisions and improve processes. Digitalization also 
enables new business models and creates opportunities for innovation, such as the inno-
vation of new products and services, and the creation of new market segments. A study 
found that the integration of digital technology into businesses and the wider economy 
has a positive influence on economic development. This is likely due to the various ben-
efits that digitalization provides, such as increased efficiency, improved decision-mak-
ing, and the creation of new business opportunities. One of the key impacts of digi-
talization is an opening border and the promotion of transparency. Digital technology 
makes it easier for businesses to operate on a global scale and to reach new customers 
and markets. This can lead to increased competition, which in turn drives innovation 
and growth. Additionally, digitalization can increase transparency by making it easier 
to access information and to track business activities. This can help to build trust in 
companies and promote more ethical business practices (Hung 2023). All of which initi-
ate economic growth (Bakhsh et al., 2021; Dong et al., 2022; Hung, 2023; Musah et al., 
2022; Razzaq et al., 2023; Wang et al., 2023; Zeraibi et al., 2021; Zhou et al., 2022).

6.2  Policy recommendations

This study utilizes Chinese sample data from 1994 to 2021 to assess the composite indexes 
of green investment, financial inclusion, digitalization, and environmental sustainability. 
To uncover the impact of various quantiles of these factors on different quantiles of envi-
ronmental sustainability, we employ novel methodological methods such as QRR proposed 

(c)

Fig. 6  (continued)
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by Sim and Zhou (2015), Granger causality in quantiles introduced by Troster (2018), and 
time–frequency co-movement or wavelet analysis (WTC) and nonparametric quantile cau-
sality method as robustness developed by (Balcilar et al., 2017). Our unique approach inte-
grates three areas of research to study the interplay between green investment, financial 
inclusion, digitization, and environmental sustainability within the context of the signifi-
cant Chinese economy. Our findings offer valuable insights for policymakers and showcase 
potential strategies for achieving the Sustainable Development Goals. We demonstrate that 
green investment, digitization, and financial inclusion can serve as drivers of progress, and 
our results can inform policy decisions to promote sustainable economic growth.

Our research highlights the uneven influence of investment in green resources, finan-
cial inclusion, and digitalization on environmental sustainability. Importantly, our findings 
reveal a strong positive correlation between these factors and environmental sustainability 
in China, suggesting that investments in green resources, technological advancements, and 
financial inclusiveness can aid the country’s transition toward sustainable growth. Addi-
tionally, our analysis using Granger causality in quantiles shows that environmental sus-
tainability might be reliably predicted by green investment, financial inclusion, and digi-
talization across all quantiles. Our results provide evidence that green investment, financial 
inclusion, and digitalization can make a substantial contribution to maintaining and orna-
mental the sustainability of China’s economic growth. These insights can serve as a valu-
able guide for other developing economies looking to harness technological innovation, 
green investment, and financial inclusion to achieve their sustainable development goals.

To effectively address the challenge of achieving the Sustainable Development Goals 
(SDGs), the following evidence-based policies are recommended: first and foremost, the 
promotion of green investment is crucial for economic sustainability. The Chinese gov-
ernment should consider incentivizing green investment, as it fosters environmental sus-
tainability, clean energy, and green initiatives. Green investment should be recognized as 
voluntary initiatives undertaken by businesses for ethical and social purposes. It is essen-
tial to address the constraints on supply and demand for financially viable sectors, such as 
renewable energy, agriculture, energy efficiency, the insurance market, and SME efficiency. 
Policymakers should aim to unlock investment opportunities and encourage the adoption 
of green financing techniques by the banking industry to achieve sustainable development 
objectives.

Secondly The relationship between financial inclusion (FI) and environmental sustain-
ability has been found to be positive, indicating that FI and economic development are 
interconnected. This implies that as financial inclusion increases, so does sustainable green 
growth, and vice versa. Therefore, FI and economic development are interdependent pro-
cesses. In order to promote financial sector development in China, it is essential for the 
government to continue to foster financial inclusion and reduce its interference in financial 
structures, while also strengthening financial institutions. Additionally, maintaining high 
economic growth is crucial, as it drives the demand for financial services, contributing to 
the development of China’s financial sector.

Thirdly, emphasize the importance of digitalization for environmental sustainability, as 
it has a positive impact and a reciprocal relationship with ES. Thus, China should invest in 
improving the digital infrastructure and implementing new technology in all product areas 
to maintain economic development. Encourage businesses to prioritize innovation and 
digital technology adoption in their operations. Educate the workforce in digital skills to 
prepare for future job opportunities. Prioritize bridging the digital divide to drive economic 
development and growth through digital inclusion.
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In summary, China’s policymakers have been advised to take certain measures to drive 
economic growth and progress. These measures include favoring energy provision and 
global investment, improving the health sector with augmented investment and proper reg-
ulation, strengthening the financial sector, and controlling pollution. To ensure long-term 
sustainability, the government should also monitor the activities of worldwide corpora-
tions in other countries to prevent environmental harm and promote sustainable economic 
development.

6.3  Limitations of the current study and future perspectives

While this paper makes a valuable contribution to the existing literature, there are still 
areas that require further investigation in subsequent studies. Firstly, the absence of data at 
the prefecture-level cities limits the ability to conduct in-depth research in this study. Gath-
ering and analyzing data on green investment and financial inclusion specifically at the 
prefecture-level cities would provide a promising avenue for future research in this field. 
Secondly, considering that macroeconomic policies can significantly impact green invest-
ment as an important national development strategy, it is essential to explore the meaning-
ful effects of exogenous shocks on green investment. Therefore, future studies should take 
into account the influence of external factors on green investment to gain a more compre-
hensive understanding of the topic.

Data availability Data will be made available on reasonable request.
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