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Introduction: Environmental degradation has emerged as a significant concernin
recent decades, particularly for developing nations. The study examines the
dynamic relationship between economic complexity, FinTech, green innovation,
and environmental degradation in emerging economies.

Methods: To achieve the study objectives, the study employs a robust estimate,
namely MMQR, which incorporates FMOLS and DOLS, for the period from 1990
to 2024.

Results: The findings suggest that economic complexity and FinTech play a role
in promoting cleaner manufacturing and expanding access to green financial
services, thereby enhancing environmental sustainability. The adoption of green
innovation mitigates environmental deterioration, albeit to varying degrees,
across different emissions intensities. In addition, the results of the co-
integration test revealed a long-run correlation between the variables ECI,
GIN, and FT, and CO, emissions. The slope heterogeneity test results indicate
considerable variance in the relationships between emerging economies. This
highlights the fact that crucial variables differ significantly across countries.
Discussion: The study contributes to the debate on the green transition in emerging
economies, providing policymakers with solid data for balancing economic growth
and environmental protection. The research also reveals that institutional and
technical restrictions in emerging economies may limit or even harm these
drivers in lower quantiles. These results highlight the importance of tailoring
green growth programs to specific environmental settings and quantile levels.

economic complexity, fintech, green innovation, CO, emissions, environmental
degradation, emerging markets, MMQR approach

1 Introduction

Environmental degradation has emerged as a significant concern in recent decades,
particularly for developing nations. Sustainable development and environmental protection
are frequently at odds with one another as these countries pursue rapid industrialization,
urbanization, and economic expansion (Anser et al., 2025; Chang et al., 2024). Public health,
food security, and long-term financial viability are all gravely threatened by the environmental
degradation that has become apparent through polluted air and water, deforestation, declining
biodiversity, and rising carbon dioxide (CO,) emissions (Leddin, 2024; Richardson, 2010).

The growing population, industrial production, and GDP of emerging economies, such
as Turkey, China, India, Brazil, South Africa, and Indonesia, ensure that these countries will
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FIGURE 1
CO, emissions for 1990-2024.

continue to shape global development (Halim & Moudud-Ul-Hug,
2024; Wang and Xu, 2025). Nevertheless, elevated levels of
environmental stress often accompany their rapid development
rates. The energy systems, industries, and land-use practices of
many of these nations are highly dependent on fossil fuels, which
leads to increased emissions of greenhouse gases, soil erosion, and the
depletion of natural resources (Priya et al., 2023; Zheng X et al., 2023).
The ability of emerging economies to reduce environmental
degradation is hindered by institutional restrictions, limited
technical capabilities, and weak regulatory frameworks, in contrast
to industrialized economies (Zhang et al., 2024). There is still an
unsustainable pattern of growth in many areas, with a focus on
immediate financial benefits rather than environmental resilience.
According to the “pollution haven hypothesis” (Cole, 2004), emerging
economies with lax environmental regulations may exacerbate local
environmental conditions by attracting polluting companies from
countries with more stringent standards. Furthermore, inequality in
wealth and social stratification in developing nations may limit
citizens’ ability to participate in environmental policymaking,
which in turn increases vulnerability to environmental threats and
perpetuates social injustice (Green and Healy, 2022; Islam, 2024).
However, remedies to the environmental issue in emerging
economies do exist. Environmental innovation, green financing,
renewable energy investments, and international environmental
cooperation are among the recent efforts that have stepped up to
support sustainable development (Raman et al., 2025; Tang et al.,
2024). Other multilateral accords, like the Paris Climate Accord,
have encouraged emerging economies to set climate goals and adopt
low-carbon development plans. Environmental degradation must be
addressed effectively through a comprehensive policy framework
that incorporates economic complexity, technical innovation, and
institutional change. The amount of development, however, remains
uneven, highlighting the need for this framework (Olarewaju et al.,
2025). Environmental degradation is common in development
driven by fossil fuels (Jiang and Hassan, 2025). Individuals,
communities, and countries must

begin transitioning to
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renewable energy sources to build robust and equitable economic
systems and save the Earth.

From 1990 to 2024, the predicted data indicate that CO, emissions
from rising economies are expected to decrease gradually (Figure 1).
This demonstrates a gradual but noticeable shift toward an emphasis
on environmental sustainability. Emissions of carbon dioxide from
emerging economies have been falling steadily from 1990 to 2024.
Although there is considerable variation among countries and their
policies, this change indicates the progressive implementation of eco-
friendly practices and energy transition programs. The reaction of
emerging economies to climate change is reflected in the overall
drop. To accomplish long-term environmental objectives and
carbon neutrality targets, it is necessary to implement stronger
policy interventions, make more sustainable investments, and
garner international support. Nevertheless, the modest rate of
decrease shows that progress has been inconsistent.

However, it remains unclear how economic complexity relates to
environmental deterioration (Neagu, 2020). Increasing industrial
activity and resource use are two ways in which economic
complexity may exacerbate environmental problems. Although
some studies suggest that economic complexity reduces emissions
and increases production, others indicate the opposite (Tabash et al.,
2024; Wang et al,, 2023). Further, Economies with higher complexity
have greater capabilities in terms of human capital, infrastructure,
and institutional quality, which are necessary for developing and
implementing green technologies. These economies often have a
more diversified and technologically advanced industrial base,
allowing them to engage more easily in complex innovation
processes (Hidalgo and Hausmann, 2009). This demonstrates
how complexity reflects a country’s productive knowledge, which
is essential for innovation. However, further research is needed into
the relationship between economic complexity and environmental
effects, particularly in emerging economies where the economy is
evolving rapidly (Boleti et al., 2021; Neagu, 2020).

In terms of the relationship between the ECI and CO, emissions
per capita, Figure 2 illustrates this relationship hypothetically. The
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ECI measures the degree of development in an economy’s export
structure, while CO, emissions per capita serve as a measure of
This the
simulated patterns, which show that economic complexity is

environmental degradation. graphically represents
steadily rising while emissions follow an inverted U-shaped pattern.

Another association is between green innovation and carbon
dioxide (CO,) emissions, which are central to current discussions
about sustainable development and mitigating the effects of climate
change (Li et al, 2023). An increasingly popular strategy for
attaining environmental efficiency and separating economic
growth from environmental deterioration is green innovation,
which refers to the creation and adoption of new goods,
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processes, and behaviours that reduce the negative impact on the
environment (Aliani et al., 2024; Dash et al., 2024; Hoa et al., 2024).
While discussing CO, emissions from a theoretical perspective, it is
essential to note that green innovation serves as a tool for both
prevention and correction (Chang et al., 2023). To reduce emissions
at the source, it promotes the development of cleaner industrial
technology and low-carbon alternatives. By enhancing carbon
capture, reuse, and recycling technologies and optimizing current
operations for greater energy efficiency, it serves as a corrective tool
(Min et al., 2022; Saxena et al., 2024).

The Green Innovation Index has shown a consistent rise from the
early 1990s to 2024 (Figure 3). The trend suggests that rising
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economies are increasingly prioritizing environmentally friendly
practices in industry, research into sustainable technologies, and
clean energy solutions. This era of initial modest growth (the 1990s
to the early 2000s) is consistent with the historical fact that many
emerging ahead of
environmental concerns. During this time, innovation growth was

economies put economic development
relatively slow. Green innovation, finance, energy, and development
are all profoundly impacted when developing nations adopt renewable
energy (Hoa et al,, 2024; Nawaz et al,, 2025; Xuan et al., 2024).

The
sustainability, specifically regarding CO, emissions, is a relatively
new field of study (Osei-Assibey Bonsu et al., 2025; Rabbani and
Kiran, 2025). Mobile banking, blockchain, crowdfunding, digital
payments, and robot-advisory platforms are all examples of financial
technology (FinTech). This field can improve the efficiency,

relationship between FinTech and environmental

inclusivity, and sustainability of economic systems, which in turn
could change environmental outcomes (Javaid et al, 2022).
FinTech has the
potential to significantly contribute to reducing CO, emissions

According to environmental economists,

through various direct and indirect mechanisms (Wang et al,
2024). Included in this category are efforts to increase the
availability of green financing, facilitate the measurement of
carbon emissions in real-time, pave the way for managing
climate risk, and encourage individuals to adjust their purchasing
habits to reduce their carbon footprint (Hasan et al., 2024).

The study’s overarching goal is to determine and measure the extent
to which these interrelated variables, ECI, GIN, FT, and CO, emissions,
exist in emerging economies. To achieve this, the study will use the
Method of Moments Quantile Regression (MMQR) model to 1(a)
examine how ECI, GIN, FT, and CO, emissions affect environmental
degradation in emerging economies; (b) To compare the impact of ECI,
GIN, FT, and CO, emissions overall across various quantiles of both
environmental and economic performance; (c) Utilize quantile
regression to examine the nonlinear effects and impact heterogeneity
across emerging market sectors and varying degrees of development;
and (d) to guide policymakers in these countries toward more rapid
adoption of ECI, GIN, FT, and CO, emissions to ensure their economic
growth in the long run by suggesting environmentally friendly policies
and allocating appropriate subsidies. Only the group of emerging
economies, as defined by the World Bank and IMF, was included;
due to their structural changes, varying ECI, GIN, and FT, which
provide a clear analysis of the impact of CO, emissions.

Investigating this association will enhance the existing
information repository by enabling policymakers to develop more
targeted interventions through a comprehensive, quantile-specific
analysis of the effects of green initiatives on economic and
environmental indicators in emerging nations. For this
investigation, the MMQR (Machado and Santos Silva, 2019) is
employed to examine the relationship between ECI, GIN, FT,
and CO, emissions. Because it facilitates the evaluation of
effects
environmental degradation distribution, the MMQR technique is

heterogeneous across multiple quantiles of the
particularly well-suited for this analysis.

The MMQR approach, in conjunction with Fully Modified
Ordinary Least Squares (FMOLS) and Dynamic Ordinary Least
Squares (DOLS), was applied to ensure methodological rigor, as
MMQR can capture distributional heterogeneity across the

conditional distribution of CO, emissions. Furthermore, it
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GIN, and FT exert
differential impacts at lower, median, and higher emission

enables an examination of how ECI,

quantiles, a heterogeneity that is significant in the context of
developing regions. Moreover, the MMQR is robust to outliers
and skewed data distributions, which are characteristic of
environmental and financial indicators.

Complementing MMQR with FMOLS and DOLS allows for the
examination of long-run equilibrium relationships among the variables.
The FMOLS corrects for the endogeneity and serial correlation inherent
in non-stationary panel data. Therefore, it can provide an efficient and
unbiased estimate of cointegrating relationships. DOLS, on the other
hand, incorporates leads and lags of the differenced regressors to
account for dynamic adjustments, addressing small-sample bias and
ensuring robustness of the long-run estimates. Employing both FMOLS
and DOLS validates the stability of the long-run coefficients, thereby
enhancing confidence in the empirical findings. Hence, offering a
comprehensive econometric strategy.

The following sections will serve as a synopsis of the reviewed
literature. The technique goes on to detail the data and econometric
methodology. Finally, the study will review the results, provide
policy suggestions, outline limitations, and identify potential
avenues for further research.

2 Theoretical framework and
literature review

2.1 Theoretical framework

The relationship between economic complexity ECI, FT, GIN,
and CO, emissions is examined in emerging economies over a 35-
year period, from 1990 to 2024. By integrating viewpoints on
productive capabilities, financial intermediation, and innovation-
driven growth, we suggest that ECI, FT, and GIN are interconnected
that
complexity (ECI) has an ambiguous impact on CO, emissions,

factors influence environmental outcomes. Economic

reflecting both positive and negative channels. Financial
technology (FinTech): (FT — CO, emissions) positions FinTech
as a double-edged sword: it can accelerate green transition but may
also introduce new environmental pressures without clean energy
integration. Green innovation (GIN) reduces emissions intensity
and encourages the adoption of renewable energy. The following

hypotheses are derived:

Hypothesis 1: ECI has a significant influence on CO, emissions in
emerging economies.

Hypothesis 2: FT significantly reduces CO, emissions in
emerging economies.

Hypothesis 3: GIN significantly reduces CO, emissions in
emerging economies.
2.2 Literature review

The nexus of ECI, GIN, FT, and CO, emissions has become a

focal point of academic and policy discussions, particularly in the
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context of Emerging Markets. The MMQR approach has been
to be
implications ~ of

demonstrated effective in illustrating the diverse

economic  complexity  across  various
environmental domains, as evidenced by recent empirical studies.
An example of this is the study by (Can and Gozgor, 2017), which
investigated the relationship between economic complexity and CO,
emissions in France. Their findings showed that the effect of
complexity on emissions changes dramatically across different
quantiles of the carbon emission distribution. Similarly, MMQR
was employed to investigate how economic complexity influences
environmental footprint in BRICS countries (Akadiri et al., 2023;
Caglar et al., 2025; Dabbous et al.,, 2025). They discovered that the
level of environmental pressure has a significant impact on the
various consequences that are observed. Another study by (Nuta,
2024) examines how economic complexity and renewable energy
consumption affect CO, emissions in the presence of economic
growth and urbanization in emerging economies. The study analysis
covers the period from 1995 to 2021 and employs cointegration
regression (CCR), FMOLS, DOLS, and Driscoll-Kraay regression.
Their findings show that ECI reduces CO, emissions. Another study
for the G-10 countries, spanning from 1995 to 2020 (Saqib et al,,
2023), examined the impact of green innovation, ECI, energy
productivity, renewable energy, and environmental taxes on CO,
emissions. They utilized panel econometric analysis to identify both
unidirectional and bidirectional links between CO, and other
They found that

complexity, and renewable energy reduce CO, emissions.
2

variables. green innovation, economic
Furthermore, the adoption and export of green technologies can
diversify a country’s export basket, add high-complexity products,
and increase the ECI. Engaging in green innovation may stimulate
the development of new sectors (e.g., solar panel manufacturing,
battery technology, wind turbine components), which require and
generate advanced skills and institutions (Mealy et al., 2019). This
discussion highlights how targeted green industrial policies can
foster the development of complex economic capabilities. Several
recent studies (Bakhsh et al., 2024; Olaniyi and Odhiambo, 2025;
Zhang et al., 2024) show positive correlations between green
innovation and economic complexity: countries with higher ECI
levels are more likely to generate and adopt green patents. These
countries can better leverage global value chains and R&D networks
to scale green technologies. Shows that economies specializing in
complex sectors are more likely to develop green technologies.
Moreover, green technology exports are positively associated
with future increases in the ECI, indicating that green innovation
can catalyze economic upgrading (Al-Ayouty, 2023; Bergougui et al.,
2024). Empirical evidence suggests that countries specializing in
green technologies exhibit higher financial performance and greater
complexity (Al-Ayouty, 2023; Ha, 2023; Miiller and Eichhammer,
2023). Green innovation and economic complexity are mutually
reinforcing; complex economies are better positioned to develop
green technologies, while engagement in green innovation
contributes to increased economic complexity. Understanding
this relationship is vital for designing policies that promote both
environmental sustainability and economic development
simultaneously. A study (Apergis and Payne, 2022) found
that the consumption of renewable energy leads to a
significant reduction in carbon emissions among a group of

OECD countries.
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The financial technology industry is revolutionizing the financial
landscape and transforming businesses through the convergence of
financial services with technology. Traditional financial services
utilize information technology to promote innovation and
increase efficiency. When conventional banking options are
unavailable, fintech alternatives are stepping in to make loans
(Kou and Lu, 2025).
companies, and the economy at large may all reap the benefits of

and payments possible Consumers,
fintech’s capacity to enhance and develop new financial services.
Financial technology (fintech) facilitates the development of
products and services within the financial sector (Perez-Saiz and
Sharma, 2019).

The researchers (Dogan et al, 2021; Dogan et al., 2022; El
Khoury et al,, 2025; Zhang and Zhou, 2023) suggested that in
rapidly growing economies, accompanied by higher levels of
industrial activity and energy consumption, environmental
deterioration may be exacerbated. This mismatch highlights the
importance of local judgments, particularly in rapidly growing
economies. The framework of a recent study (Abbasi et al., 2024;
Gyawali et al., 2025) demonstrates that strong governance can be
improved (Boleti et al, 2021; Khezri et al, 2022; Neagu and
Teodoru, 2019).

Innovation processes are easier in countries with a more diverse
and technologically advanced industrial base (Hidalgo and
Hausmann, 2009), indicating that productive knowledge, essential
for innovation, is reflected in greater complexity. Granger causality
was employed to assess the impact of renewable energy use on air
pollution in China from 1990 to 2022.

Using the MMQR approach on the dataset spanning from
1990 to 2017 (Usman, 2023), the research was conducted on the
BRICS states. The findings indicated that the use of green energy and
investments in it have a significant negative impact on carbon
emissions (Xie et al., 2023). The MMQR method was applied to
the 30-year dataset spanning from 1990 to 2017, and the research
was conducted on the BRICS states. The findings indicated that the
use of green energy and investments in it have a significant negative
impact on carbon emissions (Usman, 2023). Moreover (Xie et al.,
2023), applied the MMQR method to the 30-year dataset of OECD
nations to ensure that investments in green innovation technologies
will preserve the environment.

Recent empirical investigations have demonstrated that the
MMQR technique can highlight the diverse implications of green
finance and innovation across various environmental domains,
particularly in the context of institutional development. Their
findings demonstrated that complexity has a significant impact
on emissions across carbon emission quantiles. Consequently,
researchers have paid considerable attention to green innovation
during this shift (Zhou et al., 2022). Determining the effect of green
innovation on CO, emissions and the environment is a source of
anxiety for academics.

Green technology adoption and export can diversify a country’s
export basket, adding complex items. Green innovation may spur
the development of new sectors, such as solar panel manufacturing,
battery technology, and wind turbine components, which demand
and produce advanced skills and institutions (Mealy et al., 2019). By
using global value chains and R&D networks, these countries can
scale green innovations. Green innovation creates new industries,
such as solar panel manufacturing, battery technology, and wind
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turbine components, that redefine and develop advanced skills and
methods
sophisticated economic capacities. Integrated approaches that

institutions. Focused green industrial can create
address these concerns in emerging markets require this. In low-
income nations, regional collaboration and information exchange
are crucial for environmental solutions (Gao et al., 2024). Emerging
economies are examining the intersection of green and sustainable
development within the context of development economics
(Cisneros Chavira et al, 2023; Kwilinski, Dacko-Pikiewicz,
et al., 2025).

Green innovation refers to products, processes, and actions that
protect the environment and promote sustainability. Clean
transportation, energy efficiency, waste reduction, and renewable
energy are key areas of focus (Chel and Kaushik, 2018). In their
analysis of data from G7 nations from 1997 to 2019 (Akram et al.,
2023), they determined the impact of cleaner energy consumption
on CO, emissions. Moreover, according to the findings, the G7 area
may be closer to achieving its objective of carbon neutrality by
switching to renewable energy sources (Tabrizi et al, 2025; Xu
et al., 2024).

The reduction of carbon dioxide and industrial transformation
depend on green innovation. The adoption of green technology is
uneven, particularly in emerging markets, with limited resources
and financial constraints (Daga et al., 2024; Kwilinski, Lyulyov, et al,,
2025; Li and Qamruzzaman, 2023; Qamruzzaman and Karim, 2024;
Sachan etal., 2025). The MMQR approach is utilized to demonstrate
that green innovation yields greater environmental benefits in
polluted nations, differentiating its application in targeted policy
interventions (Khan et al., 2025). Environmental degradation is a
serious problem, particularly in developing regions that are
undergoing rapid industrialization. MMQR examines the effects
of varying levels of degradation. (Wang, 2025; Wei et al., 2024),
demonstrate that nations under extreme environmental stress are
more susceptible to financial and technological innovations.

On the other hand, FinTech may affect the environment
through several potential avenues (Ghazouani and Hamdi, 2025;
Jangid et al., 2025; Mertzanis, 2023; Ni et al., 2023; Osei-Assibey
Bonsu et al., 2025; Teng and Shen, 2023; Xian, 2025; Yuan, 2025). To
start, FinTech creates online venues to raise money for eco-friendly
initiatives, thereby expanding people’s access to green financing.
Second, the dematerialization of financial transactions is made
possible by digital financial services, which reduce paper
consumption and carbon footprints. Finally, third-party
technologies, such as blockchain, make carbon markets and
emissions monitoring more transparent and traceable. In the
fourth place, environmental, social, and governance (ESG) rating
systems and green investment portfolios are made possible by
FinTech, which encourages people to act sustainably
(Charfeddine and Umlai, 2023; Li and Chen, 2024). Moreover,
digital banking and mobile payment systems may lessen the need
for energy-intensive infrastructure while also promoting sustainable
consumption (Mavlutova et al., 2025).

The relationship between environmental policy, ECI, and FT
contributes to energy transitions in 29 countries, as evidenced by
panel data from 2010 to 2020 (Dabbous et al., 2025). The findings
reveal that FinTech has a positive impact on the energy transition
and mediates the effect of the ECL. A study in China (2005-2020)

reveals that regional disparities stem from economic, policy,
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investment, and innovation differences, as well as the country’s
reliance on fossil fuels (Zheng J et al., 2023). Globally, countries with
strong environmental regulations and well-developed internet
infrastructure are the areas where FinTech has the most
noticeable impact on sustainability. Researchers emphasized the
importance of the institutional setting as a moderator (Mertzanis,
2023; Okere et al., 2024).

New empirical research suggests that FinTech has a positive
impact on environmental quality (Yang and Razzaq, 2024). Research
examining digital finance in China from 2011 to 2020 found that
regions with high green innovation capabilities experienced the
most significant drop in CO, emissions due to greater FinTech
penetration (Cai and Song, 2022). A positive association was found
between green finance, fintech, and renewable energy, affecting CO,
emissions in eight mineral-rich countries from 1990 to 2019, using
the MMQR approach to capture effects across different CO,
emission levels (Alsedrah, 2024). At the global level, countries
with
internet infrastructure are those where FinTech has the most

strong environmental regulations and well-developed
noticeable impact on sustainability. Researchers emphasized the
importance of the institutional setting as a moderator (Mertzanis,

2023; Okere et al., 2024).

2.3 The literature gaps

Many studies have examined the impact of ECI, GIN, and FT on
CO, emissions; however, there is a limited understanding of how these
factors interact with one another, particularly in emerging market
contexts. Most previous studies have focused on industrialized
nations, which have quite different institutional frameworks, levels
of technological preparedness, and financial infrastructures compared
to those of emerging or transitional economies.

This paper offers suggestions for enhancing green policy tools
based on empirical data. To guide environmental policy in emerging
economies, this research examines these connections. Scholars,
stakeholders, and policymakers may all benefit from the study’s
findings as they work to advance sustainable development and
mitigate environmental damage. Moreover, the analysis can be
utilized by
policymakers to inform the development of green economic

development  practitioners, investors, and
policies that encourage the adoption of renewable energy.

In addition, thorough analytical frameworks seldom include
sustainable finance and FinTech as possible mediators or facilitators
of environmental sustainability in the face of increasing economic
complexity. MMQR and other quantile-based techniques are
necessary since the effects of these variables probably change
across quantiles of environmental degradation and development
levels. By utilizing these strategies, it obtains a comprehensive
understanding of how these variables interact within various
environmental and economic contexts. This approach enables us
to thoroughly capture the nuances of distributional variability,
highlighting the diverse patterns and trends that emerge across
different scenarios. Consequently, this study aims to address the
existing knowledge gap by developing a comprehensive empirical
model that considers asymmetries, structural differences, and
threshold effects to analyze the interrelated impacts of ECI, GIN,
FT, and CO, emissions in emerging markets.
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TABLE 1 Variables and description.

10.3389/fenvs.2025.1668815

Variable Symbol Measure Sources
Economic Complexity Index ECI Knowledge intensity and diversification of exports OEC
Green Innovation GIN Number of green technology patents, environmental R&D share WDI
Environmental Degradation CO, emissions CO, emissions (metric ton per capita) WDI
Financial Technology (FinTech) FT High-technology exports (% of manufactured exports) OECD
TABLE 2 Descriptive Statistics the for the period 1990-2024.

Stats InECI InGIN InFT In CO,

Mean 2.287591 11.96217 10.66492 8.42185

Median 2.17364 10.47032 9.89441 7.60767

Maximum 4.78592 27.69351 19.43758 25.61044

Minimum 2.33594 3.53722 7.66391 2.92689

Standard Deviation 0.87352 3.80031 8.86004 4.43781

Skewness —-1.50697 1.93354 —0.89452 1.40636

Kurtosis 5.75583 2.68592 2.25855 3.75561

Jarque-Bera (Normality) 31.74261 42.11575 89.58906 39.1964

P - Value 0.00000 0.00061 0.00000 0.00000

3 Data and methodology
3.1 Data sourcing, variables, and model

The purpose of this study is to investigate the nexus between
ECI, GIN, FT, and CO, emissions for the data period from 1990 to
2024, as extracted from Our World in Data, the World Bank Group’s
website (https://oec.world/en), and the World Bank Group’s
FinTech data. (Table 1).

This section is tailored to examine the nexus of ECI,
GIN, FT, and CO, emissions in emerging markets for the
period from 1990 to 2024. The MMQR approach has
emerged as a powerful tool for examining heterogeneous
effects across various quantiles of a distribution. The
included variables are ECI, GIN,FTandCO, those for the
period from 1990 to 2024, as extracted from the World Bank
Group (Equation 1).

CO, = f(ECL GIN, FT) (1)
The MMQR approach captures fluctuations across the
distribution, offering more comprehensive insights into the

underlying dynamics. This study presents the following research
model (Equation 2):

COZit = ﬁO + (XIECI,‘t + (XzGIN,‘t + a3 FTit + &its (2)

Where:
o [ = time

o The parameters are estimated («, f3).
e i=1,2,...,n
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The distinctive constituent of U, given by V, is the k-vector.
Therefore, after converting the data to its logarithm, the model
Equation 3:

COZit = ﬁO + allnECI,-, + (lenGIN,-, + (X3l?’lFT,‘t + & (3)

3.2 Econometrics techniques

This research also focuses on the normal distribution, addressing
skewness and kurtosis, while exploring data normality and significance
through a thorough normality analysis (Jarque and Bera, 1987) that
assumes zero skewness and excess kurtosis, indicating a normal
distribution (Table 2). Jarque-Bera (Jarque and Bera, 1987) Equation 4:

2
I.B=%<52+L;3) ) 4)

Where:

o N = sample size
o S = Skewness of the sample
o K = Kurtosis of the sample

3.3 Slope heterogeneity (SCHT) test

The Slope Heterogeneity Test (SCHT), developed by (Pesaran
and Shin, 1998) and later extended by (Hashem Pesaran and
Yamagata, 2008), examines factors related to heterogeneous slope
coefficients. The formula is shown in Equations 5,6:
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Ascr = W(%) (5)
-1/2
Apscrr = VN <—2K(€ﬂ:_1f — 1)) (%S - 2K>> (6)

Where:
Ascr represents Slope Heterogeneity Test SCHT statistics,
Apscr represents Slope Heterogeneity Test SCHT statistics
(adjustment: ASCHT).

3.4 Cross-sectional dependence (CSD) test

This section covers CSD tests, which help identify cross-
sectional dependency and aid in choosing suitable econometric
methods. CSDs frequently influence panel methods (Pesaran,
2004; Pesaran, 2007). In addition to improving the strength and
reliability of estimates, CSD testing can address challenges
associated with panel data. Cross-section Dependence (CSD) is a
critical measure analyzed in this panel investigation. Recently,
testing for cross-sectional dependence (CSD) in panel data
analysis has gained significance, as neglecting it can lead to
results. To
importance of cross-sectional dependence, we utilized the cross-

misleading and inaccurate demonstrate the

sectional CSD test (Pesaran, 2021), as shown in Equation 7.

N-1 N
CSDry = \|—oo—— N(N — (;EF”) 7)

3.5 Unit root estimation

To determine the level of integration of ECI, GIN, FT, and (CO,
emissions), second-generation unit root tests such as CIPS and
CADF, as developed by (Pesaran, 2007), are used, owing to the
potential limitations of CSD and SCH, which could compromise the
reliability of first-generation unit root tests. Furthermore (Pesaran,
2006),
unexplained

introduced a factor approach for determining the

averages of cross-sectional dependence; also,
according to (Pesaran, 2007), this extension of the ADF linear
model includes the mean and first-differenced cross-section lags,
employing the same methods. It is imperative to conduct a
stationary test to prevent inaccurate outcomes during regression

analysis. An explanation of the CIPS test is as follows (Equation 8):

N
CIPS = N Y CADF;, (8)

i=1

3.6 Cointegration test

To evaluate the long-term cointegrating relationship among the
variables, which included ECI, GIN, FT, and CO, emissions, this
study employed the advanced panel cointegration approach by
(Westerlund, 2007). This approach was adopted to evaluate the
relationship. This test takes a direct approach to addressing the
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problem of factor limitation, a typical concern in the initial
generation of cointegration tests. An evaluation is conducted
using an error-correction model cointegration test to investigate
the null hypothesis that there is no cointegration. A conditional
panel error-correction model is subjected to a test, which assesses
whether the error-correction term in the model equals zero. The
2007)
cointegration test are defined by the following equations, which

T-statistics that are employed in the (Westerlund,

are illustrated below (Equations 9-12):

1Y G
G=y ;sm’ ©)
N
T&
Go=— Y ——, 10
N ;a (D) (10)
P=—" (11)
S.E ()
P, =T (12)

where:

o o = the estimate of the error-correction coefficient,
o T = time periods,
o N = sample size

This study employs the Method of Moments Quantile
Regression (MMQR) technique (Machado and Santos Silva,
2019) to investigate the relationship between ECI, GIN, FT, and
CO, emissions, examining their asymmetry. In contrast to previous
regression methods, MMQR utilizes current circumstances to derive
results by assuming distributions or claiming the existence of the
moment function. The MMQR method is superior because it
considers the conditional heterogeneous covariance that arises
from the components of the endogenous explanatory variables
(Koenker and Bassett, 1978). By examining several quantiles, the
MMQR method shows the relationship between the parameters.
Panel quantile regression is a valuable tool for studying diverse
effects and distributional factors across quantiles (Binder and
Coad, 2011).

Furthermore, it considers the consistent impact of distributional
disparities and accurately portrays the actual data on the link
between the examined variables. Consequently, conventional
regressions based on average variable estimates fail to capture the
many relationships between chosen parameters in various
conditional distributions that are exposed by the method’s study.
To determine the distributive effect of the independent variable on
the dependent variable across different quantile ranges, it is essential
to evaluate the tested variables at the conditional distribution within
conditional quantiles (Koenker, 2004). Equation 13, shown below, is
the location-scale variant model.

Yie = o + BUs + (9 + pVie )by (13)
Where:
o (@ +pVidu =1
o | = time

o The parameters are estimated (o, f3, ¢, p).
e i=1,2,...,n
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« The distinctive constituent of U, given by V, is the k-vector
(Equation 14).

Vi=Vi(Up), I=1,2,...,k, (14)

Where.

1. (Uy): autonomously and symmetrically for the total fixed i

2.t = time

3.i=1,2,...,n

The outside qualities and reserves are stable; hence, the study
model may be used to determine the conditional quantiles
Q, (T/Ui[)’ Equation 15:

Qy(T/Uit) = (2 + 9,4 (7)) + PUis + pVirq (1), (15)

The fixed influence of the (1) quantiles on (i), is generated by the
scalar coefficient (a; + ¢;q(7)) as stated in Equation 15, but these
quantiles do not affect the regression intercept. The structural
independence of the parameters allows many implications to
change. The q(7) captures the 7 —th quantile sample, for the
values from Qq; to Qqo, Consequently, the following quantile
Equation 16 was used:

min Z ZQT (Ui = (¢, + pVit)q) (16)
A
The function being verified by: Q. (Z) = (7 - 1) ZI{Z<0} +
TZI{Z > 0}.

3.7 Panel of FMOLS and DOLS test

To determine the stability of the estimated variables, this
research employed several econometric methods associated
with longitudinal data analysis, including FMOLS and DOLS.
Panel data show variation between cross-sections in the mean
and the cointegration equilibrium. Hence, the FMOLS
technique for panel data analysis
introduced. The individual intercepts and serial correlation

econometric was
features of error processes across specific cross-sections
are accounted for in Pedroni’s FMOLS model. Accordingly,
the FMOLS method’s
correlations across various cross-sections (Koenker, 2004).
that
heterogeneity in time-series data are produced with high
precision by the (FMOLS) and (DOLS) approaches. Through
the mitigation of endogeneity and serial correlation concerns,
both parametric (DOLS) and non-parametric (FMOLS)
estimators provide reliable results. The FMOLS equation as

intercepts show distinct serial

Estimates account for  non-stationarity and

follows Equation 17:

6= [g] = (;Zt2t> <;z,y;_r[9éz]) 17)

Where, Z; = (X;D;). The DOLS by Equation 18:
yi = X,a+ DB, + Zj}qA'XHj(S + oy (18)

The DOLS technique considers lag parameters that affect the
asymmetric error term of the cointegration equation.
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TABLE 3 Slope Heterogeneity (SCHT) test for the period 1990-2024.

7.381 0.002

Ascr

5.206 0.004

Aasch

The table presents the slope heterogeneity test results for the variables. The P-values
indicate the significance of the different levels.

4 Results

Table 2 presents the descriptive statistics that are examined in
the empirical analysis. The mean values for ECI, GIN, FT, and CO,
emissions are 2.287, 11.962,10.664, and 8.421, respectively. The
skewness value indicates that GIN and (CO, emissions) exhibit
positive skewness. In contrast, ECI and FT exhibit negative and left-
skewed distributions. The kurtosis value suggests that the values of
ECI, GIN, and (CO, emissions) are greater than three; on the other
hand, the values of GIN and FT are less than 3, and statistically non-
normally distributed. The results
that
distribution, offering valuable insights into their behavior. As a

of the Jarque-Bera test
demonstrated the variables deviate from a normal
result, we used the novel MMQR approach to evaluate these
relationships.

The slope heterogeneity test results, as demonstrated in Table 3,
indicate considerable variance in the relationships between
emerging economies. Both the Asc statistics (7.381, p-value =
0.002) and Ay statistic (5.206, p-value = 0.004) reject the null
hypothesis of slope Heterogeneity at the 1% level. This highlights the
fact that crucial variables, such as economic complexity (ECI), green
Innovation (GIN), FinTech (FT), and environmental degradation
(CO, emissions), differ significantly across countries.

Table 4 presents the Cross-Sectional Dependence (CSD) test
estimates. Supporting second-generation unit root tests, such as the
CADF, CIPS, and the CD test, which account for cross-sectional
dependence. The variables stabilize, and all are integrated of order 1
(I) at the 1% significance level. Based on the results, there is CSD
evidence in the dataset, which suggests the use of the unit root tests
of the second-generation CADF and CIPS to examine the stationary
characteristics of the variables under investigation when both SCH
and CSD are present. Moreover, according to the outcomes of
(CSD), (CADEF), and (CIPS) Tests, the Westerlund cointegration
test is also recommended.

Table 5 summarizes the statistical results regarding the existence
of co-integration in the evaluation. The test results confirm the
existence of cointegration among the variables, although the
statistical significance is excluded. The findings showed that the
existence of co-integration was accepted as the alternative
hypothesis, while the null hypothesis was rejected. This analysis
lends credence to the study’s hypothetical testing by establishing a
long-run relationship between the variables. Additionally, the results
revealed a long-term correlation between the variables ECI, GIN, FT,
and CO, emissions.

The relationship between ECI, GIN, and FT on CO, emissions
across various quantiles in emerging economies is shown in Table 6,
which displays the results of the Method of Moments Quantile
Regression (MMQR). Quantile regression provides a comprehensive
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TABLE 4 Cross-sectional Dependence (CSD), (CADF), and (CIPS) Test for the period 1990-2024.

Variables

ECI 15.531°% 0.000 -1.376 —3.682*** -2.146 —4.149%**
GIN 8.193* 0.000 —-1.429 —4.493*** -1.850 —3.980***
FT 9.635%** 0.000 -2.386 —3.371%%* -2.126 —3.249%*
CO, 8.319* 0.000 —1.548 —4.887*** —-1.364 —4.751***

The table presents the cross-sectional dependence test results for the variables.

TABLE 5 Westerlund Cointegration Test for the period 1990-2024.

TABLE 7 FMOLS and DOLS outcomes.

Statistics Value P-value Robust P-value Variables FMOLS DOLS
Gt -4.484 0.000 0.006 Coeff p-value Coeff p-value
Ga -3.068 0.000 0.351 ECI -0.248 0.000 -0.219 0.000
Pt ~5.246 0.000 0.082 GIN -0.042 ‘ 0.000 ‘ -0.063 0.000
Pa -6.734 0.000 0.534 FT -0.018 ‘ 0.000 ‘ -0.025 ‘ 0.000

TABLE 6 MMQR results for the period 1990-2024.

Variables
GIN

Location -0.015 -0.020 -0.0759
Scale -0.050 -0.022 ~0.0403
Quantiles QI0 -0.073 -0.052 -0.0153
Q25 ~0.094 -0.097 -0.0334
Q50 -0.188 -0.177 ~0.1783
Q75 -0.326 -0.286 ~0.1582
Q90 -0.439 -0.364 -0.2392

understanding of how these variables impact emissions differently at
various levels, enabling the identification of the exact emission
intensities that require prompt intervention.

There is a clear negative correlation between (ECI) and CO,
emissions, which becomes stronger at higher quantiles (-0.4392 at
the Q90). (ECI) is correlated with the adoption of cleaner technology
in countries with higher emissions. Nevertheless, policies should be
implemented to encourage green growth strategies during the initial
phases of development, as the decreasing negative impact at lower
quantiles (—0.0734 at Q10) suggests that in areas with low emissions,
(ECI) may not directly lead to substantial reductions in emissions.

Moreover, a significant negative relationship exists between
(GIN) and CO, emissions, and this relationship becomes
stronger as the emission quantiles increase (-0.3647 at Q90). In
cases where emissions are high, this highlights the importance of
(GIN) in reducing emissions. Additionally, there is a strong negative
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correlation between CO, emissions and (FT) at all quantiles, with
the negative correlation increasing with higher CO, emission levels
(—0.2392 at the Q90). This suggests that fintech solutions will play a
crucial role in reducing emissions in areas with high levels
of pollution.

Table 7 shows that for every 1% rise in ECI, the adverse effect of
ECI on CO, emissions is 0.248 and 0.219, respectively, according to
FMOLS and DOLS. This contradicts the previous results, as in the
GIN and CO, emissions nexus, FMOLS and DOLS indicate that
GIN has an adverse effect on environmental degradation and CO,
emissions, resulting in decreases of —0.042 and —0.063, respectively,
with a 1% rise in GIN. Moreover, the results from FMOLS and
DOLS indicate a negative correlation between Financial Technology
FT and CO, emissions, with advanced estimates suggesting that a
CO, emissions

1% increase in FT tends to reduce

by —0.018 and —0.025, respectively.

5 Discussion

This study empirically examines the association between CO,
emissions and other factors in developing economies, which may be
better understood from the study’s results. The study examines the
relationship between ECI, GIN, and FT and the dependent variable
CO, emissions. This provides strong evidence of different effects on
the conditional distribution of CO, emissions, green innovation, and
green growth indicators using econometric methodologies,
including MMQR, FMOLS, and DOLS. Several key insights are
offered by the results, which contribute to the ongoing conversation
on sustainable development in developing countries.

ECI mitigates environmental deterioration, particularly at the
highest quantiles of CO, emissions (Montagna et al., 2025). This
suggests that economies that are more complex and expanding are
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better positioned to outperform polluting companies, diversify their
production patterns, and adopt cleaner technologies. At higher
quantiles, ECI is negatively associated with emissions, indicating
that economies with more sophisticated production structures are
better equipped to mitigate environmental degradation
(Christoforidis and Katrakilidis, 2025; Mari¢ et al., 2020; Martins
etal,, 2021). This aligns with the theoretical perspective that complex
economies enable resource efficiency and innovation in cleaner
technologies, such as technological diffusion, cleaner production,
and institutional upgrading (Kumar et al., 2025). On the other hand,
the opposite is true for the lower quantiles, where the coefficient of
ECI is positive or insignificant, implying that economic complexity
may initially exacerbate environmental pressures (Saqib et al., 2023).
Studies have demonstrated that more complex economies tend
towards cleaner production systems over time (Montagna et al,
2025; Zeng et al., 2024). These dynamics reflect the Environmental
Kuznets Curve (EKC) hypothesis, which posits that environmental
degradation may increase in early stages of industrial development
before declining at higher levels of economic sophistication
(Almeida et al., 2024).

The statistics support the hypothesis that FinTech contributes to
the funding of green innovation for the top quantiles. Because
FinTech has a negligible effect at lower quantiles, infrastructure
constraints and digital divides continue to limit the full potential of
financial innovation (Cao et al.,, 2025; Hossain et al., 2024; Musa
etal,, 2025). Further, the study utilizes high-technology exports (as a
% of manufactured exports) as a proxy for FinTech (FT), which also
aligns with previous research (Meral, 2019; Navarro Zapata et al.,
2023; Srholec, 2007; Wang and Huang, 2025; Yang et al., 2024).
However, High-technology exports do not fully capture the FinTech
ecosystem, such as digital payments and mobile banking (Chand
et al., 2025; Tut, 2023).

In addition, the results of the co-integration test revealed a long-
run correlation between the variables ECI, GIN, and FT, and CO,
emissions. The slope heterogeneity test results indicate considerable
variance in the relationships between emerging economies. This
highlights the fact that crucial variables differ significantly across
countries (Capelleras et al., 2025; Musa et al., 2025).

On the other hand, the findings show that for every 1% rise in
ECI, the adverse effect on CO, emissions is 0.248 and 0.219,
respectively, according to FMOLS and DOLS. This contradicts
the previous results, as in the GIN and CO, emissions nexus,
FMOLS and DOLS indicate that GIN has an adverse effect on
CO, emissions, resulting in decreases of —0.042 and —0.063,
respectively, with a 1% rise in GIN. Moreover, the results from
FMOLS and DOLS indicate a negative correlation between FT and
CO, emissions, with advanced estimates suggesting that a 1%
increase in FT tends to reduce CO, emissions by 0.018 and
0.025, respectively.

The MMQR test revealed a clear negative correlation between
ECI and CO, emissions, which becomes stronger at higher quantiles
(—0.4392 at the Q90). Economic complexity (ECI) is positively
correlated with the adoption of cleaner technologies in countries
with higher emissions, as indicated by this study. Nevertheless,
policies should be implemented to encourage green growth
strategies during the initial phases of development, as the
decreasing negative impact at lower quantiles (-0.0734 at Q10)
suggests that this approach may be particularly effective in areas
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with low emissions. ECI may not directly lead to substantial

reductions in emissions. Moreover, a significant negative
relationship exists between GIN and CO, emissions, and this
relationship becomes stronger as the emission quantiles increase
(=0.3647 at Q90). In cases where emissions are high, this highlights
the importance of GIN in reducing emissions.

between MMQR and FMOLS/DOLS

estimates arise because FMOLS/DOLS capture a homogeneous

The discrepancies

long-run average effect, while MMQR accounts for distributional
heterogeneity, revealing that the impact of economic complexity
varies across quantile groups. Although it was significantly negative,
its magnitude depends on the specific quantile group to which it
belongs (Fatima et al., 2024; Zhao and Arshad, 2025).

Additionally, there is a strong negative correlation between CO,
emissions and FinTech (FT) at all quantiles, with the negative
correlation increasing with higher CO, emission levels
(-0.2392 at the Q90). It follows that fintech solutions will be
crucial in reducing emissions in areas with high levels of
pollution (Guo et al., 2023).

For instance, if there were no restrictions on the movement of
energy-consuming equipment between nations, this could lead to
increased emissions, as there would be no environmental safeguards
in place to prevent environmental pollution. This study’s quantile-
based findings highlight the asymmetric and non-linear character of
the connections being studied. It is crucial to address the diverse
capacities and limitations of emerging economies through targeted
policy initiatives. The findings also reflect the idea of institutional
theory, which emphasis is placed on the influence of regulations,
governance, and social norms in promoting green innovation and
FinTech, as well as the connection between institutions, green
innovation, FinTech, and their roles in reducing CO, emissions
(Khan et al., 2024; Li and Zhang, 2025; Ni et al,, 2023). It also
demonstrates that economic and technological developments do not
occur in isolation but are closely tied to the regulatory environment
(Glover et al, 2014). To encourage the adoption of low-carbon
practices and policies by financial institutions and companies within
a sustainability framework, key pillars such as carbon taxes,
environmental regulations, and clean energy standards should be
highlighted and addressed (Habib et al., 2025; Omri and Ben Jabeur,
2024). Furthermore, national systems operating within a compliance
framework strengthen the credibility of sustainable efforts, which
require the development of specific policies, methods, and
mechanisms to enforce relevant laws (Alnaim and Metwally, 2024).

6 Conclusion and policy implications

This study contributes to our understanding of ECI, GIN, and
FT as key factors in reducing CO2 emissions in emerging economies,
spanning the period from 1990 to 2024. This provides strong
evidence of varying effects on CO, emissions, highlighting the
significant differences in these variables across countries. The
empirical findings offer several important policy implications. It
emphasizes the importance of customizing green growth programs
to specific environmental settings and quantile levels. This also
includes the need for tailored policy strategies and adapting green
growth initiatives to environmental conditions and quantile levels.
In other words, the lower-emission countries should prioritize
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preventive policies, such as early investments in renewable energy,
and tax incentives for eco-friendly innovation. The upper quintile
countries redirect structural change away from carbon-intensive
industries and toward green and technology-based ones.
Emerging economies can reduce digital inequality by making
internet access affordable, enhancing digital literacy, subsidizing
smartphone purchases, fostering broadband partnerships, and
payments (Michael, 2025;
Pasupuleti, 2024). Governments are encouraged to back agent

promoting interoperable mobile
banking in local shops and create regulatory sandboxes to
advance inclusive FinTech; such steps make FinTech more
accessible in underserved areas (Lukonga, 2018).

Ultimately, the association highlights the interconnection between
economic and environmental issues, underscoring the need for policies
that are both comprehensive and proactive. Strict environmental
restrictions are necessary, but policymakers developing markets must
also recognize that production systems, innovation ecosystems, and
financial frameworks must undergo fundamental transformations to
adequately address environmental concerns. However, it is impossible
to tackle the problem with separate policy actions. Therefore, for a
sustainable transition, governments are encouraged to coordinate
technological advancements, economic innovation, and
environmental preservation in a manner that considers both
It has been

demonstrated over the years that development opportunities can be

financial inclusion and environmental resilience.
created from environmental problems by utilizing an integrated policy
framework.  Additionally, they should support international
sustainability efforts, such as the SDGs and the Paris Agreement.
Emphasize expanding green funding through FinTech and work
towards standardizing global carbon markets.
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