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The increasing emphasis on climate change and environmental sustainability worldwide has
brought about the convergence and increased focus on financial technologies (FinTech) and green
energy initiatives. In light of this, the study’s objective is to investigate how FinTech moderates the
relationship between the ecological footprint (EF) and green energy transition (GTE) in the BRICS-T
nations between 1990 and 2021. This study examines how fintech moderated the GTE and EF in the
BRICS-T from 1990 to 2021. We applied the Fully Modified Ordinary Least Squares (FMOLS) and used
Dynamic Ordinary Least Squares (DOLS) as the main estimators for longitudinal analysis. In contrast,
Driscoll-Kraay was used to verify the robustness of the results under cross-sectional dependence
and heteroskedasticity. The results reveal that FinTech indirectly hinders EF by facilitating GTE. The
outcomes also show that FinTech significantly constrains EF, while GDP and industrialization worsen
EF. The results also confirm the important role of GTE and foreign direct investment (FDI) in reducing
CO2 emissions in BRICS-T countries. Lastly, the paper offers policymakers useful recommendations
for lowering EF in light of these outcomes. The study suggests establishing appropriate policies and
strategies that encourage FinTech platforms to invest in green energy projects, including financial
technology, promoting energy-efficient and low-carbon foreign direct investment, and encouraging
GTE.

Keywords FinTech, Green energy transition, Foreign direct investment, Ecological footprint, Carbon
emissions, BRICS-T nations

The rise in global environmental awareness is directly related to rising carbon dioxide (CO;) emissions and heavy
reliance on fossil fuels as a result of rapid industrialization'. The increasing ecological footprint (EF) associated
with fossil fuel use leads to the degradation of natural ecosystems and threatens sustainable development goals.
The significant decline in biodiversity, particularly since 1970, has reached a point of concern for environmental
scientists. According to World Health Organization data, approximately 91% of the world’s population lives
in areas with air quality considered unhealthy?. In this context, environmental sustainability, EF, and climate
change are increasingly important political agenda items, especially for developing countries>*.

As a response to these global challenges, the United Nations announced the Sustainable Development Goals
(SDGs) in 2015 and recommended that all countries align with SDG 13 and SDG 7 by 2030. Of these goals, SDG 7
aims to ensure that all individuals have access to safe, accessible, environmentally friendly, and renewable energy
(RENE) sources, while SDG 13 prioritizes developing urgent solutions to the impacts of climate change®. In this
context, the transition to sustainable energy sources has become a fundamental pillar of both development and
environmental protection®. The demand for RENE technologies to slow increasing environmental degradation
and ensure sustainability is rapidly increasing globally. Resources such as solar, wind, hydro, and biomass enable
the production of clean, safe, and RENE as an alternative to the negative impacts of fossil fuels’. Therefore,
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policymakers have implemented various incentives and regulations to accelerate the green energy transition
(GTE)®.

However, environmental sustainability is closely linked not only to the transformation of energy resources but
also to digitalization tools such as financial technologies (FinTech). In recent years, technological advances have
led to comprehensive transformations in the financial sector, and FinTech has become the focus of numerous
national and global studies®. FinTech applications, encompassing technologies such as mobile devices, big data,
artificial intelligence, cloud computing, and blockchain, contribute to environmental sustainability by increasing
the accessibility of financial products and encouraging environmentally friendly investments'®-12. In this context,
FinTech not only enables the digitalization of the financial system but also stands out as a transformative force
supporting environmental solutions.

In light of these developments, the BRICS-T countries (Brazil, Russia, India, China, South Africa, and Turkey)
are of particular importance. While these countries contribute to both national and global development through
high economic growth rates, they also produce high CO, emissions that threaten environmental sustainability!>.
Indeed, the BRICS-T countries account for 41% of the world’s total carbon emissions'®. This demonstrates
that the group must simultaneously manage both its economic development potential and its environmental
responsibilities. In line with the sustainable development goals, these countries are taking strategic steps to
prevent environmental degradation’®. The rich RENE resources of the BRICS-T countries—such as solar, wind,
hydropower, and biomass—present a significant opportunity for clean energy production. Therefore, the green
energy transition in these countries is not only a technical necessity but also a fundamental component of
environmental and economic sustainability.

In this context, the aim of our study is to analyze the interaction between FinTech, GTE, FDI, and EF in
BRICS-T countries during the period 1990-2021. Most studies in the literature have separately addressed the
relationship between FinTech and environmental sustainability!®!16-18 or the relationship between green
energy transformation and the environment!*-2%. However, a holistic and empirical analysis encompassing all of
these relationships has not been conducted. Our study aims to fill this important gap by examining the impact of
FinTech on GTE and the implications of this relationship on the environmental footprint.

In addition, the FinTech indicator is divided into main components, such as mobile phone subscriptions (per
100 people), the Financial Development Index, and the internet usage rate. The dataset was created using the
PCA method. This method allows for a more comprehensive assessment of FinTech’s impact on environmental
sustainability. While previous research has mostly focused on the digital aspect of FinTech or solely on the
financial development dimension?!-2%, this study makes a unique contribution by providing a holistic
measurement of FinTech. Therefore, considering that the current energy and environmental policies of BRICS-T
countries may not be sufficient to achieve the SDG targets, it is recommended that the policy framework should
be restructured.

The remainder of the research is organized as follows: A thorough analysis of pertinent literature is given
in Section "Literature review", which serves as a basis for comprehending the situation. Section "Data, model
and methodology" provides detailed information about the data and methods used in this research. In Section
"Empirical findings", we present the findings from the study, followed by a comprehensive discussion. In Section
"Conclusion and policy implications", practical policy implications for policymaking based on the study’s results
are presented.

Literature review

Green energy transition and FinTech

The increasing emphasis on climate change and environmental sustainability worldwide has caused the
coming together of FinTech and green energy initiatives and a greater focus on this issue’. Providing a broad
range of goods and services, ranging from blockchain networks to basic mobile payment apps?’, Fintech is
an invention that lowers transaction costs and boosts corporate efficiency by using science and technology to
the financial sector?®. Fintech is defined by the Financial Stability Board as financial innovation resulting from
technical advancements through a variety of innovative financial products, business models, and technological
applications. Fintech can be briefly expressed as the combination of money and innovation®.

Fintech offers new policies and frameworks to support innovation in the energy sector and green energy
transformation, encouraging greater energy efficiency. The use of various digital platforms in mobilizing financial
resources for green energy projects has provided significant momentum to ensure environmental sustainability.
Fintech ultimately contributes to more efficient, cleaner, greener, and low-carbon energy transformation®.
Furthermore, by doing away with the need for middlemen, blockchain technology in energy systems makes
the RENE transition between people and companies easier. Thus, FinTech can facilitate the progress of the GTE
by facilitating energy trading systems and ensuring the seamless integration of RENE sources®. In addition
to facilitating energy savings, this may promote the widespread use of green energy and help establish a more
sustainable energy mix.

There is a dearth of scholarly research on the actual effects of fintech on the energy transition. The pioneering
study in this area was conducted by Croutzet and Dabbous’, who investigated the impact of FinTech on the use of
RENE in OECD countries. This study found that FinTech positively affects the use of RENE sources. According
to similar studies of Ahmad et al.’ in EU countries and Teng and Shen®!, FinTech encourages the use of RENE
and hence raises energy efficiency in OECD nations. Yang et al.>* analyzed the role of FinTech development in
green energy transition for 112 Belt and Road Initiative (BRI) economies between 2000 and 2020. Additionally,
energy poverty and energy security variables were added to the model. The findings indicate that green energy
transition and energy security are important in reducing energy poverty. FinTech development was identified as
a powerful regulatory financial tool among the selected variables and thus the development of fintech services
in these economies is recommended. The study’s findings suggest that reducing energy poverty through the
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transition to green energy, rather than focusing on energy production and consumption patterns, is ideal. Qin
and Tan* used provincial-level data in China to examine the role of FinTech in the RENE transition using the
entropy method. Their findings demonstrate the positive impact of FinTech in advancing the RENE transition,
particularly in cities with stringent environmental policies. Nevertheless, this impact is less pronounced in
relatively developed economies and cities in the central east. Hence, China’s policymakers are advised to increase
public awareness of the environment, reduce capital misallocation, and foster green innovation to enhance the
impact of FinTech on the RENE transition. Wu et al.>* investigated how FinTech development impacts low-
carbon energy transition using data from 278 prefecture-level cities in China. The study found that FinTech
positively impacts low-carbon energy transition. This impact suggests a spatial spillover effect. FinTech promotes
low-carbon energy transition through green technology innovation, green finance, and industrial development.
The link between low-carbon energy transition and FinTech positively influences government attention to the
environment. This result suggests that policymakers should direct financially resources to low-carbon sectors.

Sustainable environment and FinTech

Fintech promotes green energy solutions'®!!, enhances financial intermediation, fortifies regulatory frameworks,
and supports a range of financial operations (Howarth, 2023). Moreover, Udeagha and Ngepah? argue that
fintech optimizes resource allocation and helps increase energy efficiency, playing a vital component in
promoting sustainability.

With the increasing importance of FinTech in financial and economic life, recent studies have focused on
the environmental impacts of FinTech and how FinTech will affect environmental sustainability. In this context,
in addition to studies that identified the positive environmental impacts of FinTech!!16353, some studies
found the negative environmental impacts of FinTech!'”¥’. For example, as Nenavath!! discovered, FinTech
benefits environmental quality by significantly preventing environmental pollution. Similarly, Fan et al.?®, and
Lin et al.!® found that FinTech contributes positively to environmental sustainability in China. Udeagha and
Muchapondwal® clarified that FinTech is important in promoting ecological sustainability through emission
reduction in BRICS countries. Li et al.!? discovered that FinTech development lowers the cost of financial
services, hence lowering environmental damage, whereas Qin et al.%® observed that FinTech has a positive
effect on the environment in China. These positive findings clarify that innovative applications of FinTech can
increase resource efficiency and play an important role in promoting ecological sustainability through emission
reduction. Bai et al.’ analyzed the impact of natural resource management, FinTech, environmental patents,
and economic growth on the ecological footprint in the E7 economies between 2000Q1 and 2020Q4 using
the Method of Moment Quantile Regression (MMQR). The findings indicate that FinTech positively impacts
environmental sustainability in the E7 economies. Policymakers in the E7 economies should prioritize green
financing solutions, such as establishing carbon credit trading platforms and RENE investments, for FinTech
companies to improve environmental quality. Okere et al.* investigated the impact of natural resources,
globalization, and FinTech on the load capacity factor in North African economies during the period 1991-
2022 using the Augmented Average Group (AMG) estimator and Hansen’s threshold estimator. The results
demonstrate that FinTech enhances environmental quality and has the potential to encourage environmentally
friendly investments. North African economies should consider the development of FinTech for sustainable
development. In contrast, several studies show that the impact of FinTech on environmental outcomes may vary,
and adverse effects have been observed. For example, Lisha et al.*” and Zhang et al.'” found that the development
of FinTech hurt environmental quality in BRICS countries. In a different study on the BRICS nations, Zhang et
al.'” reached similar findings. In G7 nations, Xia and Liu'® found that the advancement of financial technology
in ASEAN countries led to environmental pollution. Xian et al.*’ investigated the impact of environmental
policy incentives, globalization, inclusive growth, and FinTech innovations on the ecological footprint of G20
economies between 1990 and 2023 using advanced econometric techniques. The environmental impact of
FinTech in G20 economies depends on its impact on industries and economies, which can either deteriorate
or mitigate environmental quality. Therefore, FinTech can both reduce and increase the ecological footprint.
Furthermore, to mitigate environmental degradation, environmental policy incentives must be implemented
sustainably, and technologies that enhance environmental quality must be adopted.

Fintech, energy transition and environmental sustainability

This part of the study is divided into three sections to improve the logical flow and make the expression more
coherent: (1) General background on energy consumption and environmental degradation, (2) empirical
findings from previous studies on renewable energy (RENE) and ecological footprint (EF), and (3) research gap
on the moderating role of FinTech.

General background on energy consumption and environmental degradation

According to research examining the relationship between energy consumption and economic developmen
it has been determined that economic development leads to ecological degradation caused by intensive energy
use. The rapid economic growth experienced as a consequence of countries prioritizing economic growth*!
actually shows that environmental sustainability remains secondary. Furthermore, research examining the
connection between energy use and environmental quality has discovered that rising energy consumption
leads to pollution, greenhouse gas emissions, and environmental deterioration?’. Dependence on fossil fuels,
especially oil, causes crucial ecological damage, exhibiting increased air and water pollution and greenhouse
gas emissions?. Therefore, policymakers face a challenging task in achieving sustainable development and
preventing environmental degradation. This pushes countries to balance combating environmental degradation
and sustainable economic growth?”. Thus, switching to green energy sources becomes a viable strategy to reduce
the negative environmental impact caused by the use of fossil fuels for energy purposes*®. RENE sources such as
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solar, wind, hydroelectric, and geothermal are abundant in nature®, sustainable, clean, naturally renewable, and
have lower carbon footprints than fossil fuels!”. As fossil fuel substitutes, these natural resources are safe for the
environment and do not use up natural resources. Making the switch from these fossil fuels to renewable energy
sources can be difficult and time-consuming. The rapid increase in the use of RENE significantly contributes
to reducing environmental degradation. The increase in RENE provides the energy required for industrialization
and alleviates environmental degradation“. Therefore, BRICS-T countries can focus on policies that increase the
use of RENE.

Empirical findings from previous studies on renewable energy (RENE) and ecological footprint (EF)

Due to its potential to address environmental concerns, the provision of green energy transformation has
increased significantly. Studies on the effects of energy transformation on EF have generally found that the
increase in energy transformation limits the level of EE. For example, Afshan et al.? found that the increase in
energy transformation limits the EF level in OECD countries. In other studies on OECD countries, Khan et al.”
and Sun et al.®*found that RENE mitigates EF. Similar findings were found by Zhang et al'’. (2024) in upper-
middle-income countries. Similarly, Liu et al.'; Zheng et al.2° (2021) in BRICS nations, Hu et al.>> found that
increased RENE use in 25 developing countries contributes to reducing environmental degradation. In contrast
to these studies, according to Béliik and Mert>*, RENE greatly improves the environment over the long run even
though it temporarily raises carbon emissions.

Research gap regarding the moderating role of FinTech

Prior research has highlighted FinTech’s potential significance in minimizing EF'*!11:16:18:36 and promoting the
transition to green energy®®?*-3l. Also, existing literature has looked chiefly the relationship between green
energy transformation and environmental sustainability'®->**2 In studies'®**?>>2 in BRICS nations, Hu et
al.>3, it has been found that energy transition greatly supports ecological sustainability. Fintech applications are
important in contributing to the reduction of EF through green energy transition due to their potential to address
environmental concerns. This important link has been overlooked in literature and therefore deserves further
investigation. However, the impact of FinTech on the relationship between EF and green energy transformation
cannot be well explained by the research currently in publication.

Fintech innovation contributes to a more efficient, cleaner, greener, and lower-carbon energy transition by
introducing new policies to support the transition to green energy and promoting greater energy efficiency?.
Furthermore, fintech supports a wide range of financial activities. The use of blockchain technology contributes
to environmental sustainability by eliminating the need for intermediaries, strengthening regulatory frameworks,
and promoting green energy transitions!*!»>°. Similarly, fintech plays a significant role in promoting ecological
sustainability by helping optimize resource allocation, increasing energy efficiency, and reducing emissions®.
Because they are abundant in nature, sustainable, clean, naturally renewable, and have lower carbon footprints
compared to fossil fuels®®, these green energy sources are environmentally friendly and do not deplete the natural
environment®. The increase in green energy use makes a significant contribution to reducing environmental
degradation. These clean resources not only provide the energy required for industrialization but also mitigate
environmental degradation®'. Therefore, fintech applications can encourage the widespread adoption of green
energy transformation, facilitate energy conservation, and ultimately contribute to achieving a more sustainable
energy mix.

Environmental degradation is pushing countries to strike a balance between combating environmental
degradation and sustainable economic growth?’. The necessity of achieving this balance presents fintech
applications as a moderating effect, offering solutions to reduce fossil energy consumption and mitigate ecological
degradation, while also offering a practical approach to minimizing the release of harmful emissions related to
fossil fuel energy consumption®. The theoretical explanations and arguments above raise the question, "What
is the moderating effect (FinTech x GTE) of fintech on EF through GTE in BRICS-T countries?" Given their
potential to address environmental concerns, it is important that fintech applications contribute to reducing EF
through the green energy transition. However, the impact of FinTech on the relationship between EF and green
energy transformation cannot be well explained by the research currently in publication. As a result, not enough
research has been done on how FinTech indirectly affects EF by means of the transformation of green energy.
Additionally, unlike literature, our study differs from previous studies in that it combines economic and social
variables such as foreign direct investment, industrialization and economic growth in the same model. Our
study aims to fill these gaps in literature.

The BRICS-T countries variations in green energy transformation and EF are depicted in Fig. 1.

Data, model and methodology

That portion, the data and model are explained first. Second, the research model is mentioned. Third, the cross-
section dependency, slope heterogeneity, Levin-Lin-Chu (LLC), Im-Pesaran—Shin (IPS), and CIPS unit root tests
are performed, respectively. Then, Panel Kao, Pedroni, and Westerlund tests are given to look at the cointegration
relationship. Afterwards, FMOLS and DOLS tests are discussed for robustness control. Finally, Driscoll-Kraay’s
robust standard error regression test and Dumitrescu-Hurlin causality test are mentioned.

Data and model

This research attempts to evaluate the effects of FinTech, foreign direct investments, industrialization, and
gross domestic product on the EF of BRICS-T countries by applying panel Pedroni®’, Kao®, and Westerlund®
cointegration, FMOLS, DOLS, Driscoll-Kraay60 robust standard error and Dumitrescu-Hurlin® causality tests.
Time series data between 1990-2021 were used for BRICS-T countries. EF data as an indicator of environmental
quality was accessed from the Global Footprint Network (2023). Three different indicators were used as
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Fig. 1. Trends in GTE and EF in BRICS-T Countries. Source: Author’s own elaboration.

FinTech indicators, and the data were obtained from the World Development Indicator database (WDI, 2023).
Industrialization and gross domestic product data were also accessed from the WDI (2023) database.

This study’s dependent variable is EF; the main explanatory variables are FinTech and foreign direct
investments. In addition, the effect of FinTech x GTE as a moderating variable is investigated. Industrialization
and gross domestic product are used as control variables in the model. Table 1 lists every variable utilized in the
model along with its symbols and data sources.

The economic function shown in Eq. 1 was created in the study to examine the long-term effects of FinTech
foreign direct investments, industrialization, and economic growth on environmental quality in BRICS-T
nations.

EF,, = f (FinTechi,, FDI;,, IND, ., GDP, ) (1)
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Variable Symbol | Unit of measure Source
Global
Ecological footprint EF Gha per capita footprint footprint

Network, 2023

PCA Index using mobile cellular (subscriptions per 100 people), financial

Financial technology FinTech development index, and Internet use (% of the population) Self-estimated
Foreign direct investment FDI % of GDP WDI (2023)
Green energy Transformation | GTE Hydro, Nuclear, and other RENE use (% of total energy) BP (2023)
Industrialization IND % of GDP WDI (2023)
Economic growth GDP Constant 2015$ per capita WDI (2023)

Table 1. Variables, their symbols, units of measurement, and data sources.

Here EF, _ is the ecological footprint per capita in country i at time t. FinTech, , is the PCA index in country i at
time t. FDL,  is the foreign direct investment in country i at time t, IND, , is the industrialization in country i at
time t. GDP, , is the economic growth in country i at time t. The model is econometrically structured as in Eq. 2.

EF;:= 00+ 61 FinTech;+ + 62FDI;+ + 03IND; + + 04GDP; + + w; + 2)

Here, 60 and wit represent the intercept and error term, respectively. Also, 61 R 62 ) 63 and & , Tepresent the
coefficients of the explanatory and control variables.

By looking at the combined effects of FinTech and the green GTE on the EF, Eq. 2 has been made more
precise. The following changes have been made to Eq. 2.

EF;; = do + 51Fi7LT€C’Li,1 + (52FDIi,t + 63GTE/L¢ + (54(Fz'nTech X GTE),M + 65INDM + 56LGDP7;¢ + wit (3)

The GTE variable in Eq. 3 represents the green transition in energy. FinTech x GTE represents the interaction
term between FinTech and GTE. The indirect impact of FinTech on environmental quality through GTE is
examined using this interaction term. Only the natural logarithmic transformation of GDP was carried out so as
to establish a consistent base for the time series data. This situation is shown in the model with the LGDP variable.
It is appropriate to emphasize that other variables in the analysis model, such as FinTech, are an index. At the
same time, foreign direct investments, green transformation in energy, and industrialization are represented as
percentages. Furthermore, there are no unusually high values or standard deviations in the EF value, which is
determined per capita. Considering these variables” internal scales and shapes, they do not require logarithmic
transformation for the analysis. In Eq. 3, i represents the cross-sections (Brazil, Russia, India, China, South
Africa, and Tirkiye), and t represents the analyzed time (1990-2021).

Methodology

The methodology of this research is discussed under five subheadings: first, the cross-sectional dependence and
slope heterogeneity test; second, the LLC, IPS, and CIPS stationarity test; third, the panel Kao, Pedroni, and
Westerlund cointegration and FMOLS and DOLS long-term cointegration; fourth, the Driscoll-Kraay robust
test; and fifth, the Dumitrescu-Hurlin causality test.

Cross-sectional dependence and slope heterogeneity test (SH)

Spatial effects or unobservable factors may cause cross-sectional dependence. Some studies have focused on
testing non-stationary data by drawing attention to the importance of cross-sectional factors with first-generation
tests that may cause long-term results to be misleading®. In this context, second-generation panel tests are robust
to cross-sectional dependence and slope heterogeneity®. In this study, four widely preferred cross-sectional
dependence tests were applied: Breusch-Pagan LM test, Pesaran-Shin-Godfrey test, Bias corrected scaled LM,
and Pesaran CD (Pesaran-Shin-Godfrey corrected Durbin-Watson) test. These tests contribute to determining
whether the interactions between time series change in different sectors, countries, or periods. Because these tests
can be applied in heteroskedasticity and serial correlation®®, heterogeneity, outliers, structural breaks, and non-
symmetry on economic and financial variables can be a significant concern for empirical studies. To make more
reliable and consistent estimates in long-term analyses, individual heterogeneity should also be considered*. For
this purpose, the SH test developed by Pesaran and Yamagata® was used. This test’s claim is predicated on the
idea that cross-sectional units have homogeneous slopes.

The econometric equation for SH and adjusted SH is expressed below:

1 1 1
Asu= (N) /2 (2k) /2 (NS - k) (4)
—1y
1 2k(T-K—-1) 1
Argu=(N)/2... (2 —>7 1) (7 —Qk) (5)
asn=(N) ( T+1 N°
The symbols Ay, and A, represent delta SH and corrected delta SH in Eq. 4 and Eq. 5, respectively.
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Unit root properties

To determine if the time series were stationary at the same level, panel unit root tests were employed®. When
analyzing cross-sectional data, stationarity is a requirement for model acceptability and reliability. Therefore,
Levin-Lin-Chu (LLC), Im-Pesaran-Shin (IPS), and CIPS tests were applied for the stationarity of the data®.
However, the first-generation stationarity tests may give inconsistent results in strong cross-sectional
dependence and slope heterogeneity. For this reason, the second-generation stationarity test based on cross-
sectional augmented IPS, which considers cross-sectional dependence and slope heterogeneity, was performed,
the CIPS panel unit root test.

This is how the CIPS test is conducted Eq. 6.

N
crps = NV " CADF, (6)
(i=1)

The CIPS test considers the heterogeneity of the series belonging to balanced panel data with cross-sectional
dependence and the CADF statistics by making stronger estimates®®.

Long-run panel cointegration tests

After applying unit root tests on time series, Kao>® and Pedroni®’ techniques were used to evaluate the long-term
relationship. The Kao test takes a similar approach to the Pedroni test. However, it considers cross-sectional
interceptions and homogeneous coefficients in the first stage. The Westerlund* technique, which is a powerful
test against the problem of cross-sectional dependence and slope heterogeneity, was used to test the consistency
of the Kao and Pedroni tests®.

Driscoll Kraay standard error

The Driscoll & Kraay® estimation method was used in the study. This method resists consistent, heteroscedastic,
temporal, and widespread cross-sectional dependence types against autocorrelation. Therefore, it is a test used
in the presence of cross-sectional dependence. This methodology is a nonparametric technique that allows
for extensive time dimension and flexibility. The covariance estimator is flexible enough to use balanced or
unbalanced panel data by considering missing values’’. In this context, the Driscoll Kraay standard error
estimate for the combined DOLS analysis is shown in Eq. 7 below.

Yit =vigB+eir=1,...,N, t=1,...,T (7)

InEq.7, vitrepresents the independent variables (such as FinTech, FDI, IND and LGDP) and y; , is the dependent
variable (EF).
In the first stage, all variables were changed as in Eq. 8.

Z:Zi,t771+§ (8)

Here, Z;, = Ti ™t ZtT:lt ;1 Zit and 7 = (Z Tz')71 Z, Zt Zit
In Eq. 9, the OLS estimator is displayed.

Vie=0ir+ &is )

The modified regression model in Eq. 13 is analyzed using the combined OLS estimation technique in the
second stage.

Robustness for results

For Drawing on studies in the literature’!”2, FMOLS and DOLS techniques were used to examine long-
term elasticity. FMOLS is a nonparametric analysis method Pedroni®” developed to evaluate cross-sectional
heterogeneity, autocorrelation, and heteroskedasticity. DOLS is a parametric method that considers the
endogeneity in errors while modifying OLS to correct for serial correlations’. This estimator avoids biased
errors better than FMOLS by using lags and leads”*. In addition, DOLS takes into account a set of leads (p) and
lag (-p) that are endogenous to the first difference of the regressor’>. Considering possible issues with serial
correlation and endogeneity, Narayan & Smith”¢ stress that the DOLS technique yields trustworthy results of
coefficients for explanatory factors, particularly for small sample sizes.

FMOLS models are presented in Eq. 10 and Eq. 11.

Wit = ©i+ yiVir + €ip (10)
Vie,= Vie—1+ €it (11)
Panel FMOLS is estimated as in Eq. 12.
Ak 1 M i
Yrm = - Y FM; 12
MM Zi:l (12)

In Eq. 12, ¥ the following is the t statistic after FMi is computed for the i section.
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t . :%Z t_ (13)

The panel DOLS model is as follows.
Ri
Wiir=wi + BiVii+ ZK:_Pi YirAVii—r +ei (14)
In Eq. 14, R, and -R; are lagging and leading values. In this case, the DOLS estimator is included in Eq. 15.
~* 1 M =¥
Fo=17 ZZ:I B s (15)
The t-statistic in the DOLS estimator is as follows.
~* 1 M
t/BD = M Zi:l tﬂm (16)

Dumitrescu-hurlin panel causality test

This test is an analysis technique developed to examine causality through panel data. This technique includes
heterogeneity between units in panel data and is, therefore, very useful for evaluating causality in data sets where
cross-sectional units may behave differently over time®!. Dumitrescu-Hurlin panel causality is shown in Eq. 17.

K K
Wi = @i + Zk:l Vi W,y + Zk:l Bi™Vi ok + i (17)

Here i=1,..., M, B;=(BY,..., B,19), ¢i is the constant term. Yi%) is the autoregressive parameter. . are the
regression coefficient slopes. K is the number of lags and is constant for all sections. M represents the number
of sections. Using the Dumitrescu-Hurlin and Wald statistics, the null hypothesis asserts that there is no
homogenous causality in any part of the panel.

HQZB,‘ZO,?;IL...7M (18)

Against the alternative hypothesis H,, where causality is found for at least one subgroup of the panel:

H;: {51:0,%: 1,...,M13; #0,V; = M1-|-1,...,M) (19)

M1=0 indicates that causality causes W for each cross-section i. Conversely, by rejecting the null hypothesis, the
regression model’s variability and the causality linkages across several cross-sections are indicated by M1 > 0. The
following is the average Wald statistic.

Here Wald i, T is the individual Wald statistic for cross-section i.

Empirical findings
In model specification, the study follows Chang and Wu* and conducts principal component analysis (PCA)
to construct a composite FinTech index from three different indicators. PCA aggregates data from multiple
variables and integrates them into a single weighted index. Figure 2 shows the econometric flow of the study.
The PCA findings in Table 2 show that the eigenvalue of the first principal component is greater than one,
explaining 68% of the total variation. Furthermore, the positive factors for the three indicators confirm the
equivalent FinTech index. Furthermore, the positive correlation between the FinTech index and the three
components confirms the reliability of the FinTech index.

Cross-Section Cointegration Test
Dependence and (Panel Kao-Pedroni- Causality Test
Heterogeneity Tests Westerlund) (Dumitrescu-Hurlin)

Unit Root Test Robust Test
(LLC-IPS-CIPS) (FMOLS-DOLS-Driscoll-Kraay)

Fig. 2. Empirical strategy chart Source: Author’s own elaboration.
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PCl1-factor loading

PCl-eigenvalue Proportion explained by PC1 | MC | INT | FD
2.619 0.685 0.588 | 0.587 | 0.555
Kaiser—Meyer-Olkin (KMO) 0.579 | 0.592 | 0.547
Correlation with weighted PCA index 0.662 | 0.758 | 0.760

Table 2. PCI index of fintech. Note: KMO = measures sample adequacy; PCI=Principal component index;
MC =Mobile cellular subscription; INT = Internet use; FD = Financial development index.

Test Values
Variables | Mean Median | Maximum | Minimum | Std. Dev | Skewness 0.605332
EF 3.033925 | 3.000000 | 6.900000 0.700000 1.533891 | Kurtosis 2.516647
FinTech 1.11E+15 | 1.23E+15 | 2.99E+15 | 0.003170 9.58E+14 | Jarque-Bera 13.42789***
FDI 1.966029 | 1.648235 | 9.660265 0.001869 1.500098 | Mean VIF 1.38
GTE 0.134896 | 0.013067 | 1.906502 0.000432 0.269012 | Maximun VIF 1.69
IND 30.62218 | 28.51876 | 47.55740 18.18850 7.624657 | Hausman test 18.074141%*
LGDP 3.531357 | 3.579697 | 4.202528 2.481277 0.461805 | Wald for heteroskedasticity 66.78**
Wooldridge for autocorrelation | 74.71***

Table 3. Summary statistics. *** p<0.01.

Tests EF FinTech FDI GTE IND LGDP

Breusch-pagan LM 125.0492%** | 96.81575*** | 71.24431°°* | 249.9102*** | 133.3224*** | 390.4358***
Pesaran scaled LM 20.09215%%* | 14.93744*** | 10.26876*** | 42.88853*** | 21.60261*** | 68.54488***
Bias-corrected scaled LM | 19.99538*** | 14.84067*** | 10.17198*** | 42.79176*** | 21.50584*** | 68.4481***
Pesaran CD 6.559374** | 7.582359*** | 5.232501*** | 14.58295*** | 6.354542*** | 19.74417***

Table 4. Cross-sectional dependency. *** p<0.01.

Table 3 presents the mean, median, Limit values, standard deviations, skewness and kurtosis values for the
variables in empirical study. Each analyzed variable has 192 observations for the time series from 1990 to 2021.
According to the data in Table 3, it can be said that the average value of the indicator for industrialization
(IND) is the largest, and the average value for the variable representing GTE is the lowest. In addition, Table 3
shows that EF, FinTech, FDI, GTE, IND and LGDP deviate from the average values by 1.533, 9.58, 1.500, 0.269,
7.624 and 0.461, respectively. Moreover, Russia had the highest per capita EF value, used as an indicator of
environmental sustainability, among the BRISC-T countries between 1990 and 2021. This value also appears
high in the other countries analyzed. This negatively impacts environmental sustainability, particularly by
promoting environmental pollution. Furthermore, in recent years, there has been increasing interest in green
energy transformation in Brazil, India, China, and Tiirkiye. This could have a positive impact on environmental
sustainability.

A flow process was followed to increase and verify the predictive robustness of the model. For example,
the Jarque-Bera test determined that the variables did not have a normal distribution. For panel data, a
modified Wald test was used for group-based heteroskedasticity. In addition, Wooldridge test was applied for
autocorrelation testing. According to the test results, autocorrelation and heteroskedasticity were detected at
1% significance level. Variance increase factor (VIF) test was performed for the multicollinearity problem of
time series data. The highest VIF and mean values were 1.69 and 1.38, respectively. These results indicate that
there is no multicollinearity problem since they are well below the threshold value Limit of 10. Furthermore, the
Hausman test fixed effects estimator was proposed to identify the optimal estimating model.

After the summary statistical information, cross-sectional dependence (CSD) analysis was performed. The
results of four different test types belonging to CSD are shown in Table 4. These are Breusch-Pagan LM, Pesaran
scaled LM, Bias-corrected scaled LM and Pesaran CD. According to the results of each test performed, the null
hypothesis that there is no CSD at the 1% significance level was rejected. In other words, it can be concluded
that a shock to occur in any of the economies of Brazil, Russia, India, China, South Africa and Tiirkiye may also
affect other BRICS-T economies. Therefore, the variables EF, FinTech, FDI, GTE, IND and LGDP belonging to
the analyzed countries are cross-sectionally interconnected and contain a CSD problem. Therefore, Pesaran &
Yamagata® slope heterogeneity was tested.

H,=slope coefficients are heterogeneous.

According to the results in Table 5, when the probability values related to A and Aadj are examined at the
1% significance level, the null hypothesis that the slope coefficients are heterogeneous could not be rejected. For
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Delta | p-value
A 9.591 | 0.000
Aadj | 10.900 | 0.000

Table 5. Slope heterogeneity test.

LLC IPS CIPS

Level First difference | Level First difference | Level First difference
EF -0.29036 -7.39964*** 0.31253 -7.79992%** 0.639 -1.772%*
FinTech | 0.02044 -8.47865%** -0.59263 -9.31040*** -2.157** | -4.5747*
FDI -1.22995 -5.72541%%* -1.93913** | -7.30154*** -1.334* | -1.885**
GTE -2.38415*** | -3.59676*** 1.75592 -3.68637*** -0.632 -1.337**
IND -3.61573%%* | -3.42523** -2.01936** | -6.03024*** 0.482 -0.828**
LGDP -0.70914 -3.58588*** 1.20662 -5.08831*** -0.601 -1.374*

Table 6. LLC, IPS and CIPS unit root results. **p <0.01, **p <0.05, and *p <0.1

Test Specification Statistics Cointegration
Modified Dickey-Fuller t -0.1298* Yes
Dickey-Fuller t -2.8672** Yes

Kao Augmented Dickey-Fuller t | -0.5127 No
Unadjusted modified

_ okt
Dickey-Fuller t 7.2645 Yes

Unadjusted Dickey-Fuller t | -4.3369*** Yes

Philips-Perron t -3.651043*** | Yes
Pedroni

Augmented Dicey-Fuller t | -2.938956*** | Yes

Gt -2.715** Yes

Ga -9.470 No
Westerlund Pt 7.974%%% Yes

Pa -13.187*** Yes

Table 7. Panel Kao, Pedroni, and Westerlund cointegration tests. ***p <0.01, **p <0.05, and *p<0.1

this reason, the existence of heterogeneous slope coefficient was found in the variables related to the analyzed
BRICS-T countries.

The variables’ unit root findings are displayed in Table 6. LLC, IPS, and CIPS tests were used for stationarity.
The panel variables display a unit root at the level, according to the test findings. Moreover, every variable in
the first difference is statistically significant. As a result, we can declare that the variables are integrated in time,
reject all zero samples, and verify that all variables are stationary in the first difference under the null hypothesis
of non-stationarity.

In Table 7, three different cointegration tests were conducted to evaluate the long-term relationships of the
variables. The results were at a satisfactory level, and according to all three test types, the existence of along-term
cointegration relationship between the variables was determined. Stated differently, the long-term movement of
all variables was confirmed. In conclusion, the cointegration results demonstrate that the model’s variables can
empirically explain the reasons behind ecological deterioration in the BRICS-T nations.

The results of FMOLS and DOLS tests used to determine the effect coefficients of the long-term relationship
are presented in Table 8. In general, the directions of the coefficients related to both tests are similar. In other
words, FMOLS shows that a 1% increase in the FinTech, GTE, FinTech x GTE, and FDI variables reduces EF by
1.04%, 0.98%, 7.71%, and 0.05%, respectively. According to the DOLS estimation results, the coeflicients for the
variables are similar. However, FMOLS and DOLS show the positive impact of industrialization and economic
growth on EF. The coefficients for the IND and LGDP variables are positive for FMOLS and DOLS estimators.

Table 9 presents the results of the Driscoll-Kraay analysis for panel robust standard error estimation. Model
1 shows the coefficients of the main explanatory variables, FinTech and FDI. Model 2 shows the coefficients of
both GTE, which represents the green transformation in energy and the interaction term FinTech x GTE, which
considers both FinTech and green transformation in energy.

The analysis results show that FinTech is significantly negative at the 1% significance level for both models.
The findings support the FMOLS and DOLS results. According to this research, FinTech can significantly
contribute to making sustainable investments more accessible by strategically utilizing blockchain, big data, and
artificial intelligence to support ecologically friendly change in the BRICS-T nations. This result also shows that
FinTech can encourage environmental sustainability by supporting a wide range of financial activities, promoting
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Variables FMOLS | DOLS
FinTech | (0000) | (001d)
GTE (8333)* (égig)
FinTech x GTE ((7)(7)(1)8;* ((1,822;
FDI 0000 | 0otl).
IND ?6?332;; ?(')(.)SS(;)H
LGDP (102330)* 2093176;

Table 8. Analysis of long-term cointegration using panel data. ***p <0.01, **p <0.05, and *p<0.1

Variables Model 1 (Dependent variable EF) | Model 2 (Dependent variable EF)
. -5.990*** -7.770%%*
FinTech (0.001) (0.004)
-0.702**
GTE (0.034)
. -6.4107**
FinTech x GTE (0.002)
-0.048*** -0.0377***
EDI (0.000) (0.000)
0.016%* 0.026%**
IND (0.019) (0.001)
1.178%** 1.2310%*
LGDP (0.000) (0.000)
Const -1.488*** -1.942%**
- (0.000) (0.000)
N. of observations | 192 192
Group of countries | 6 6
R-squared 0.679 0.729

Table 9. Driscoll-Kraay robust standard error regression estimates with fixed effects. ***p <0.01, **p <0.05,
and *p<0.1

sustainable financing solutions, and promoting clean energy solutions. Similar findings have been put forward
by Udeagha & Muchapondwa'? (2023), Udeagha and Ngepah®, Lin et al.!® and Qin et al.*.

According to the results in Table 9, a 1% improvement in GTE, which represents the green transformation
in energy used in the model to create the interaction term, means that EF will decrease by 0.702%. The findings
show that the adoption of green energy transformation in BRICS-T countries will reduce the EF and have
significant results in sustainability. As countries increasingly direct their focus to green resources such as wind,
hydroelectric and solar, a significant decrease in EF is observed and the consequences of ecological hazard are
mitigated. Green energy transformation not only reduces fossil fuel use but also promotes a more sustainable
ecological life. This transformation has increased the importance of developing renewable power capacity
because of its potential to address environmental concerns. This finding is supported by Afshan et al.?2, Khan et
al.%, Sun et al.?* who found it in OECD countries. Moreover, Zhang® found a similar finding in upper-middle
income countries.

In this research, within the framework of Model 2, FinTech and green energy transformation (GTE) are
included in the model as an interaction term (FinTechx GTE) to examine the combined effect on EF using
an alternative estimation method. Table 9 displays the findings. The coefficient of the interaction term
(FinTech x GTE) is unfavorable, illustrating that FinTech and green energy transformation Hurt EE A 1%
improvement in the interaction term FinTech x GTE impedes EF by 6.410% in BRICS-T countries. Therefore,
FinTech moderates the relationship between green energy transformation and EE These outcomes indicate
that advances in FinTech play an essential role in mobilizing financial resources for green energy projects and
promoting sustainable practices, thus contributing to more efficient, cleaner, greener, and low-carbon energy
transformation. These findings reveal a positive situation in achieving environmental sustainability by adopting
green transformation in energy. In addition, the results contribute to facilitating the integration process of the
financial system and achieving SDGs. Fintech underlines its importance in achieving sustainable development
goals by promoting sustainable financing solutions to support innovation in the energy sector and transition.
FinTech plays an important role in streamlining investment processes and financial transactions, which makes
solar, wind, and other RENE projects more accessible. Financial assistance facilitates green energy adoption
and reduces dependence on environmentally harmful energy sources, which helps reduce EE Fintech improves
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financial intermediation, increasing the accessibility of solar, wind, and other RENE projects. Fintech strengthens
environmental regulatory frameworks and sustainability by promoting clean energy solutions. This promotes
the widespread adoption of green energy, reduces dependence on environmentally harmful energy sources,
contributes to achieving a more sustainable energy mix, and facilitates energy saving, which helps reduce EE
These findings align with research by Teng and Shen?! in the OECD nations and Ahmad et al.’ in EU nations.

We discover a statistically significant negative correlation between FDI and EE. In BRICS-T nations, a 1%
increase in FDI hinders EF by 0.0377%. The negative sign of FDI confirms the evidence of The Pollution Halo
Hypothesis and thus shows that the pollution hypothesis is invalid. This result means that FDI significantly
reduces EF (CO2 emissions) in BRICS-T economies. This outcome validates the argument of The Pollution Halo
Hypothesis and emphasizes that FDI can work as a mechanism to help mitigate the effects of climate change.
This result also means that FDI flows to developing economies carry technology and knowledge from developed
economies. Improved technology will reduce environmental degradation in developing economies due to the
transfer of environmentally friendly production techniques and clean energy technologies. This outcome is in
line with the conclusions of a few research on BRICS-T nations that have been published in the literature”””8.
The assertion that FDI flows for developing nations must be linked to investments in green technologies may be
reflected in the findings demonstrating the inverse association between FDI and EF in BRICS-T nations.

Our model included LGDP variables as a proxy for economic growth. There was a statistically crucial and
beneficial correlation between EF and the variable LGDP. EF benefited from economic growth. This result
demonstrates that these nations’ economic development route is not environmentally sustainable. Economic
growth harms the environment by increasing the EE. Our outcomes are consistent with earlier research>”.

The variable industrialization (IND) and EF were shown to be positively and statistically significantly
correlated. EF rises with industrialization (IND). These findings show that the industrialization of these
countries is not ecologically friendly. Industrialization is made possible by intensive energy use. Increased
energy use leads to pollution, greenhouse gas emissions, and environmental deterioration. Dependence on fossil
resources to meet energy needs has led to significant environmental degradation in the global carbon footprint.
Switching to renewable energy sources like solar, wind, hydropower, and geothermal is a sensible way to lessen
environmental impact and the emission of toxic gases caused using fossil fuels. The rapid increase in the use of
RENE significantly contributes to reducing environmental degradation. The increase in RENE use provides the
energy required for industrialization and alleviates environmental degradation. Therefore, BRICS-T countries
can focus on policies that increase RENE use. This finding is consistent with the studies of Zhang and Khan*>5C,

Furthermore, the coefficient signs of all other variables are closely aligned with the findings of FMOLS and
DOLS estimators in Table 8 and Model 1 and Model 2 in Table 9, thus verifying the precision and dependability
of our findings for potential policy implications.

Figure 3 shows a summary of the analysis findings. The findings and analysis methods used in this study are
consistent with the results of studies in current literature. For example, Uddin et al.?* examined G20 countries;
Chang and Wu (2024) G5 countries; Yadav et al.8! BRICS countries; and Wang et al.*> E7 and G7 countries. The
study results highlight the importance of FinTech in environmental sustainability.

Table 10 shows the causality connections between the factors in the model. The analysis reveals a one-
way causality between FinTech and EFE This result means that EF leads to FinTech development. The same is
true for GTE, which represents the green transformation in energy. A one-way causality from EF to GTE was
found. The interaction term, which was introduced into the model as a moderating effect, was found to have
a one-way causal relationship with EF. In other words, it was found that EF caused FinTech x GTE. Therefore,
it shows that EF leads to the regulation of FinTech and green transformation in energy, but not vice versa.
Existing investigations on the empirical reflections of FinTech on green transformation in energy are limited.
A study conducted in this context was brought to the literature by Croutzet and Dabbous (2021). According to

Ecological
+ footprint .

IND

+

Fig. 3. Empirical findings chart. Source: Author’s own elaboration.

Scientific Reports |

(2025) 15:34838 | https://doi.org/10.1038/s41598-025-18898-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Null hypothesis Z-bar statistic | P-value | Causality direction
EF # FinTech 2.975524%% 0.002 | Unidirectional
FinTech = EF 1.18465 0236 | EF FinTech
EF#GTE 2.45284** 0014 | Upidirectional
GTE=#EF 0.85092 0394 |EFGTE
EF#FinTechx GTE | 2.12128** 0.033 | Unidirectional
FinTechx GTE#EF | -1.39571 0.162 | EF FinTechx GTE
EF#FDI 2.28102* 0.076 | Unidirectional
FDI=EF 0.67669 0498 | EFFDI

EF#IND 3.140074%* 0.001 | Bidirectional

IND =EF 0.80231** 0022 |EFIND
EF#LGDP 6.30391 0.204 Unidirectional
LGDP =EF 3.197404%* 0001 |LGDPEF

Table 10. Dumitrescu-Hurlin Granger causality test. ***p <0.01, **p <0.05, and *p<0.1

the empirical findings, FinTech and RENE sources are positively correlated in OECD nations. Teng and Shen?!
similarly reported that FinTech is stimulating the adoption of RENE. In their study of BRICS nations, Zeng et
al.3 found that FinTech development supports using low-carbon energy. The association between EF and FDI
was shown to be one-way causal. Advocates of the neo-technology school of thought argue that FDI inflows
will benefit national economies because clean energy production techniques require advances in knowledge
and technology, which reduces the rate of ecological degradation in national economies®. While a bidirectional
causality was determined between the EF and IND variables, a one-way causality from LGDP to EF was revealed.

Conclusion and policy implications

Conclusion

The study’s objective is to investigate how FinTech moderates the relationship between the ecological footprint
(EF) and green energy transition (GTE) in the BRICS-T nations between 1990 and 2021. This study examines
how fintech moderated the GTE and EF in the BRICS-T from 1990 to 2021. After applying unit root tests on time
series, Kao®® and Pedroni®” techniques were used to evaluate the long-term relationship. We applied for the Fully
Modified Ordinary Least Squares (FMOLS) and used Dynamic Ordinary Least Squares (DOLS) as the main
estimators for longitudinal analysis. FMOLS and DOLS techniques were used to examine long-term elasticity. In
addition, The Driscoll & Kraay®® estimation method was used to verify the robustness of the results under cross-
sectional dependence and heteroskedasticity. In this study, Dumitrescu-Hurlin panel causality test technique
was used. His test is an analysis technique developed to examine causality with panel data.

The study’s focus is to investigate how FinTech moderates the relationship (FinTechx GTE) between the
ecological footprint (EF) and green energy transition (GTE) in the BRICS-T nations. However, the impact
of FinTech on the relationship between EF and green energy transformation cannot be well explained by the
research currently in publication. As a result, enough research has not been done on how FinTech indirectly
affects EF by means of the transformation of green energy. This gap in literature is filled by our study. The second
contribution of this study to literature is its use of a different fintech variable. Unlike the existing literature®*-2°,
this study used a comprehensive indicator of fintech by taking a PCA of mobile cellular (subscriptions per
100 people), the Financial Development Index, and internet usage (% population). In model specification, the
study conducts principal component analysis (PCA) to construct a composite FinTech index from three different
indicators. PCA aggregates data from multiple variables and integrates them into a single weighted index. In this
sense, the fintech indicator is important in explaining environmental sustainability. Based on this background, it
can be concluded that current energy and environmental policies in BRICS-T countries may not be sufficient to
achieve the SDGs. Therefore, restructuring the policy framework for BRICS-T countries is important.

The findings indicate that the coefficient of the interaction term (FinTech x GTE) is negative, illustrating that
FinTech and green energy transformation reduce EF. The results reveal that FinTech indirectly hinders EF by
facilitating GTE. Therefore, FinTech moderates the relationship between green energy transformation and EE
These outcomes indicate that advances in FinTech play an essential role in mobilizing financial resources for
green energy projects and promoting sustainable practices, thus contributing to more efficient, cleaner, greener,
and low-carbon energy transformation. These findings reveal a positive situation in achieving environmental
sustainability by adopting green transformation in energy. In addition, the contribution of the results to
Fintech underlines its importance in achieving sustainable development goals by promoting sustainable
financing solutions to support innovation in the energy sector and transition. FinTech plays an important role
in streamlining investment processes and financial transactions, which makes solar, wind, and other RENE
projects more accessible.

The results show that FinTech applications increase the accessibility of solar, wind, and other renewable
energy (RENE) projects by improving financial intermediation, reduce dependence on environmentally harmful
energy sources by facilitating green energy transitions, and strengthen environmental regulatory frameworks
and sustainability by promoting clean energy solutions. These, in turn, help reduce EE. The results also show
that FinTech facilitates green energy adoption and reduces dependence on environmentally harmful energy
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sources, which helps reduce EE. Fintech improves financial intermediation, increasing the accessibility of solar,
wind, and other RENE projects. Fintech strengthens environmental regulatory frameworks and sustainability
by promoting clean energy solutions. This result promotes the widespread adoption of green energy, reduces
dependence on environmentally harmful energy sources, contributes to achieving a more sustainable energy
mix, and facilitates energy saving, which helps reduce EF. These findings align with research by Teng and Shen®!
in the OECD nations and Ahmad et al.’ in EU nations. This result is important for providing policymakers with
recommendations for reducing the ecological footprint. Identifying how FinTech impacts the link between green
energy transformation and environmental sustainability can guide policymakers in using FinTech applications
alongside green energy transformation to improve environmental outcomes.

Fintech applications can encourage widespread adoption of green energy transitions, facilitate energy savings,
and ultimately contribute to a more sustainable energy mix. This can reduce EF. Because of their potential to
address environmental concerns, it is important that fintech applications contribute to reducing EF through
green energy transitions. However, the impact of FinTech on the relationship between EF and green energy
transformation cannot be well explained by the research currently in publication. This important link has been
overlooked in literature. Prior research has highlighted FinTech’s potential significance in minimizing EF!%:11:16
and promoting the transition to green energy”*’. Furthermore, in BRICS countries, the existing literature has
generally investigated the relationship between green energy transition and environmental sustainability?*26:5285,
The literature has overlooked the impact of the interaction term between Fintech and GTE (Fintech x GTE) on
EE The main contribution of this study is to reveal this link.

The empirical results also show that FinTech in BRICS-T countries contributes to ecological sustainability
by reducing EF. Furthermore, it has been shown that FinTech lessens environmental degradation through green
energy transformation, and the combined effect of FinTech and green energy transformation has a negative
influence on EE The results also confirm the important role of GTE and FDI in reducing EE, while economic
growth and industrialization worsen EF in BRICS-T countries.

Policy implications
We suggest a number of policy initiatives to address environmental degradation in the BRICS-T nations in light
of the study’s findings.

First, establishing appropriate policies and strategies to encourage FinTech platforms to invest in green energy
projects

The results indicate that the coefficient of the interaction term (FinTech x GTE) is negative, illustrating that
FinTech and green energy transformation reduce EF. The results reveal that FinTech indirectly hinders EF by
facilitating GTE. FinTech contributes significantly to the reduction of EF through the transformation of green
energy. These findings suggest that advances in FinTech contribute positively to environmental sustainability
through the adoption of green energy. Based on this finding, policymakers are advised to mobilize financial
resources to increase the accessibility of solar, wind, and other renewable energy projects. This will contribute
to a more efficient, cleaner, greener, and lower-carbon energy transition. Advances in FinTech will positively
contribute to achieving environmental sustainability through the adoption of green energy. Based on this finding,
policymakers are advised to facilitate the integration of the financial system with technology and promote
sustainable financing solutions to support innovation in the energy sector, thereby advancing the achievement
of sustainable development goals. Providing financial assistance facilitates the advancement of green energy
adoption and reduces dependence on environmentally harmful energy sources, which helps reduce the energy
efficiency. Policymakers are recommended to give the deployment of different incentive mechanisms top priority
in order to attract different FinTech platforms to be engaged in green energy projects in order to take advantage
of this combined effect. Appropriate policies and strategies should be implemented to achieve this, including
tax incentives or various financial rewards to support financial initiatives that prioritize environmental issues.

Second, investing in financial technology and expanding green fintech applications

The study found that FinTech significantly reduces the EF in BRICS-T countries. Based on this finding,
policymakers are advised to invest more in fintech in BRICS-T countries for the strategic use of artificial
intelligence, big data, and blockchain technologies. Providing tax incentives, increased funding of research
and development initiatives, and expanding digital literacy are vital to promote sustainability and efficiency
in digital transactions, which can ultimately foster innovation in FinTech in line with sustainable development
goals, increase environmental awareness, and thus make a valuable contribution to environmental protection
efforts. Consequently, increased support for financial technology can play a significant role in promoting a more
sustainable environment by contributing to a reduction in ecological footprints through emissions reductions.
Furthermore, technologies such as digital wallets and paperless payment systems reduce the environmental
impact of financial services and contribute to the elimination of paper and plastic waste. Green bonds are one of
the most widely used methods for financing environmentally friendly projects. Carbon credit trading is another
effective tool used to fund projects aimed at reducing carbon emissions. The integration of financial technologies
in areas such as green bonds, low-carbon projects, and renewable energy investments plays a significant role in
the development of globally sustainable financial products. These green fintech mechanisms make it easier for
environmentally beneficial initiatives to achieve their sustainability goals. The widespread adoption of green
fintech applications is recommended for policymakers.

Third, promoting energy-efficient and low-carbon foreign direct investment
In BRICS-T countries, FDI inflows and EF are cointegrated and move together in the long run. The results
supporting the negative relationship between FDI and EF may reflect the argument that FDI flows in BRICS-T
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countries should be associated with more green technology investments. Improved technology can reduce
environmental degradation in BRICS-T economies as a result of the transfer of environmentally friendly
production techniques and clean energy technologies. These countries should attract more FDI into RENE
projects through tax incentives. Therefore, ensuring the inflow of quality FDI for green development and
ecological sustainability is important. The developments in the financial system should accompany the attraction
of FDI inflows during the transition to green technologies. Our findings suggest that energy-efficient and low-
carbon quality FDI should be encouraged, emphasizing cleaner technology and environmental awareness.

Fourth, establishing green energy transformation policies that will reduce fossil energy consumption

The study results indicate that industrialization and GDP worsen EF, while green energy transition improves EE
Dependence on fossil fuels, especially on oil, puts more pressure on environmental sustainability. In addition,
a joint effort should be made to reduce dependence on fossil fuels. Therefore, the negative consequences of
industrialization and economic growth on EF emphasize the necessity of implementing sustainable solutions
and policies to reduce fossil energy consumption in BRICS-T countries to mitigate environmental degradation.
Focusing on green energy sources appears as pragmatic technique to reducing ecological damage. The rapid
increase in the use of RENE significantly contributes to reducing environmental degradation. Increased use of
RENE provides the energy required for industrialization and alleviates environmental degradation. As BRICS-T
countries increasingly shift their focus to green resources such as wind, hydropower, and solar, a significant
decrease in EF is observed, mitigating the consequences of ecological hazards. Shifting to green energy sources
such as solar, wind, hydropower, and geothermal energy presents a practical approach to reducing ecological
damage and minimizing harmful emissions related to fossil fuel energy consumption. Therefore, policymakers
in BRICS-T countries are encouraged to implement an energy transition, and BRICS-T countries can focus on
policies that increase the use of RENE.

Implementing policies that include these efforts, incentives, measures, and supports can maximize the
positive aspects of environmental factors while mitigating the negative consequences. By implementing these
policies, policymakers can create a favorable environment for FinTech to encourage green energy transformation
while significantly contributing to environmental sustainability.

Limitations and future research directions

In a collection of BRICS-T nations, this study examined the connections between Fintech, foreign direct
investment, green energy revolution, and the environment. This study’s primary weakness is that it only
evaluated the effects of particular components on the environment. A multifaceted perspective to the issue
might be offered by a research that takes into account the environmental, social, political, economic, and other
financial components of sustainable development. Furthermore, this issue can be examined in different groups
of countries, for instance, African economies that are rich in natural resources but relatively low in terms of
access to energy.

Data availability
The datasets used in this study are available from the corresponding author upon reasonable request.
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