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Abstract

While financial inclusion is widely promoted as a catalyst for sustainable development, a
critical paradox remains unexplored: conventional financial infrastructure can inadvertent-
ly impede the transition to renewable energy, whereas digital innovations may unlock its
potential. This study investigates this duality by analyzing a detailed panel dataset from 85
developing nations between 2011 and 2021. It applies advanced econometric methods, in-
cluding Panel-Corrected Standard Errors (PCSE) and Feasible Generalized Least Squares
(FGLS), to examine the relationships among fintech, financial access, the adoption of
renewable energy, and energy efficiency. Our findings reveal that traditional measures of
financial inclusion—Iike the presence of ATMs and bank branches—can unexpectedly
hinder the growth of renewable energy sources. In contrast, fintech advancements, espe-
cially in digital payment solutions, significantly enhance the success of financial inclusion
efforts aimed at fostering green investments. Importantly, the collaborative relationship
between fintech and financial access positively impacts the development of renewable
energy, highlighting the need for integrated approaches to address environmental chal-
lenges. This research addresses a significant gap in the current literature by investigating
the combined influence of fintech and financial inclusion on sustainable energy initiatives.
It provides policy suggestions for developing nations, stressing that harnessing fintech can
enhance financial accessibility and support a transition to a more sustainable and resilient
economy in line with global green efforts.
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1 Introduction

The urgent need to fulfill sustainable development goals (SDGs) has highlighted the critical
connection between finance and environmental responsibility. As countries globally con-
front the escalating climate crisis, a key strategy has emerged: utilizing financial technology,
or fintech, to enhance access to clean energy and boost energy efficiency. In developing
nations, where financial limitations can impede investments in renewable energy and energy-
efficient technologies, fintech presents an innovative pathway to improve financial inclusion
for sustainable economic advancement. Azhgaliyeva and Liddle (2020) and Raberto et al.
(2019) note that the body of literature examining the role of fintech innovations in facilitat-
ing essential financial flows toward green investments is expanding, encompassing mobile
payment solutions, blockchain technology, and crowdfunding platforms.

Fintech is reshaping traditional financial systems by making financial services more
accessible to unbanked and underserved populations (Salampasis and Mention 2018; Loo
2019; Ediagbonya and Tioluwani 2023; Kishor et al. 2024; Mittal et al. 2024; Sanyaolu et
al. 2024). By leveraging information and communication technology (ICT), fintech enables
individuals and small enterprises to tap into financial resources that were previously out of
reach, thereby encouraging investments in energy-efficient solutions and renewable energy
technologies (Ma and Fu 2020; Bayar et al. 2021; Udeagha and Muchapondwa 2023; Zhu
et al. 2024; Hou et al. 2024). This is particularly crucial in developing regions, where lim-
ited access to capital often obstructs the transition to low-carbon energy systems (Sadorsky
2011; Farhani and Ozturk 2015; Relva et al. 2021). As financial development and inclusion
advance, a significant positive impact on energy consumption patterns emerges, leading
to considerable investments in cleaner energy alternatives (Dogan et al. 2021; Singh et al.
2023).

The capabilities of fintech extend beyond simple financing; it can enhance the efficiency
of financial operations and provide vital data analytics that inform investment decisions
in renewable energy initiatives (Zhu et al. 2020; Arshi et al. 2024). By promoting data-
driven decision-making regarding energy consumption, fintech can improve energy pro-
ductivity across various sectors (Teufel et al. 2019; Ahmad et al. 2024). Consequently, the
development of decentralized energy trading systems, facilitated by blockchain technology,
enables individuals and businesses to engage in peer-to-peer energy exchanges, thereby
reducing dependence on fossil fuels (Croutzet and Dabbous 2021; Juszczyk and Shahzad
2022). However, the transformative potential of fintech must be considered alongside its
environmental implications. Critics have raised significant concerns regarding the ecologi-
cal impact of certain fintech practices, particularly cryptocurrency mining, which is often
criticized for its high energy consumption and associated carbon emissions (De Vries 2018;
Tao et al. 2022). Furthermore, the increase in electronic devices necessary for fintech opera-
tions contributes to the growing issue of e-waste (Wang 2024; Zhuk 2023). Therefore, while
fintech holds promise as a catalyst for green economies, it is vital to address these sustain-
ability challenges to ensure that the advancements in fintech do not inadvertently exacerbate
the environmental issues it seeks to resolve (Tao et al. 2022). For instance, in Tanzania,
the households using mobile money are 5.7% points more likely to adopt solar panels than
those not using it (Barry et al. 2025). Similarly, green fintech investments in Southeast Asia
surpassed $2 billion in 2020, primarily funding decentralized renewable energy projects
(IEA, 2022).
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Despite substantial efforts to expand financial inclusion in developing countries through
traditional banking infrastructure, such as ATMs and bank branches, renewable energy
adoption remains weak and even negatively correlated. This presents a puzzling contradic-
tion: why does greater physical access to formal finance not translate into cleaner energy
investments? We argue that conventional financial channels may inadvertently entrench
carbon-intensive activities, whereas fintech can overcome these rigidities by enabling
decentralized, low-cost green financing. This study investigates this duality, asking whether
fintech can redeem what traditional financial inclusion fails to deliver. While previous stud-
ies have focused on the individual contributions of fintech advancements and financial
inclusion initiatives to enhancing sustainable practices, the interplay between these two
domains, especially concerning the adoption of renewable energy and energy efficiency,
has not been thoroughly examined. This paper seeks to fill this void by investigating the
reciprocal effects of fintech and financial inclusion on the green economy, utilizing data
from 85 developing countries over the years 2011, 2014, 2017, and 2021. By employing
rigorous econometric techniques, including the Panel-Corrected Standard Errors (PCSE)
method and the Feasible Generalized Least Squares (FGLS) approach for validation, this
research aims to clarify the intricacies of their relationship and its implications for sustain-
able energy practices. In doing so, we aspire to provide a more comprehensive understand-
ing of how the synergy between fintech and financial inclusion can facilitate advancements
in renewable energy adoption and enhance energy efficiency, ultimately contributing to a
more sustainable and resilient economic framework in developing regions. Governments
in developing countries should recognize the importance of analyzing the interrelationship
between fintech and financial inclusion to develop effective policies that promote a green
economy and the adoption of renewable energy.

This study is organized as follows: Sect. 2 reviews relevant literature, establishing the
theoretical foundations and context for our hypotheses; Sect. 3 details the data, method-
ological framework, and empirical strategy; Sect. 4 presents the findings and discussions,
providing insights into the results; and Sect. 5 concludes with implications and policy
recommendations.

2 Literature review
2.1 Conceptual framework

This study is grounded at the intersection of Financial Intermediation Theory (Diamond
1984; Lewis 1995) and Ecological Modernization Theory (Hajer 1995; Mol et al. 2009).
Financial Intermediation Theory explains how financial systems channel capital to produc-
tive investments, but it also highlights rigidities, such as collateral requirements and stan-
dardized credit procedures, that can exclude small-scale, decentralized renewable projects.
Ecological Modernization Theory posits that technological and institutional innovations can
reconcile economic growth with environmental sustainability. Fintech embodies such an
innovation: it reduces transaction costs, lowers information asymmetries, and enables direct
peer-to-peer green financing, thereby overcoming the structural limitations of traditional
banking. Our conceptual framework thus posits that while conventional financial inclusion
(ATMs, branches) may inadvertently reinforce carbon-intensive incumbents, the “inter-
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action” between fintech and traditional financial access can realign capital flows toward
renewable energy and higher energy productivity.

2.2 Fintech and green economy

The rise of financial technology, commonly referred to as fintech, has sparked considerable
discussion regarding its ability to support a more sustainable economy. Fintech is charac-
terized by the integration of technology into the services offered by financial institutions,
encompassing a wide range of applications, from mobile payment systems to blockchain
solutions and crowdfunding platforms (Schueffel 2016; Kim 2018). An increasing number
of studies suggest that fintech innovations can promote energy efficiency and renewable
energy, thereby playing a crucial role in achieving environmental sustainability. Further-
more, fintech has the potential to significantly enhance green investments by streamlining
financial operations. For example, Raberto et al. (2019) point out that opportunities for
green investments facilitate the shift toward cleaner and more energy-efficient production
methods. Additionally, the disruption of conventional financial systems by fintech creates
avenues for broader access to green financing options, particularly through green bonds, as
projects in renewable energy and energy efficiency are increasingly funded by these inno-
vative financial instruments (Azhgaliyeva and Liddle 2020; Tolliver et al. 2021; Sreenu
2024). Blockchain technology, another transformative aspect of fintech, has the potential to
revolutionize energy markets by optimizing transaction costs and enhancing transparency in
renewable energy trading (Vogel et al. 2019; Zhu et al. 2020; Juszczyk and Shahzad 2022;
Taherdoost 2024). Moreover, fintech holds significant promise for accelerating the adoption
of energy-efficient technologies. Innovations in automation and data analytics related to
fintech have enabled data-driven decision-making regarding energy use (Deng et al. 2019;
Arshi et al. 2024). By facilitating the establishment of decentralized energy trading systems,
fintech platforms enable peer-to-peer energy exchanges among individuals and businesses,
promoting the use of renewable energy and reducing reliance on fossil fuels (Teufel et al.
2019; Croutzet and Dabbous 2021; Ahmad et al. 2024). Fintech can also directly impact the
financial landscape for green initiatives. Innovations within the fintech sector have led to
the emergence of new funding models—such as crowdfunding platforms and peer-to-peer
(P2P) lending—that can directly finance green projects (Gimpel et al. 2018; Puschmann
et al. 2020; Pawlowska et al. 2022; Halden and Cali 2024). These models are broaden-
ing access to capital for renewable energy entrepreneurs while simultaneously promoting
energy productivity improvements across various sectors. According to Azhgaliyeva and
Liddle (2020), green bonds issued in the ASEAN region have predominantly been allocated
to projects aimed at enhancing energy efficiency, highlighting the increasingly vital role of
fintech in directing investments toward sustainable initiatives. However, it is essential to
acknowledge the potential negative environmental consequences of fintech. Certain ele-
ments of the fintech industry, such as cryptocurrency mining, have faced criticism for their
substantial energy consumption and associated greenhouse gas emissions (De Vries 2018;
Mora et al. 2018; Tao et al. 2022). Additionally, the rapid growth of electronic devices and
infrastructure that support fintech innovations contributes to the issue of e-waste, which
poses significant challenges in recycling and resource recovery (Wang 2024). The reliance
on high-performance data centers, crucial for processing financial transactions, exacerbates
the sector’s carbon footprint, particularly in regions where electricity generation relies on
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fossil fuels (Zhuk 2023). Therefore, while fintech can serve as a facilitator for initiatives
related to the green economy, it is equally important to critically evaluate and address the
less sustainable aspects of fintech (Tao et al. 2022). This literature thus leads to our first
hypothesis (H1): that fintech innovations can contribute to promoting renewable energy and
enhancing energy productivity.

Hypothesis 1 Fintech innovations contribute in promoting renewable energy and enhancing
energy productivity, thereby accelerating the transition to a greener economy in developing
countries.

2.3 Financial inclusion and green economy

Financial inclusion, characterized by accessible financial products and services, is a crucial
element of the green economy. The relationship between financial inclusion and environmen-
tally friendly initiatives is increasingly recognized as a pathway to sustainable development.
Prior research has highlighted how financial inclusion facilitates investments in energy-effi-
cient solutions, enabling individuals and businesses to adopt greener practices (Ma and Fu
2020; Bayar et al. 2021; Yu and Tang 2023; Khan et al. 2024). Access to financial services
is vital for driving investments in renewable energy technologies, promoting energy effi-
ciency and long-term sustainability. Studies indicate that enhanced financial development
and increased inclusion can positively affect energy consumption patterns, particularly in
developing countries where access to credit is limited (Sadorsky 2011; Dogan et al. 2021).
By improving access to capital, financial institutions empower businesses and households to
implement energy-efficient technologies and practices, which subsequently reduces carbon
emissions and supports broader environmental objectives (Farhani and Ozturk 2015; Le et
al. 2020; Batool et al. 2022; Singh et al. 2023).

Additionally, the effect of resource allocation serves as another mechanism that illus-
trates the connection between financial inclusion and green practices. Financial inclusion
facilitates the reallocation of investments toward sectors and technologies that are less pol-
Iuting (He et al. 2019; Lu et al. 2022; Bakry et al. 2023; Tang and Zhou 2023). As noted by
Azhgaliyeva and Liddle (2020), when financial institutions prioritize funding for renewable
energy projects, they significantly contribute to the overall transition of the economy toward
greener practices.

Empirical research underscores the relationship between financial inclusion and the
reduction of carbon emissions. For example, Boutabba (2014) demonstrated a significant
effect of financial inclusion on carbon emissions levels in India, while Charfeddine and
Kahia (2019) found similar results for MENA countries, Ozturk and Ullah (2022) for coun-
tries involved in the One Belt and Road Initiative (OBRI), Liu et al. (2022) for China, and
Arshad (2023) for developing nations. Collectively, these findings highlight the growing
importance of financial inclusion, revealing substantial gaps between financial access and
reductions in carbon emissions; thus, policy synergies are essential to leverage financial
services for achieving green economic outcomes (Le et al. 2020).

Hypothesis 2 Increased financial inclusion positively correlates with the adoption of

energy-efficient-renewable technologies, fostering a sustainable green economy in develop-
ing countries.
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In fact, Fintech therefore plays an increasingly vital role in facilitating increased finan-
cial inclusions, mainly in developing countries, with better access to financial services by
the unbanked populace (Salampasis and Mention, 2018; Loo 2019; Anakpo et al. 2023).
In applying ICT, Fintech appears to be one of the most effective means to foster forward
financial inclusions in terms of disparities within bank access and utilization (Odei-Appiah
et al. 2022; Ediagbonya and Tioluwani 2023). Fintech for financial inclusion offers unique
avenues to scale up investments in green technologies. The ever-evolving landscape of
fintech opens new avenues for the delivery of financial services to under-served sections,
especially in developing regions. Linking financial inclusion via fintech with environmental
goals can help create innovative models that support sustainable consumption and produc-
tion patterns. Hence, the confluence of FinTech and financial inclusion serves as a promis-
ing framework in promoting green economy. Digital finance can help enhance resource
allocation, propel investment in renewable energy, and facilitate more diverse transitions
toward sustainability in several economic sectors. This interplay between Fintech and finan-
cial inclusion could indeed ensure mutual benefits: higher energy productivity and meeting
active environmental challenges.

2.4 The overlooked nexus: synthesizing fintech and financial inclusion

A closer reading of the two parallel streams of literature reveals a critical, yet underex-
plored, intersection. While studies on fintech and the green economy have focused on tech-
nological enablers—such as blockchain for peer-to-peer energy trading or crowdfunding
for renewable projects, they have often treated financial inclusion as a peripheral outcome
rather than a co-determinant (Croutzet and Dabbous 2021; Tao et al. 2022). Conversely, the
literature on financial inclusion and the green economy has traditionally concentrated on
the role of conventional banking infrastructure (ATMs, branches) in enabling green invest-
ments, largely overlooking the transformative potential of digital delivery channels (Le et
al. 2020; Singh et al. 2023).

Emerging scholarship begins to bridge this divide. Gyamfi et al. (2025) demonstrate
that the effectiveness of public—private partnerships and technological innovation in driv-
ing renewable energy adoption is conditional on economic thresholds, suggesting that the
manner in which investment is channeled matters as much as its volume. Similarly, Yadav
et al. (2024a, b) reveal that the impact of renewable energy investment on CO: emissions
is significantly moderated by governance effectiveness and green finance, a finding that
underscores the importance of the institutional and financial context within which green
investments occur. Extending this logic, Yadav et al. (2025) show that green innovation’s
influence on ESG performance is amplified by policy frameworks such as the Paris Agree-
ment, while Yadav et al. (2024a, b) provide evidence from BRICS nations that financial
development, particularly domestic credit, positively shapes renewable energy consumption
patterns.

Collectively, these studies point toward a unifying theme: the environmental outcomes
of financial flows are not determined solely by their magnitude, but by the intermediating
structures—technological, institutional, and financial, that govern them. Yet, none explic-
itly examines the joint effect of fintech and financial inclusion as a unified framework. This
paper addresses this gap by positing that the interaction between digital financial innovation
and traditional financial access creates synergistic (or substitutive) dynamics that funda-

@ Springer



Integrating digital financial inclusion for a greener economy in...

mentally alter the translation of financial services into green outcomes. By formalizing this
interplay through interaction terms and applying robust panel econometrics to a broad sam-
ple of developing nations, we provide the first systematic evidence on this critical nexus,
thereby consolidating the disparate strands of literature and positioning our contribution at
the frontier of the emerging scholarship on digital green finance. By systematically com-
paring the distinct effects of conventional financial inclusion (ATMs, branches) versus its
interaction with fintech, our study moves beyond prior work that has either examined fintech
in isolation (Croutzet and Dabbous 2021; Tao et al. 2022) or focused on aggregate financial
development (Mehmood et al. 2025; Yasin et al. 2025). The key novelty lies in demon-
strating that traditional inclusion “alone” is negatively associated with renewable energy,
whereas its synergy with fintech yields positive outcomes, a finding that reframes the debate
on financial inclusion and green development.

Hypothesis 3 The interplay between fintech and financial inclusion generates synergistic
effects that amplify access to green financing, resulting in greater energy productivity and a
more reliance on renewable energy, promoting on environmental sustainability in develop-
ing economies.

3 Materials and methods
3.1 Data

This research seeks to explore the influence of financial technology (fintech) and financial
inclusion on the green economy in developing countries. The objective is to analyze the
reciprocal effects of fintech and financial inclusion on the adoption of renewable energy
and energy efficiency. The study utilizes a panel data from 85 nations categorized as low,
lower-middle, and upper-middle income, covering the years 2011, 2014, 2017, and 2021.
The choice of these specific years is determined by data availability, as information regard-
ing the key fintech variables is limited to these periods due to nationally representative
surveys conducted during these times. This data structure, dictated by the Global Findex
survey schedule, is a key limitation, capturing relationships at discrete intervals rather than
a continuous time series.

The primary variables of interest include fintech and financial inclusion, focusing on
both access and usage metrics, along with various elements that affect renewable energy and
energy production. Fintech is operationalized through two distinct measures that capture
critical aspects of digital financial services. These measures assess consumer engagement in
electronic transactions and e-commerce, which are vital for promoting fintech and improv-
ing financial inclusion. The indicators used are: (1) the proportion of individuals aged 15
and older who have participated in digital payments, and (2) the percentage of individuals
utilizing a mobile device or the internet to make online purchases'. The two fintech prox-
ies are selected for their conceptual relevance to green investment: they capture active user
engagement in transactions directly tied to renewable energy (e.g., pay-as-you-go solar) and

"Recent empirical studies have used these indicators asproxies for fintech development (Azmeh, 2025a,
2025b; Azmeh and Al-Raeei, 2024; Ben Romdhane et al., 2024; Nourallah et al., 2024; Thakkar and Bhuyan,
2024).
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green e-commerce. Alternative measures like mobile banking conflate account ownership
with usage, while fintech lending data lack cross-country consistency. This choice aligns
with the Financial Stability Board’s focus on technology-enabled financial services that
shape economic behavior (The Financial Stability Board, 2021).

Financial inclusion is evaluated through access indicators, including the number of
ATMs and commercial bank branches per 100,000 adults, as well as the ratio of formal bank
accounts per 1000 adults. Renewable energy levels are quantified by the share of renewable
energy supply as a percentage of total energy supply, while energy productivity is assessed
by comparing economic output (GDP) to total energy consumed (GDP per unit of Total
Energy Supply, or TES)*> . Additional variables such as GDP growth, investment, trade,
financial development, and population growth are obtained from the World Bank database
(WDI). For more detailed statistical information, please refer to Table 1.

We construct a correlation matrix to check the strength of the relationship between
the covariates to check for multicollinearity. The results shown in Table 2 presents an in-
depth analysis of the relationships among the variables involved that define their respective
relationship.

As shown in Table 2, the analysis indicates that there is no issue of multicollinearity
among the variables. None of the variables exhibit strong correlations with each other, with
the exception of the relationship between Accounts and the Fintech variable (MoRdig),
which exceeds 0.7 (in bold). Correlation coefficients above 0.7 may indicate potential multi-
collinearity concerns (Field 2024). In fact, Multicollinearity inflates standard errors, leading
to less precise estimates, but does not introduce bias. To further investigate multicollinearity,
a Variance Inflation Factor (VIF) test was conducted, yielding an average VIF value of 3.56
for all independent variables, which is below the commonly accepted threshold of 10. How-
ever, additional analysis revealed that the VIF for the variables (MoRDig and Accounts)
surpassed the 10 threshold, indicating significant multicollinearity (O’Brien, 2007). Given
the strong multicollinearity between these two variables, we decided to exclude (Accounts)
from our analysis to mitigate the impact of multicollinearity on the results and reduce the
risk of bias and instability in the regression outcomes. This approach enhances the reliability
and robustness of the study’s findings. A summary of the VIF test results can be found in
Table 3.

3.2 Methodology

Our research employs the panel-corrected standard error (PCSE) method, following Beck
and Katz (1995), to address autocorrelation within the dataset, ensuring that we obtain unbi-
ased parameter estimates and precise standard error calculations. This technique is particu-
larly well-suited for examining dynamic heterogeneous panel data, where observations may
exhibit temporal correlation and possess distinct individual characteristics. By incorporating
both panel-specific and time-specific fixed effects, the PCSE method effectively accounts
for unobserved heterogeneity and factors that change over time, which could affect the rela-
tionships between variables. Additionally, we have utilized the Feasible Generalized Least
Squares (FGLS) method as a robustness check, enhancing estimation efficiency by tackling
potential heteroskedasticity and autocorrelation present in the panel data (Greene 2012).

2[1]Nemours Studies have used this indicator to measure energy productivity andrenewable energy (Ding et
al., 2021; Makieta et al., 2022; Vo andVo, 2021; Yang et al., 2022)
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Table 1 Descriptive statistics

Variable Variable Abbreviation Definition Source Mean Std.
catergory Dev.
Green Energy EnergyP Energy productivity, GDP per OECD 9621.63 4197.54
Economy  Productivity unit of TES

Renewable  REnergy Renewable energy supply, % OECD 36.15 31.39

Energy total energy supply
Fintech Made or MoRDig Share of people who use mo- GFD 39.85 21.28

received bile money, a debit or credit

a digital card, or a mobile phone to

payment make or receive a payment

from an account

Used amo- UseMob The percentage of respon- GFD 11.99 12.34

bile phone dents who report using a

or the inter- mobile phone or the Internet

net to buy to buy something online in

something the past year.

online
Financial  No. of ATM Number of Automated WDI 32.53 27.29
Inclusion  ATMs teller machines (ATMs) (per

100,000 adults)

No. of Branches Number of Commercial bank WDI 13.07 12.44

Branches branches (per 100,000 adults)

No. of Accounts Account ownership at a GFD 44.86 23.25

Accounts financial institution or with

a mobile-money-service
provider (% of population
ages 15+)

@ Springer



C. Azmeh

Table 1 (continued)

Variable Variable Abbreviation Definition Source Mean Std.
catergory Dev.
Control Domestic DCredit Domestic credit to private WDI 40.29 32.40
Variables  credit to pri- sector by banks refers to

vate sector financial resources provided

to the private sector by other

depository corporations

(deposit taking corporations

except central banks)
GDP growth GPDG Annual percentage growth WDI 4.84 9.67
(annual %) rate of GDP at market prices

based on constant local cur-

rency. Aggregates are based

on constant 2015 prices,

expressed in U.S. dollars.

Gross capi-  Investment consists of outlays on addi- ~ WDI 25.04 8.30
tal formation tions to the fixed assets of the
(% of GDP) economy plus net changes in

the level of inventories
Trade (% of Trade Trade is the sum of exports WDI 72.62 30.56
GDP) and imports of goods and

services measured as a share

of gross domestic product.
institutional  Institutions Aggregate of six institu- WGI -0.55 0.55
quality tional indicators: rule of law,

government effectiveness,

political stability, regulatory

quality, control of corruption,

and voice and accountability.

Population  PopG Annual population growth WDI 1.46 1.50
growth (an- rate for year t is the exponen-
nual %) tial rate of growth of midyear

population from year t-1 to t,
expressed as a percentage

This table presents the dependent variables and the explanatory variables that we used in this research, their
definitions, abbreviations, and sources of data. OECD stands for Organization for Economic Cooperation
and Development database, WDI stands for World Development Indicators, GFD stands for Global Findex
database, and WGI stands for World Governance Indicators

The choice of PCSE and FGLS is driven by the structure of our data: a moderately sized
cross-Sect. (85 countries) with few time points (four) and likely contemporaneous correla-
tion across countries (e.g., global financial or energy shocks). PCSE provides consistent
standard errors under these conditions, while FGLS offers efficiency if the error structure
is correctly specified; presenting both thus demonstrates robustness. This comprehensive
approach ensures the robustness and dependability of the estimated model, making it ideal
for long-term analysis and a credible choice for panel data studies (Adeleye et al. 2023).
To investigate the specific impacts of fintech and financial inclusion on renewable energy
and energy productivity, we have developed a mathematical framework to thoroughly eval-
uate their effects. In this analytical framework, the primary variables include Energy, rep-
resenting renewable energy and energy productivity, FiT denoting fintech, Fil signifying
financial inclusion, and Z encompassing a set of control variables. Here, v represents the
error term, A is the intercept, 0 is the coefficient associated with fintech, ¢ is the coefficient
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linked to financial inclusion, and § is a vector of coefficients for the control variables. The
subscripts (i) and (t) refer to the specific country under analysis and the corresponding time
period, respectively. Consequently, the model can be expressed in the following forms:

Renewable Energy it = a + B Fintech it + v Financial inclusion it
+ ¢ Investment it + ¢ Trade it + ¢ Institutions it
+ A\ Population growth it + xGDP growth it M
+ Y Domestic Credit it + pi + 1t + it

Energy Productivity it = a + 8 Fintech it + v Financial inclusion it
+ ¢ Investment it + ¢ Trade it + ¢ Institutions it
+ X Population growth it + xGDP growth it
+ Y Domestic Credit it + pi + 7t + git

2

With Fintech and financial inclusion integrated into our research framework, it enables the
thorough investigation of their complex relationship with renewable energy and energy pro-
ductivity. This was done by adding interaction terms as separate variables in the regression
analysis to check their importance. By looking at the interaction coefficient, one can quan-
titatively show its influence on our results.

Renewable Energy it = a + B Fintech it + v Financial inclusion it
+ ¢ Investment it + ¢ Trade it + ¢ Institutions it
+ A\ Population growth it + xGDP growth it
+ Y Domestic Credit it 3)

+ / Fintech % Financial inclusion it

+ pt 4+ Tt + git

FEnergy Productivity it = a + 3 Fintech it + v Financial inclusion it
+ ¢ Investment it + ¢ Trade it + ¢ Institutions it
+ X Population growth it + xGDP growth it
+ Y Domestic Credit it 4)

+ /Fintech * Financial inclusion it
+ pe 4+ Tt 4 et

Our examination primarily centers on Egs. (3 and 4) to assess the sign and statistical sig-
nificance of the interaction coefficients that illustrate the connection between fintech and
financial inclusion within the framework of renewable energy and energy productivity. This
connection can be interpreted as either complementary or substitutive, based on the sign of
these coefficients. A negative coefficient suggests that fintech has a more substantial impact
on renewable energy and energy productivity in countries with underdeveloped financial
inclusion systems, indicating a substitutive relationship. Conversely, a positive coefficient
indicates that fintech exerts a greater influence on renewable energy and energy produc-
tivity in nations with robust financial inclusion frameworks, reflecting a complementary
relationship.
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Table 3 Variance Inflation Factor  vriable 1) ) (3)
(VIF) MoRDig 11.58 2.68
Accounts 10.14 2.35
UseMob 341 3.29 2.77
ATM 2.74 2.79 2.66
PopG 2.06 2.01 1.90
DCredit 1.88 1.69 1.66
Branches 1.62 1.62 1.59
Institutions 1.56 1.52 1.56
(1) the full model with all GDPG 1.54 1.25 1.26
variables, (2) the model Trade 1.41 1.32 1.31
g e e 17
Mean VIF 3.56 1.93 1.82

excluding “MoRDig” variable

In our investigation of the effects of fintech and financial inclusion on renewable energy
and energy productivity, we utilize the panel-corrected standard error (PCSE) and feasible
generalized least squares (FGLS) methodologies. Across twelve iterations, we perform six
regressions using PCSE and six using FGLS to evaluate the influence of various factors
on our two dependent variables: renewable energy and energy productivity. We begin by
incorporating control variables alongside those related to fintech and financial inclusion
in our analysis. Subsequently, we introduce interaction terms such as (MoRDig*ATM,
MoRDig*Branches, UseMob*ATM, and UseMob*Branches) one at a time to further explore
their impacts. As previously noted, we omit the interaction between (MoRDig* Accounts)
due to significant multicollinearity.

4 Results
4.1 Mutual impact of fintech and financial inclusion on renewable energy

The examination of the impact of fintech and financial inclusion on renewable energy sup-
ply is based on the regression findings presented in Tables 4 and 5. Across various model
specifications, we consistently found that indicators of financial inclusion, particularly the
quantity of ATMs and bank branches, have a negative and significant effect on renewable
energy supply in most instances. This surprising outcome suggests that merely enhancing
access to conventional financial services may not necessarily promote greater adoption of
renewable energy in the countries studied. In terms of fintech, the proxy variables—MoR-
Dig and UseMob—exhibit a notable negative effect on renewable energy supply, particu-
larly when bank branches are considered as a measure of financial inclusion. However, the
interaction terms between fintech and financial inclusion (in bold) reveal important insights,
indicating a statistically significant positive influence on renewable energy supply. This
implies a complementary relationship in which fintech innovations improve the effective-
ness of financial inclusion efforts in stimulating investments in renewable energy. For exam-
ple, a simultaneous 1% increase in both digital payments (UseMob) and the number of bank
branches (Branches) results in a 0.11% increase in the share of renewable energy supply
relative to total energy supply.
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4.2 Mutual Impact of Fintech and financial inclusion on energy productivity

The evidence from Tables 6 and 7 shows a consistent, if intricate, pattern across both esti-
mation approaches. What stands out most clearly is that the interaction between fintech and
financial inclusion (in bold) has a statistically meaningful influence on energy productivity,
reliably offsetting the negative effects observed when each is examined alone. Once interac-
tion terms enter the models, the coefficients for MoRDig and UseMob, typically negative
and significant in baseline specifications, become noticeably smaller when paired with ATM
density or branch presence. To illustrate, under FGLS the negative effect of MoRDig on
energy productivity drops by roughly half once its interaction with ATMs is included (fall-
ing from —60.01 to —26.20), and the interaction term itself is positive and significant in
several specifications. This points to a complementary relationship: a well-developed digital
payments ecosystem appears to amplify the role of traditional banking infrastructure in rais-
ing energy productivity. Although individual coefficients differ across model variants, the
consistently signed and significant interaction terms, supported by both PCSE and FGLS,
lead to a clear takeaway. Blending fintech innovations with conventional financial access
can go a long way toward tempering the downsides of each on energy productivity, creating
synergies that advance a greener economy.

5 Discussion

The present findings contribute to the growing body of literature exploring the relation-
ships among fintech, financial inclusion, and the green economy. Previous research has
indicated that financial inclusion is frequently associated with enhanced energy efficiency
and reduced carbon emissions (Sadorsky 2011; Dogan et al. 2021; Ozturk and Ullah 2022).
However, the specific impacts of fintech and financial inclusion on the uptake of renewable
energy and energy productivity have not been comprehensively investigated until now. Our
results are notable for emphasizing the synergy between fintech and financial inclusion,
revealing a dual opportunity to promote investment in sustainable practices.

Interestingly, the identified negative correlation between financial inclusion and renew-
able energy suggests that merely expanding access to traditional financial services may
not suffice to advance environmental progress in developing areas. This counterintuitive
outcome can be traced to several underlying factors. For instance, traditional banking infra-
structure (such as ATMs and branches) tends to cluster in urban and industrial zones, cater-
ing to established firms in carbon-intensive sectors (Sadorsky 2011). These institutions also
rely heavily on collateral-backed lending and standardized credit procedures, which are
poorly suited for the small-scale, decentralized renewable projects common in develop-
ing economies (Relva et al. 2021). Moreover, the overhead costs of maintaining physical
networks can crowd out specialized green lending, while the absence of digital integration
limits access for off-grid and low-income households. Finally, a dense network of ATMs
and branches may signal a financial system still anchored in fossil-fuel incumbency, where
entrenched interests and legacy portfolios slow the reallocation of capital toward cleaner
alternatives (Tao et al. 2022). Moreover, the negative direct effect of fintech on energy
productivity in some specifications, while seemingly counterintuitive, can be explained by
rebound effects: the expansion of digital financial services often increases overall energy
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consumption through higher usage of electronic devices, data centers, and network infra-
structure—especially in contexts where electricity grids remain fossil-fuel dependent. Taken
together, these insights suggest that traditional financial inclusion, without complementary
digital innovation, can inadvertently perpetuate the very barriers it aims to overcome, rein-
forcing the need for the integrated, fintech-enabled approach we propose.

In addition, our analysis indicates that the innovative capabilities of fintech can enhance
the environmental benefits of financial inclusion, stimulating investments in clean energy
and improving energy productivity. Our study distinguishes itself from prior research by
highlighting this interaction as not only significant but essential for advancing green eco-
nomic initiatives in developing countries. Many existing studies have primarily focused on
the individual effects of financial inclusion or fintech, neglecting their combined potential to
drive sustainable outcomes. This unique perspective demonstrates how institutional frame-
works, investment channels, and economic activities can be transformed through integrated
strategies that harness digital finance and inclusion. Lastly, we should note that, while our
findings reveal robust correlations, causality cannot be established. Potential reverse causal-
ity (e.g., green policy leadership fostering fintech) and omitted variable bias (e.g., energy
prices, cultural factors) may influence results. Hence, Policy implications are therefore
offered as evidence-consistent directions, not definitive causal prescriptions.

6 Conclusions

This study explores the relationship between financial technology (fintech), financial inclu-
sion, and the green economy in developing countries. We formulated three key research
questions to understand how fintech and financial inclusion influence renewable energy
adoption and energy productivity: (1) the contribution of fintech innovations to renewable
energy and productivity (H1); (2) the effect of financial inclusion on energy-efficient tech-
nologies (H2); and (3) the synergistic impact of fintech and financial inclusion on green
technology investments (H3).

Analyzing data from 85 developing nations across four years (2011, 2014, 2017, 2021)
using robust econometric methods (PCSE and FGLS), we found a complex relationship
between financial inclusion—particularly the availability of ATMs and bank branches—and
renewable energy supply, with an unexpected negative correlation suggesting that merely
increasing access to traditional financial services is insufficient for promoting cleaner energy
transitions. Hence, our findings must be interpreted in light of this panel structure, which
provides a correlational snapshot and limits causal inference.

Our results indicate that fintech innovations, such as digital payments and online pur-
chasing, can enhance financial inclusion efforts. The interaction analysis reveals that these
advancements create complementary effects, linking increased digital financial activities to
improved renewable energy supply. Additionally, while fintech appears to negatively impact
energy productivity in various models, incorporating interaction terms with financial inclu-
sion indicators suggests that fintech innovations may mitigate these negative effects. This
underscores the potential for policy actions that align fintech initiatives with financial inclu-
sion strategies to enhance energy productivity and foster sustainable economic outcomes.
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6.1 Policy implications

These findings call for policy frameworks that move beyond treating financial inclusion
and fintech as separate tracks, instead using their interaction as the focal point. The evi-
dence shows that while conventional bank branches and ATMs alone can obstruct renewable
energy adoption, pairing them with digital tools yields clear gains. To act on this, regulators
could push banks to turn their physical networks into hubs for digital green finance, requir-
ing, for example, that a share of branch advisory work promotes fintech-backed products
like pay-as-you-go solar. Alongside this, tax breaks, cheaper refinancing, or lighter capital
requirements could reward institutions that team up with fintech firms to extend renewable
energy loans, directly countering the drag we see from traditional infrastructure when it
operates on its own.

Equally important are sandboxes where banks and fintech startups can test hybrid mod-
els, using branches as collection points for digital green savings or crowdfunding, backed
by clear environmental metrics to keep efforts on track. Governments can also tilt the play-
ing field through procurement, giving preference to banks whose fintech-facilitated green
lending outpaces their branch footprint. By shaping policy around the specific dynamic
uncovered here, where traditional access alone works against green goals but its combina-
tion with fintech unlocks progress, policymakers can turn existing financial infrastructure
into a genuine driver of the clean energy transition.

6.2 Futureinsights

Further research is essential to deepen our understanding of the impact of fintech and finan-
cial inclusion on the green economy. Future studies should investigate the long-term effects
and evaluate the influence of emerging fintech trends, such as decentralized finance (DeF1i)
and the role of artificial intelligence in finance, on sustainability outcomes. Additionally, it
would be advantageous to explore how cultural, political, and institutional contexts shape
the relationship between fintech and financial inclusion across different developing econo-
mies. Moreover, we suggest a future study with more granular, high-frequency data that
would allow for dynamic modeling and causal inference. Moreover, while our panel fixed-
effects estimates provide robust average effects, developing countries are inherently hetero-
geneous in their institutional, economic, and technological contexts. Future research could
complement aggregate findings with country-specific context to illustrate how the synergis-
tic impact of fintech and financial inclusion on renewable energy and energy productivity
varies across different stages of development, thereby offering more granular policy insights
tailored to local conditions. Addressing these questions will provide valuable insights that
can assist policymakers in formulating more effective strategies for sustainable economic
development in the face of pressing climate challenges.
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