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In the pursuit of sustainable development, green productivity has emerged as a
crucial concept, bridging the gap between ecological conservation and
economic prosperity to foster both environmental protection and human
welfare. This research undertakes an in-depth exploration of the intricate
associations among natural resource utilization, the forces of globalization,
advancements in financial technology (fintech), human development, and
green productivity within the ASEAN region during the period from 2000 to
2021. Employing advanced econometric techniques such as the Augmented
Mean Group (AMG), Common Correlated Effects Mean Group (CCEMG), Fixed
Effects modeling, and the Moments Quantile Regression (MMQR) to dissect panel
data, the study aims to decipher the multifaceted impacts of these variables on
environmental sustainability. The results reveal that overreliance on natural
resources and the process of globalization pose challenges to green
production, while economic expansion and human development initiatives act
as catalysts for sustainability. The symbiotic relationship between human
development and green business practices further accentuates the
importance of holistic policy formulation. Notably, the findings highlight that
the implementation of stringent environmental regulations and the adoption of
sustainable resource management strategies not only enhance green production
but also stimulate economic growth without compromising environmental
integrity. This study not only enriches the theoretical framework of ecological
economics but also uncovers the critical interdependencies of sustainability
components within the ASEAN context. By spotlighting the necessity for
integrated policies that harmonize economic and environmental objectives,
this research offers valuable insights to policymakers striving to achieve
sustainable development in the region. Moreover, it emphasizes the urgency
of a comprehensive approach to address the sustainability conundrums faced by
ASEAN nations, paving the way for future investigations into the complex web of
multiple sustainability issues prevalent in developing economies.

fintech, sustainable development, green productivityy, human development,
globalization natural resource use negatively impacts green productivity
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1 Introduction

Since the 1960s, there has been a natural disaster and asset
conflict that has resulted in loss of biodiversity, land becoming
deserted, diminished resource availability, and worldwide warming.
These issues require immediate global resolution (Chiu and Lee,
2020; Hao et al.,, 2018; Wang et al., 2022; Wen et al., 2022). Many
nations have started to develop their green economies, which refer to
collaboration in the expansion of the economy, goods and services,
and ecological landscape, to deal with the shifting climate worldwide
and growing ecological hazards as well as to accomplish the
environmentally encompassing progress towards the Sustainable
Development Goals (SDGs) (Dai et al., 2025; Li et al,, 2025; Zhu
et al., 2024). Thus, green productivity is a crucial indicator of how
well a nation manages environmental issues, enhances its
sustainability, and maintains sustainable economic growth
(Degirmenci et al., 2024a; Eweade et al, 2024a). Consequently,
policymakers and academics are paying close attention to the
question of how to encourage growth in green productivity (GP),
as it is widely seen as crucial in the current stage of financial growth.
When energy and the environment emerge as the primary drivers of
GDP growth, their dearth is especially pronounced since part of the
inputs used in production must now be transferred to
environmental governance activities, which results in inaccurate
policy recommendations (Anser et al., 2024; Liu et al., 2020a; Shen
etal, 2024). The concept of “green productivity,” which was first put
forth by the Asian Productivity Organization in the 1990s, can easily
address this constraint. Thus, the term “green productivity”
describes a flexible approach that both enhances its green
credentials and production. Since then, a great deal of study has
been done on measuring the increase in GP to evaluate the economic
system’s sustainability (Liu et al., 2020a; Xia and Xu, 2020; Yan
et al., 2020).

The Association of Southeast Asian Nations is regarded as a
major macroeconomic union, with a cumulative GDP growth of
5.2% (FocusEconomics, 2018; Ozkan et al., 2024). Tt is anticipated
that development will proceed at this rate (Eweade et al., 2024b).
Given the robust economies of ASEAN and other Asian regions,
it is hardly unexpected that the 21st century has been called the
Asian Century (Degirmenci et al., 2025; Nathaniel and Khan,
2020). Though this increase in fiscal activity is commendable,
there may be significant ecological consequences. According to
the (ASEAN Centre for Energy, 2015), there are alarming
concerns that the upward excess power in the environment’s
degradation is due to ASEAN’s economic expansion. The
ASEAN’s economic boom, which is fueled by the use of fossil
fuels, has been connected to the region’s latest run of catastrophic
disasters (Awosusi et al., 2024; Degirmenci et al., 2024b;
Rosenzweig et al., 2010).

Fin-tech (financial technology) refers to the technology used to
provide financial services (Razzaq et al., 2023; Usman et al,, 2024).
Its emergence offers numerous opportunities, as technology enables
banking and insurance firms to streamline processes and deliver
solutions efficiently (Nenavath and Mishra, 2023). However,
ongoing research aims to fully understand fintech’s impact on
creating a robust, sustainable economic development framework.
Fin-tech encompasses various innovations, such as artificial
intelligence, big data, and mobile access, significantly influencing
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industry growth and operations (Eweade et al., 2024¢; Ignatyuk et al.,
2020; Lisha, Mousa, Arnone, Muda and Huerta-Soto, 2023).

Fin-tech simplifies investment access for small investors and
addresses  unmet financial needs, driving  sustainable
competitiveness by transforming financial services (Degirmenci
et al, 2024a; Karim et al, 2022). According to (Damak and
Eweade, 2024; Udeagha and Muchapondwa, 2023), sustainable
growth models could generate nearly $12 trillion annually by
2030. Table 1 illustrates the rising patterns of Internet users (%
of the population), domestic credit to the private sector, and mobile
subscriptions in select ASEAN nations from 2000 to 2021.

In addition to fin-tech, several additional elements play a role in
reaching GP. Research revealed that nations had taken advantage of
natural resources (NR) to achieve long-term economic growth (Haddad
and Hornuf, 2019; Song et al., 2011). This has led to pollution in the
nation and is a result of older industries’ lack of technological
innovation and energy efficiency. A country’s ability to survive and
prosper depends on how far it can take its economy to advance in the
international arena (Eweade et al,, 2024a; Xuan et al., 2023). According
to (Y. Wang et al,, 2020; Abid et al., 2023), the utilization of naturally
occurring assets, such as coal, oil, natural gas, and other resources,
known as fossil fuels, is crucial in economic activity and global warming,
which in turn influences total economic development. Although a
nation’s prosperity depends on its natural resources, this dependence
also carries concerns for the population’s welfare and future
advancement. These risks stem from the negative impacts of
resource utilization on the climate, natural components, living
things, and physical resources. These elements support economic
thinking and serve as the cornerstone of welfare and public strength
(Huang et al, 2022). These abundant natural resources eventually
release greenhouse gases that contribute to pollution and sea level
rise. By improving the human development index (HDI) and
employing financial technology to revolutionize the extraction of
natural resources, it is possible to mitigate these negative effects and
promote environmentally sustainable expansion of the economy.

ASEAN is an ideal case study due to its dynamic economic
growth and the unique challenges it faces regarding resource
dependency, environmental sustainability, and green productivity.
The region is home to diverse economies, ranging from highly
developed countries like Singapore to emerging markets such as the
Philippines and Vietnam, each with varying levels of technological
development, natural resource utilization, and environmental

TABLE 1 Technological development in the ASEAN region.

Country Year Ul DCPS MCS
Malaysia 2000 21.39 126.73 5121748
Malaysia 2021 96.75 127.51 47201700
Singapore 2000 36.00 96.05 2747400
Singapore 2021 96.93 107.88 8761900
Thailand 2000 3.69 105.12 3056000
Thailand 2021 85.27 126.93 120850000
Philippines 2000 1.98 35.61 6454359
Philippines 2021 52.68 49.94 163345244
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Conceptual framwork.

concerns. ASEAN countries are also committed to ambitious climate
goals, including carbon neutrality and sustainable economic
development, making the region an important focus for studying
the intersection of fintech, natural resources, and green productivity.
Additionally, ASEAN’s collective commitment to achieving the
Sustainable Development Goals (SDGs) and addressing global
environmental challenges positions it as a critical area for
examining the role of innovation and policy in advancing
green economies.

The goal of the current study is to learn more about how green
finance policies have evolved and how that has affected the GP change
of seven ASEAN countries between 2000 and 2021. Aiming for a carbon
emissions peak before 2030, these Asian nations committed to the
2015 Paris Climate Change Conference. They should declare their
intention to reach carbon neutrality by 2060, as this will help hasten the
process of reducing CO, emissions. In addition to addressing the
pressing economic and environmental issues necessary to fulfill the
aforementioned pledges, investigating a workable model for green
development will provide ASEAN member nations with models to
follow to implement their green economy transformations and advance
green development. This encourages us to evaluate green total factor
productivity (GTFP) and look into the factors that influence GTFP
concerning the two main goals of carbon neutrality and economic
development. Figure 1 is the complete conceptual framework.

There are four additional sections throughout the entire study.
The review of the literature for each factor influencing GP is covered
in the second section. The theoretical context and the methodology
are covered in the third section, the fourth section discusses the
empirical results. The final component of the report offers
recommendations for the future and policy consequences.

2 Literature review and theoretical
background

This section reviews empirical studies on the effects of
globalization, fintech, natural resource consumption, economic
growth, and the Human Development Index (HDI) on green
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productivity in developing countries. Over time, researchers and
policymakers have emphasized the importance of resource
availability and environmental sustainability. For example,
Ahmad et al. (2020) examined the link between natural resource
consumption and ecosystem degradation in 22 emerging economies
from 1984 to 2016, suggesting that technological advancements can
help restore ecological balance and reduce environmental harm.
Similarly, Erdogan et al. (2020) analyzed 23 Sub-Saharan African
countries from 1980 to 2016 and found that increased investment in
natural resource exploitation leads to higher carbon emissions.
Green productivity is closely tied to the use of natural resources,
particularly in sectors such as oil and gas, and aims to integrate
environmental sustainability into economic growth. The core goal of
GP is to support economic development while reducing resource

depletion and environmental damage Cheng et al. (2020).

H1: Natural resource use negatively impacts green productivity.

Sustainable indicators support knowledge sharing, and
corporate responsibility in the oil sector enhances sustainability.
Globalization and economic growth can reduce CO, emissions,
while renewable energy improves environmental quality (Bloch
et al, 2015; Liu J. et al., 2020; Liu et al,, 2020c). Although trade
and FDI may initially increase emissions, they can later reduce
pollution through technology transfer (Shahbaz et al, 2019
Acheampong et al., 2019; Twerefou et al, 2017). However,
limited research links globalization directly to green productivity.
Evidence from ASEAN and OIC countries shows economic
growth, while

globalization have mixed effects.

globalization supports social and political

H2: Globalization reduces green productivity through higher
resource use.

Advancing human development and globalization—through
improved wellbeing, freedom, and opportunity—is vital for
economic progress, especially in regions like BRICS. HDI plays a
key role in driving sustainable economies by providing resources
and knowledge. Prior studies have shown that human and physical
capital boost economic growth, and HDI is widely recognized as a
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key driver of global development. However, its role in green
productivity (GP) in ASEAN remains underexplored. This study
addresses that gap by examining HDI as a comprehensive indicator
for the region.

H3: Human capital development favorably influences GP in
ASEAN countries.

A robust finance sector can significantly drive green growth,
with fintech (FNT) promoting financial inclusion through
technologies like IoT, Blockchain, and AL ENT can fund green
infrastructure projects, and tools like crowdfunding can help meet
environmental, social, and governance (ESG) obligations (Chueca
Vergara and Ferruz Agudo, 2021). Fintech also enhances banks’
performance and supports cost-saving initiatives (Hammadi and
Nobanee, 2019). As a key driver of the fourth industrial revolution,
ENT fosters financial innovation through advanced service models
that can transform the financial industry (Nenavath, 2022; Shin and
Choi, 2019). Similarly (Zhang et al., 2020), studied the impact of
financial technology on household income in China between
2010 and 2014, while other studies explored fintech’s influence
on EG in various countries (Deng et al., 2019; Ding et al., 2022;
Li et al, 2019; Ye et al., 2022).

H4: Fintech development positively promotes GP in ASEAN.

2.1 Conceptual and theoretical background

The choice of natural resource consumption, globalization,
fintech, human development (HDI), and economic growth is
grounded in the frameworks of ecological economics and
endogenous growth theory, both of which emphasize the
interdependence between economic activities, technological
innovation, and environmental sustainability (Li et al., 2024;
Lisha, Mousa, Arnone, Muda, Huerta-Soto, et al., 2023; Romer,
1994; Zhou et al., 2024). These theories provide a holistic lens for
analyzing how socio-economic variables influence green

productivity (GP) and broader sustainability outcomes,
particularly in emerging regions such as ASEAN. Natural
resource consumption is central to the resource curse
hypothesis, which posits that excessive reliance on natural
resources often leads to poor economic performance and
environmental degradation due to weak institutions, rent-
seeking behavior, and limited diversification (Ploeg, 2011;
2001). In the
productivity, overextraction of natural resources especially

fossil fuels and deforestation can hinder eco-efficiency and

Sachs and Warner, context of green

damage ecological resilience (Adebayo et al, 2025; Ozkan
et al., 2024). Globalization has both positive and negative
environmental implications, as it can promote the spread of
green technologies through trade and foreign investment
(technology diffusion effect), but may also lead to increased
pollution due to expanded industrial activity and relaxed
environmental regulations (scale and composition effects)
(Frankel and Rose, 2005). The pollution haven hypothesis
suggests that countries with lax environmental regulations
industries, thereby amplifying

may attract polluting

environmental degradation.
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Fintech, as an emerging force in financial innovation, plays a
critical role in facilitating green finance, promoting inclusive access
to sustainable investments, and enhancing transparency through
digital tools such as blockchain, AI, and mobile banking (Deng
et al, 2019; Ding et al., 2022). Fintech platforms are increasingly
linked to sustainable development by enabling small-scale
enterprises and individuals to participate in low-carbon projects
and improve environmental outcomes. Human development,
captured by HDI, reflects progress in education, health, and
income key enablers of environmentally responsible behavior.
Higher levels of human capital are associated with greater
awareness of environmental issues, stronger demand for clean
technologies, and improved institutional capacity to enforce
sustainability policies (Chankrajang and Muttarak, 2017). As
such, HDI serves as a proxy for a country’s ability to pursue
green development pathways.

Economic growth is included based on the Environmental
Kuznets Curve (EKC) hypothesis, which suggests an inverted
U-shaped
degradation. Figure 2, it is the trend of natural resources
consumption in ASEAN countries during 2000-2021. At early
stages of growth, environmental harm tends to rise, but beyond a

relationship between income and environmental

certain income threshold, societies invest more in environmental
protection and adopt cleaner technologies (Dinda, 2004; 2005;
Grossman and Krueger, 1995). Understanding this dynamic is
essential for examining whether growth in ASEAN economies
supports or undermines green productivity.

2.2 Study contributions and literature gap

This study offers a significant contribution to the literature on
sustainability, green productivity (GP), and economic development in
ASEAN countries by integrating key variables namely; natural resource
consumption, globalization, fintech, HDI, and GP into a unified
framework. It supports established theories like the resource curse
hypothesis and the Environmental Kuznets Curve, showing that
resource dependence can hinder GP, while economic growth and
human development promote sustainability. By applying advanced
econometric methods such as Fixed Effects and Moments Quantile
Regression (MMQR), the study ensures methodological rigor and
captures dynamic relationships using panel data. It also accounts for
cross-sectional dependence and slope heterogeneity, reflecting the
interconnected nature of ASEAN economies. This research addresses
existing gaps by exploring the underexamined roles of fintech,
globalization, and human development in influencing GP. It
broadens the understanding of fintech beyond digital finance and
highlights ASEAN’s overlooked position in the sustainability
literature, offering fresh insights into regional challenges and
opportunities.

3 Empirical data and methodology
3.1 Data statistics

The study considers annual data from 2000 to 2021 for all
seven ASEAN nations. The data’s accessibility affected the
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The trend of natural resources consumption in ASEAN countries during 2000-2021.

TABLE 2 Data source and variables.

Acronym  Variables Proxy and measurement Type of Source of
variable data

GP Green productivity Environment-related technologies Dependent OECD

EG Economic growth GDP per capita (current US $) Control WDI

HDI Human development Human capital index per person Independent Penn World Table
index

NRC Natural resource Natural resource consumption as proxied by total natural resource rents (a Independent WDI
consumption percentage of GDP)

GB Globalization Overall KOF index Independent QoG

ENT Fintech PCA of domestic credit to the bank sector, the number of internet users, and Independent WDI

mobile phone subscribers

Here, QoG: the quality of government institute, WDI: world development indicators, and OECD: Organization for Economic Co-operation and Development.

selection of both the country and the time frame. A few data
points were missing, but they were handled statistically. The
main reasons the ASEAN countries were chosen were their
reliance on mining and agriculture, both of which exacerbate

the region’s already increasing carbon emissions and
deforestation. Again, the ASEAN’s ability to maintain
environmental quality is under threat from declining

biocapacity, depleting natural resource deposits, increasing
CO, emissions and urbanization rate, and inadequate human
capital development (See Table 2 for the dataset’s sources and
parameters).

Before analyzing each variable, we reviewed their measures and
sources. Table 3 presents basic statistics such as standard deviation,
mean, minimum, maximum, and median. The average GP value is
slightly negative (—1.041), suggesting ASEAN nations experienced
more negative impacts on environmental sustainability during the
study period. In contrast, the average GDP growth rate is relatively
high (8.695), indicating strong EG from 2000 to 2021, which may
lead to environmental degradation if unmanaged.

Frontiers in Environmental Science

NRC averages 0.595, suggesting that ASEAN nations are not
at unsustainable usage levels, though outliers may exist. The high
average  globalization index indicates strong
interconnectedness, with both positive and negative

implications for GP. EG shows the highest maximum value,

global

reflecting strong overall economic performance, while NRC
has the lowest minimum value, highlighting significant
variability in resource consumption practices across nations.
Additionally, the HDI standard deviation is nearly zero,
indicating little variation in data points over time.

The parameters under investigation and GP have a positive
correlation except for NRC, according to the correlation analysis in
Table 3. This suggests that these variables are in line with the GP
trend. The rising green productivity in ASEAN countries may also
have contributed to an increase in other factors like HDI, GB, FNT,
and EG. Although the nation’s growing resource extraction is
thought to be profitable, it also decreases GP and reduces
ecological wellbeing in the region, endangering the ecosystem
(Panayotou, 1994).
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TABLE 3 Results of descriptive statistics.

10.3389/fenvs.2025.1576038

GP? EG? NRC? FNT? GB? HDI?

Mean -1.041 8.695 0.595 -0.999 4.185 0.968

Median -1.560 8.360 1.250 -0.290 4.160 0.980

Maximum 3.516 11.261 3.622 1.348 4.428 1471

Minimum -6.061 5.978 -8.684 -9.853 3.729 0.679

Std. Dev 2.351 1.339 2,929 2.150 0.157 0.123

J-B stats 9.410*** 13.950*** 48.490%* 51.530*** 4.900* 30.960***

Skew 0.1217* 0.351* 0.000%** 0.000*** 0.033* 0.000***

Observations 154 154 154 154 154 154

Correlation analysis

GP* 1.000

EG* 0.921*** 1.000

NRC* ~0.480%* —0.390*** 1.000

ENT® 0.020*** ~0.009*** -0.016 1.000

GB® 0.524*%% 0.559**% —0.561%** 0.013*** 1.000

HDI* 0.762*** 0.7464%* -0.439 0.005*** 0.708*** 1.000
Note:

“Indicates a natural logarithmic term. The significance at 1%, 5%, and 10% is denoted by ***, **, and *, respectively.

The correlation matrix reveals no strong multicollinearity, as
most independent variables exhibit correlation values below the
typical threshold of 0.8. Most correlations are below 0.5, with
notable exceptions:

Globalization has moderate correlations with GP (0.524) and EG
(0.559), indicating a positive relationship. HDI shows strong positive
correlations with both green productivity (0.762) and EG (0.746),
suggesting that higher human development correlates with better
environmental and economic outcomes in ASEAN nations. While
these high correlations could imply potential multicollinearity with
HDI, they do multicollinearity =~ among
independent variables.

NRC exhibits weak negative correlations with GP (-0.480) and
EG (-0.390), suggesting that higher NRC is associated with lower
productivity and growth. NRC also has a weak negative correlation

not indicate

with globalization (—0.561) but shows no significant correlation with
fintech (-0.016) HDI (-0.439), indicating minimal
multicollinearity concerns. Fintech displays almost no significant

or

correlations, with only a weak positive correlation with GP (0.020).
Globalization is moderately positively correlated with both GP
(0.524) and EG (0.559), as well as with HDI (0.708), suggesting
that increased globalization may enhance human development
through improved access to resources and technologies.

3.2 Model formation and methodology
estimation

The primary objective of this study is to examine the impact of

total natural rent on green production in ASEAN countries,
specifically in light of fintech advancements. Financial technology
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is essential for both energy conservation and EG since studies show
that economic growth significantly affects green productivity.
The prototype for the investigation will become Equation 1;

GP = f (NTR,GDP, FNT, HDI, GB) (1)

The model necessitates the inclusion of an interaction term (HDI x
GB) to evaluate if human development moderates the adverse effects of
globalization on GP. The premise is that enhanced human growth,
facilitated by education, skills, and innovation, can alleviate the
environmental degradation potentially induced by globalization, thus
fostering more sustainable productivity. The prototype for the
investigation will become Equation 2.

GP = f(NTR,GDP, FNT, HDI,GB, HDI * GB) )

The models are subsequently converted into their logarithmic
representations to linearize non-linear connections among variables.
The coefficients will be interpreted as elasticities, indicating that each
coefficient signifies the percentage change in green productivity
resulting from a 1% change in the corresponding independent
variable.The prototype for the investigation will become Equations 3, 4.

InGP;; = 3, + B,InEG;; + B, InNTR;; + 3, InFNT;, + B,InHDI;,
+ B5InGB;; + &,
(3)
InGPy; = B, + B,InEG;, + B, InNTR;; + 8, InFNT;, + B,InHDI;,
+ BInGB;; + B In (HDI*GB),, + &

(4)
Human development, financial technology, economic
growth, natural resource rents, green productivity,
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globalization, and interaction term are represented, respectively,
by the letters HDI;;, FNT;;, EG;;, NTR;;, GP;;, GB;;, and
(HDI*GB);, in the model equation above. The intensity and
direction of the affiliation are exposed by the elasticity numbers
B1> B> B3> Bus Ps» and B, whereas the significance of the intercept
is specified by f,. The regression model’s inaccuracy term is
defined by ¢;;. The letter 7 in the equation above stands for the
cross-section, which comprises all 7 ASEANs. The operator for
the time series, spanning the years 2000 through 2021, is
symbolized by the letter ¢.

The slope homogeneity test was used to determine whether the
slope coefficients of the cointegration equation are homogenous.
The test was first introduced by (Swamy, 1970).

Hashem Pesaran and Yamagata (2008) expanded it and
employed it to attain two statistics for the investigation will
become Equations 5, 6:

Asur = VN x V2K x (%s - k) )
= T ~
Aadj. s-ur = VN x Wh X (%S - Zk) (6)

Moreover, to discover contacts between the incorrect
expressions of various cross-sectional units in panel data
(Pesaran, 2015), developed the cross-sectional dependence (CSD)

test. The formula is expressed as Equation 7.

((TXN)Z(N_I))EﬁTzN 7

dcsp =

The test statistic has a non-standard distribution with the

nonstationarity null hypothesis. Here, is Pesaran’s Cross-sectional

Augmented Dickey-Fuller or CADF test the formula is expressed as
Equation 8:

P P
ACS;; = ¢, + 9,CSie1 +0CSiy + ) ¥,y ACS, 1 + ) vyACS; s + py,
1=0

I=1

(8)

Equation 9, on the other hand, displays the cross-sectional
Parallel to Im, Pesaran, and Shin (Im et al., 2003) analysis as follows:

_ 1Y
CIPSyy = NZCADFI» (9)

i=1

where N is the number of observations and CADF; stands for cross-
sectional augmented dickey fuller assessment.

Westerlund  (2007) cointegration technique is as follows
Equation 10:

pi pi
Ay = v,'d, + ¢,—J’i,t71 + Ai,xi,t—l + z wi,jAyi,t—j + z yi,iji,t—j teir

j=1 j=0

(10)

The estimation of Equation 11 will vintage the following four
separate tests:
Mean Group Tests Equation 12:
N 6 N T
. TR,
G =N —~and G, =N"') —— (11)
‘ ZSE(Q) : ;Q (1)

i=1
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Panel-based tests Equation 12:

P, = and P, = TQ; (12)

SE(1)

?:(1) and SE(Q;) are the semiparametric kernel and the
standard error estimator of (;, respectively.

We model the control of the independent factors on the GP of
the distribution using the (Machado and Santos Silva, 2019) panel
MMAQR. The formula is expressed as Equation 13:

Yij=a;i + )(;tv/ + (81 + Z’i,tS)Ui,t (13)

The unidentified factors are indicated by (e, ¥, 3,9), (i, 6;),i =
1,....,n denotes the nation-specific, fixed effects and 7 which
portrays the k-vector. The formula is expressed as Equations 14, 15:

Zi= Zi(Xiy), 1= 1,2,... .k (14)
Q(T|Xie) = (@ +8; (1) + Xipy + Z:,99 (7) (15)

The formula Xi,t - a; (1) = a; + ;g (1) further describes the
numerical expression of each cross-section (i) in a specific time
frame (1), the scalar parameters, and the associated fixed effects that
result from the estimations of quantiles.

This model aims to determine optimization issues brought on by
the observed quantile Equation 16:

ming 3 Y po(Rie = (8 + Zi:9)a) (16)

The check function is exemplified by Py (R) = (t— 1)RI{R<0} +
tRI{R > 0}.

Fixed Effect (FE) estimate is widely utilized in many disciplines
since its justification is clear-cut and compelling. All higher-level
variation and any between-effects variance are eliminated by
employing the higher-level entities themselves (Allison, 2009), which
are included in the model as dummy variables Dj to prevent the issue of
heterogeneity bias. The formula is expressed as Equation 17:

j
Yir = ZﬁOjDi +Byxij + & (17)

=

This study assesses the directions previously proposed by
Dumitrescu and Hurlin (2012) at the final level, the Granger
causality test to investigate the relationship among the selected
economic variables. The aforementioned strategy is exemplified as:

P P
Zip = o + Z,B{ZLH + nyTi,t—j (18)
j=1 j=1

The factors ﬂf and j represent the auto-regressive parameters
and lag length in Equation 18, respectively.

Moments Quantile Regression (MMQR) was selected over
alternative models like the Generalized Method of Moments
(GMM) for several reasons. MMQR allows us to examine the
effects of explanatory variables across the entire distribution of
green productivity, rather than just the average, as GMM does.
This is
heterogeneous impacts that may vary at different levels of green
productivity. Additionally, MMQR 1is well-suited to handle

particularly useful for identifying asymmetric or
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TABLE 4 Pesaran’s Cross-sectionally dependence test.

Parameters Value P-value
GP;, 10.120% 0.000
EGi, 19.750%%¢ 0.000
NRC;, 11.860%* 0.000
ENT;, —1.360%* 0.000
GB;, 17.570% 0.000
HDI,, 15,270 0.000
(HDI*GB); 16.620% 0.000

TABLE 5 Slope homogeneity test.

GP = f (NTR, GDP, FNT, HDI, GB)

Asur 2.197* 0.028

i 2661 0.008
adj. S-HT

GP = f (NTR, GDP, FNT, HDI, GB, HDI*GB)

Asnr 2.327% 0.020

i 29174 0.002
adj. S-HT

unobserved heterogeneity and slope variation across countries,
which is important given the economic and environmental
diversity among ASEAN nations. Moreover, MMQR is more
robust to outliers and non-normal error distributions, which are
common in environmental and economic datasets, enhancing the
reliability of our findings. While Fixed Effects models help capture
country-specific characteristics over time, MMQR builds on this by
showing how those effects differ across the conditional distribution
of the dependent variable, offering a deeper and more nuanced
understanding of the data.

4 Results and discussions

The first assertions made were those of cross-sectional
independence (Pesaran, 2015). The results of (Pesaran, 2004)
cross-sectional dependence test are shown in Table 4. The
outcomes from all variables significantly reject the cross-
sectional independent null hypothesis at a 1% significance level.
These findings thus show that, between 2000 and 2021, there is a
significant cross-sectional dependence on the factors chosen. Slope
homogeneity test findings are summarized and explained in
Table 5 according to Hashem Pesaran and Yamagata (2008)
approach. This illustrates how the slopes of the coefficients vary
among our panel data, highlighting the need for a diverse panel
design. The presence of slope heterogeneity in both models implies
that the impact of independent factors on GP is not uniform across
ASEAN countries. This could be due to differences in economic
structures, regulatory environments, or levels of technological
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TABLE 6 Unit root tests.

Level (1(0))

Variables 1st difference (I(1))

C C ceT

Cross-Sectionally Augmented Dickey-Fuller (CADF)

GP;, ~2.209 -2.613 —4.558%+ —4.965%**
EGi, -2.518** —3.1819% | e s
NRCi —2.470** 3641 e
ENT;, -2.335* -2.835* —3.475%+ —3.323%+
GB;; —2.976*%* —3.94400 |
HDI;, -2217 -1.930 -1.504 -2.082
Cross-Sectionally Augmented IPS (CIPS)

GPiy —3.991%* —4.438% | o | s
EG;, ~2.266* -2.692 ~3.390%** ~3.513%%
NRCi —2.385%* —2.983% oo |
ENT;, -1.902 -2.089 —4.529%*+ —44TTHH
GB;, ~2.519%* -2.706 - —4.256%+
HDI;, —4.4430 -1.676 | ---- ~1.908

Note: ***, *¥, and * show the significance at 1%, 5%, and 10%, respectively.

TABLE 7 Cointegration test.

Statistic

P-value

GP = f (NTR, GDP, FNT, HDI, GB)

Gt —4.926*** —6.328 0.000
Ga —-10.650 1.388 0.918
Pt —16.091*** -9.078 0.000
Pa —-11.981 —-0.212 0.416
GP = f (NTR, GDP, FNT, HDI, GB, HDI*GB)

Gt —4.694*** =5.117 0.000
Ga —4.067 3.867 1.000
Pt —8.743** -1.790 0.037
Pa —-3.407 2913 0.998

adoption across these countries. In Model 2, the interaction
term (HDI * GB) shows that the moderating effect of human
development on globalization’s impact on GP also varies
across countries.

The next step is to evaluate the stationarity of the variables
concerning the Cross-Section Dependence (CSD). This is a crucial
stage, especially for studies that use cross-sections as a panel.
Therefore, if the CSD is not established in such a circumstance,
the verdict is seen as unclear and dubious (Aziz et al., 2021). In
addition to identifying heterogeneity, the Cross-Sectionally
Augmented Dickey-Fuller (CADF)
(CIPS) tests are employed to assess stationarity (Phillips and

and Cross-sectional IPS
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TABLE 8 MMQR estimates.

Variables Location

00.25

GP = f (NTR, GDP, FNT, HDI, GB)

10.3389/fenvs.2025.1576038

Quantiles

EG;, 13710 —0.092** 143104 1364 1.284%%* 1.2130%¢
NRC; —0.102%** -0.019*** —0.090*** —0.104*** —0.120*** —0.135%**
FNT;, 0.028*** 0.016 0.017* 0.029** 0.043** 0.056***
GB;, —0.350*** —0.444 —0.065*** —0.388*** =0.771** —-1.114**
HDI;, 2.6720* —-0.143 2.763* 2.660*** 2536 2.426%*
Year FE. Y Y Y Y Y Y
Country FE. Y Y Y Y Y Y
GP = f (NTR, GDP, FNT, HDI, GB, HDI*GB)
EG;, 13790 —0.019** 1.3930** 13770 1.362%** 1.3480%*
NRC; ¢ —0.098*** 0.017*** —0.111*+** —0.096*** —0.083*** —0.071***
FNT; 0.025%* —-0.016 0.036*** 0.0230* 0.010** 0.020**
GB;, 0.116%** 4.089 2.886%* 0.493%%* 3.834** 6.743**
HDI; 4.061*** 13.466 5.824%* 5.304* 16.308*** 25.888**
(HDI*GB);, 15177 -5.827 9.367* 2.885%%¢ 15.002** 25.549**
Year FE. Y Y Y Y Y Y
Country FE. Y Y Y Y Y Y

Note: The significance level is indicated as ***<1%, **<5%, and *<10%, dependent variable: Green productivity (GP). Y denotes Yes, and N denotes No.

Hansen, 1990; Raza and Shah, 2017). The significant result confirms ~ among the variables highlights the need for advanced

the existence of cross-sectional dependence (CSD), while the
negligible result indicates its absence. Although the negligible
result suggests a unit root, substantial results from the CADF
and CIPS tests confirm that the data is stationary. Findings in
Table 6 show that the data is stationary at first difference. The
CADF results indicate that, except for GP and fintech, all variables
are stationary at level 1(0) with a deterministic constant. FNT is
stationary at first difference when both constant and trend are
considered. HDI does not achieve stationarity at level or first
difference under either deterministic condition. However, CIPS
results confirm that GDP and FNT are stationary at first
difference, while GP is stationary at level. For NRC, GB, GP, and
HDI, the results indicate stationarity at level with a
deterministic constant.

Stationarity is crucial in econometric models as it affects
statistical inferences and the robustness of results. Non-stationary
variables, which exhibit changing statistical properties over time, can
lead to misleading regression outcomes with false correlations. In
this study on GP in ASEAN nations, the variables EG, NRC, and
globalization were found to be stationary at their levels (I(0)),
indicating stability and no long-term trends. Conversely, GP,
fintech, and HDI were non-stationary at level but achieved
stationarity through initial differencing, revealing long-term
trends and requiring differencing to avoid biased assessments.
The presence of mixed orders of integration (I(0) and I(1))

Frontiers in Environmental Science

econometric methods, such as quantile models, to ensure valid
conclusions.

In the next phase, the study assesses cointegration after testing
for stationarity and cross-sectional dependence, using (Westerlund,
2007) widely recognized method. The bootstrapping framework
supports the validity of this assessment. Table 7 shows robust
evidence of cointegration in the first model, as indicated by the
significant Gt and Pt statistics, demonstrating that GP is linked to
growth, fintech
development, human development, and globalization over time.

natural resource consumption, economic

In the second model, the interaction term (HDI*GB) also shows
significant cointegration with Gt and Pt statistics, suggesting a long-
term relationship between human development, globalization, and
GP. However, similar to the first model, the Ga and Pa statistics do
not indicate significant cointegration, implying that this relationship
may differ among countries, with some ASEAN nations
experiencing a stronger interaction effect.

Table 8 presents the results from the MMQR analysis, revealing
both positive and negative relationships between predictors and GP
in ASEAN. Specifically, NRC and GB negatively impact GP across all
quantiles, with NRC showing significant correlations at every
quantile. These findings suggest that while NRC and GB
contribute to environmental damage, eliminating greenhouse
gases is crucial for sustainable growth, even if NRC is essential

for economic prosperity.
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In the first model, a 1% increase in economic growth
corresponds to a 1.371% increase in GP, demonstrating a positive
relationship. However, the scale coefficient of —0.092 indicates that
this impact slightly diminishes at higher quantiles, suggesting that
economic growth’s effect on GP lessens in countries with higher
productivity. Overall, economic growth aids sustainability by
reducing atmospheric carbon dioxide.

Fintech positively affects GP, with a 1% increase in fintech
development resulting in a 0.028% increase in GP, indicating
stronger effects at higher quantiles. H; is supported by the
results, as fintech significantly and positively influences green
productivity across all quantiles, with stronger effects at higher
quantiles. In contrast, globalization negatively impacts GP, with a
reduction of —0.065% at Q0.25% and —1.114% at Q0.90, suggesting
that more globalized economies face greater environmental
challenges. This suggests that as economies become more
globalized—particularly those already at higher levels of green
productivity—they tend to face greater environmental challenges.
This may be attributed to several factors. First, increased global
integration often leads to industrial expansion, higher production
outputs, and intensified energy use, which can place additional
pressure on environmental resources. Second, in the pursuit of
global competitiveness, countries may adopt more lenient
environmental regulations to attract foreign investment and
trade, resulting in a “race to the bottom” effect. Third,
globalization can increase dependence on imported goods and
with  high
environmental burdens across borders without reducing overall

services environmental  footprints,  shifting
degradation.

To mitigate these risks, ASEAN countries should consider
integrating stronger environmental safeguards within trade and
investment agreements. Promoting the adoption of clean and
green technologies through international cooperation and
technology transfer is essential. Furthermore, governments should
prioritize environmental governance and implement strict
regulations to ensure that globalization supports, rather than
undermines, sustainable development. Encouraging sustainable
consumption and production patterns and investing in green
infrastructure can also help offset the environmental pressures
associated with globalization. These measures will not only help
preserve green productivity but also align regional economic growth
with long-term sustainability goals. However, in the second model,
the interaction with human development offsets this negative
impact, indicating that improvements in human development can
mitigate the harmful effects of globalization on GP. H, is supported
in the first model, where globalization harms green productivity
across all quantiles. However, in the second model, the interaction
with human development mitigates this negative impact, suggesting
that the harmful effects of globalization can be offset by
improvements in human development.

The coefficient for HDI is positive and highly significant across
all quantiles. In the first model, a 1% increase in human development
increases green productivity by 2.763% in Q0.25% and 2.426% in
Q0.90, indicating a strong positive relationship. In the second
model, the positive impact of human capital on GP becomes
even more pronounced (e.g., 5.824% at Q0.25% and 25.888% at
Q0.90) with the inclusion of the interaction term (HDI*GB), which

enhances its effect further. H, is strongly supported by the results, as
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TABLE 9 Multicollinearity analysis.

Variables VIF 1/VIF
HDI 3.13 0.319
GB 238 0421
EG 2.28 0.438
NRR 148 0.677
ENT 1.00 0.999

Note: the mean for the VIF, is 2.05. VIF: variance inflation factor.

human capital significantly and positively impacts GP across all
quantiles. The effect is further amplified when HDI interacts with
globalization in the second model.

The positive aspects of the connections stem from their
indication that human growth complements sustainability by
supporting green transformation and green production. The
difference in importance could be explained by how the
economies react to HDI as a possible GP’s enhanced strategy for
ecological wellbeing.

Moreover, in the initial model without the interaction term, the
negative impact of natural resource consumption on GP is stronger.
For instance, in Q0.25, a 1% increase in NRC decreases GP
by —-0.090%, and this effect intensifies to —0.135% in QO0.90. After
incorporating the interaction term (HDI*GB), the magnitude of this
negative impact decreases. In Q0.25, a 1% increase in NRC reduces GP
by —-0.111%, but in Q0.90, the effect is mitigated to —0.071%. This
harmful
consumption on green productivity is less pronounced in the

demonstrates that the influence of natural resource
second model compared to the first. H1 is supported by this result,
as natural resource consumption consistently has a significant negative
impact on GP across all quantiles. H1 is supported by this result, as
natural resource consumption consistently has a significant negative
impact on GP across all quantiles.

Prior to interpreting the model findings, we conducted a
multicollinearity analysis to ensure the stability of our estimates. As
presented in Table 9, the Variance Inflation Factor (VIF) values for all
independent variables were examined: HDI (3.13), GB (2.38), EG (2.28),
NRR (1.48), and FNT (1.00). With all VIFs being well below the
common threshold of 10 and a mean VIF of 2.05, multicollinearity is
not considered a significant issue in our model. So, the MMQR results
provide a comprehensive picture of how economic growth and human
development consistently show positive effects, while natural resource
consumption and globalization exhibit negative impacts. Financial
technology plays a supportive role in promoting GP, especially in
higher quantiles. The interaction between human development and
globalization in the second model reveals that higher HDI can
substantially mitigate globalization’s harmful environmental effects,
particularly in more productive countries. Our findings in the
second model indicate that higher levels of human development
(HDI) can significantly mitigate the negative environmental effects
of globalization, especially in countries with higher levels of green
productivity. This relationship can be explained by several key
mechanisms. First, countries with higher HDI typically have better
access to education, healthcare, and institutional quality, which
environmental ~awareness sustainable

enhances and promotes

behaviors among both individuals and institutions. Second, educated
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and healthier populations are more likely to support and adopt green =~ TABLE 10 Fixed effect robustness test.
technol(.)gles, én.ergy—efﬁ.clent practices, and  environmentally Variables Coefficient  Standard efror  P-value
responsible policies. Third, strong human development often

correlates with improved governance and policy-making capacity, GP = f (NTR, GDP, FNT, HDI, GB)

allowing countries to implement regulations that minimize

; ) i o EGi; 0.933* 0.155 0.000

environmental harm while still engaging in global trade and
economic integration. In this context, human development serves as NRG;, ~0.086* 0.040 0.030
a moderating factor that enables countries to better absorb and manage FNT,, 0.023+%% 0.020 0.000

the environmental pressures of globalization. By strengthening HDI,
. . NN GB;, ~0.168** 0.958 0.004

ASEAN nations can foster resilience to globalization’s adverse :

environmental impacts and align their global engagement with HDI, 0.447%% 0.693 0.003

sustainability goals. We have incorporated these insights into the
ty & P gh Constant -10.316*** 3.124 0.001

revised manuscript to clarify and enrich the interpretation of this

interaction effect. R-square 0.787 - -
The fixed effects model provides an essential validation GP = f (NTR, GDP, FNT, HDI, GB, HDI*GB)

mechanism for the results derived from the MMQR by offering a

robustness check across the full sample, whereas MMQR focuses on EGi 0.917%* 0.158 0.000
different quantiles. Both methods complement each other in NRC; ~0.031* 0.041 0.041
understanding the overall and heterogeneous impacts of the

ENT;, 0.028*% 0.021 0.000

independent variables on GP.
The slightly lower coefficient in the fixed effects model suggests GBy, 1.047°% 2308 0.001
that while the overall effect is positive, the impact varies across

HDI, 2.208*% 4635 0.000
different segments of countries, which is captured more precisely in
the MMQR. The fixed effects model also confirms the negative (HDIGB);, 30457 5255 0022
relationship (Model 1: —0.086, Model 2: —0.031). The reduction in Constant —6.749%* 6.908 0.010
the magnitude of NRC’s negative impact in Model 2 indicates that

R-square 0.776 - -

the interaction between HDI and GB can alleviate the negative effect

of natural resource consumption. Note: The significance level is indicated as ***<1%, **<5%, and *<10%.
The fixed effect robustness tests, detailed in Table 10, provide

further insights. In Model 1 of the fixed effects model, GB negatively

impacts GP (-0.168), which aligns with the negative effect observed = TABLE 11 AMG robustness test.

in lower quantiles in MMQR. However, in Model 2, with the _ -

. . " L Variables Coefficient  Standard Error  P-value

interaction term (HDI*GB), globalization’s impact turns

significantly positive (1.047), indicating that in countries with GP = f (NTR, GDP, FNT, HDI, GB)

higher human development, globalization can enhance GP.

. . o EG, 0.606** 0.571 0.020

The interaction between HDI and globalization in the second

fixed effects model (Model 2 in Table 10) highlights how human NRC;, ~0.182+% 0.173 0.000

development can amplify the benefits of globalization for

ENT;, 0.032* 0.249 0.072
sustainability. The fixed effects model confirms the positive
impact of the interaction term (3.045), showing that in countries GB;, —0.441% 3.552 0.000
with higher HDI, globalization significantly boosts green HDI,, 33910 4778 0.000
productivity. Table 10, fixed effect robustness test.

Constant ~12.300%% 14.663 0.007

Both Table 11 AMG robustness test and Table 12 CCEMG
results also corroborate the MMQR findings, demonstrating Wald test 51.210%%% - 0.000
consistent relationships across different methodologies and

) ) . GP = f (NTR, GDP, FNT, HDI, GB, HDI*GB)
reinforcing the robustness of the analysis by the Wald test.

This study emphasizes further analysis by identifying the cause—  EGit 0.949% 0.492 0.054
effect in the estimated relationship between adjusted net national savings NRC,, _0.276* 0.153 0,071
and its influencing factors. Thus, Granger’s (1969) work posed the

. . L S ENT, 0.033* 0.030 0.000

groundwork for the causality test. Specifically, the bivariate regressions in *
the panel dataset are utilized for this test Equations 19, 20. GB;, 19.408** 44.037 0.007
HDI;, 74,681 186.383 0.000

yi,t = Oy, + ocl,iy,-,t,l +...+ aP’iyixt’P + ﬂl,,.x,-,t,l +...+ ﬁp’ix,-)t,p + €it
(19) (HDI*GB);, 73.049** 186.227 0.022
. ook

Xjp =0+ 0 Xj 1+ ... &Yyt ﬂl,jyj,t—l + ...+ ﬁp,jyj,t—P Constant 60.956 106.732 0.001
+Ejy Wald test 555.640*** - 0.000

(20) Note: The significance level is specified as ***<1%, **<5%, and *<10%.
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TABLE 12 CCEMG robustness test.

Variables Coefficient Standard error P-value
GP = f (NTR, GDP, FNT, HDI, GB)

EG, 1.194%% 1.541 0.004
NRC;, ~0.002+* 0.268 0.000
ENT;, 0.027%** 0.039 0.000
GB, —4.816%* 6.395 0.001
HDI,, 1.599%%* 14.880 0.000
Constant 21423 55.008 0.002
Wald test 16,370+ - 0.006
GP = f (NTR, GDP, FNT, HDI, GB, HDI*GB)

EG;, 1.584%% 0.064 0.000
NRC;, -0.087 0.349 0.003
ENT;, 0028 0.174 0.000
GB, 22.799%** 0.071 0.000
HDI,, 74,983+ 0.024 0.000
(HDI*GB);, 16.833* 11.305 0.055
Constant ~28.612** 13.689 0.011
Wald test 106670+ - 0.000

Note: The significance level is indicated as ***<1%, **<5%, and *<10%.

There are two different types of panel causality tests that can be
used to test the idea that factors are the same across all cross-
sections. To begin, standard practice sees panels as a single, fully put
together unit. Second, it uses the causality test in a normal way that
assumes that all cross-sections have the same amounts (coefficients)
Equations 21, 22.

(1)
(22)

Qo = “O,j) Ay = “1,]‘; ..

ﬁl,i = ﬁl,j’ - "ﬂp,i = ﬁp,i’vi’j

S Qpi = Ups Vi,j

The Granger causality test reveals important relationships between
the study’s variables. Table 13 shows that past GDP values do not
significantly predict changes in GP, indicating that economic growth
alone may not enhance environmental productivity, possibly due to
reliance on non-green sectors. Additionally, green productivity
Granger causes fintech development, indicating that advances in
green productivity create a favorable environment for fintech
innovations focused on sustainability. Globalization may also
marginally influence natural resource exploitation, as greater
integration into the global economy can pressure countries to
increase resource extraction to meet demand. Furthermore, human
development improvements predict reductions in natural resource
rents, suggesting that better education and wellbeing lead to enhanced
resource management practices and economic diversification. The
weak causality between natural and green
productivity indicates that resource-rich countries should actively

resource rents

integrate sustainable practices into resource management rather

than relying solely on GP improvements to address resource
dependency.
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TABLE 13 Granger-causality analysis.

Causality F-Stat. Value Prob. Value
GDP;;—GP;, 2.010 0.169
GP,,—GDP;, 81654 0.004
GB,,—GP;, 2,855+ 0.039
GP,,—GB;; 0416 0.667
FNT;,—GP;, 0.149 0.863
GP,,—FNT;, 6.017% 0.012
NRR;;—GB;; 0.637 0543
GB;,—NRR;, 3397+ 0.061
NRR;;—HDI;; 0.461 0.639
HDI;,—NRR;; 10.824%%¢ 0.001
NRR;;—FNT;, 0.895 0.429
NRR;,—FNT;, 1.557 0.243
NRR;;—GP;, 0.780* 0.076
GP,,—NRR;, 1.437 0.268

5 Conclusion and recommendations

This study investigates the dynamics of green productivity in
ASEAN countries over the period from 2000 to 2021. It explores
the
economic growth, financial technology (fintech),

relationship between natural resource consumption,
human
development, globalization, and green productivity using a
range of advanced econometric techniques. The study adopts
the Method of Moments Quantile Regression (MMQR) to assess
how the effects of these variables vary across different quantiles of
green productivity, ensuring a comprehensive understanding of
their impacts. Additionally, AMG, CCEMG, and Fixed Effects
models and Granger causality tests are employed to validate the
findings and reveal directional relationships between the key
variables. The study also incorporates interaction terms to
explore the compounded effects of human development and
globalization.

The results show that natural resource consumption negatively
affects green productivity, confirming that over-reliance on natural
resources impairs environmental sustainability in ASEAN nations.
In contrast, economic growth and human development are
positively associated with green productivity, highlighting their
critical role in fostering sustainability. The interaction between
human development and globalization further reduces the
negative impact of resource consumption on green productivity,
suggesting that improvements in human capital can mitigate
environmental harm. The fixed effects model supports the
MMQR findings, demonstrating that economic growth, human
development, and fintech positively influence green productivity,
while natural resource consumption and globalization have a
detrimental impact. The Granger causality analysis reveals that
green productivity drives economic growth, while globalization
stimulates productivity  through and

green technology

knowledge transfer.
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5.1 Policy implications

This study highlights the urgent need for ASEAN countries to
implement targeted and forward-looking policies that promote
sustainable development, especially in the face of growing
environmental pressures from natural resource exploitation,
globalization, and rapid technological advancement. To ensure a
more sustainable path of economic development and improve green
productivity (GP), the following key policy implications are
proposed:  First, ASEAN should
environmental regulations on natural resource extraction. Such

nations enforce  strict
measures are necessary to prevent overexploitation, protect
ecosystems, and enhance green productivity. Governments should
also prioritize a transition to renewable energy sources by offering
incentives for public and private sector investments in solar, wind,
hydro, and other clean energy technologies.

Second, investing in green technology is essential. ASEAN
governments should allocate funds to research and development
(R&D) that support eco-innovation, clean production methods, and
sustainable infrastructure. Technological education, especially in
green industries, should be expanded to prepare a workforce that
can adapt to and drive environmentally conscious economic
activities. Importantly, this study highlights the transformative
role of financial technology (fintech) in promoting green
productivity, which warrants more specific policy attention.
Fintech can play a central role in accelerating the green
transition by enhancing the efficiency and accessibility of green
finance. Governments and financial institutions should promote the
use of fintech platforms for green lending, crowdfunding for
renewable energy projects, and blockchain-based tracking of
carbon emissions and supply chain sustainability. By integrating
environmental metrics into digital financial services, fintech can
empower both individuals and businesses to make informed, eco-
friendly financial decisions. Moreover, digital payment systems and
mobile banking can support financial inclusion, enabling small-scale
green entrepreneurs and rural populations to access sustainable
financing options.
with
environmental sustainability is critical. Policymakers should

Furthermore, aligning human development goals
integrate health, education, and environmental awareness into

national development plans to foster an informed and
environmentally responsible citizenry. Inclusive growth strategies
are also essential to ensure that the benefits of sustainability reach
marginalized communities and to mitigate the inequalities often

exacerbated by environmental degradation.

5.2 Future recommendations

Future studies should incorporate variables like digitalization,
artificial intelligence, and industrial automation to assess their
impact on green productivity in ASEAN as digital tools gain
traction. Research could investigate the influence of stringent
environmental policies, such as carbon taxes and pollution limits,
on sustainability outcomes.

A sectoral-level analysis would help identify industries with the
greatest impact on green productivity, allowing for targeted policy
recommendations. Exploring how geopolitical risks, including the
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Belt and Road Initiative and US-China trade tensions, affect
sustainable investments and green technology development is
should
institutional quality and governance in promoting sustainable
growth
government

essential. Future research also focus on the role of

and environmental protection, examining how

efficiency and corruption influence green
productivity. Dynamic panel data models like the Generalized
Method of Moments (GMM) could be employed to address
potential ~ endogeneity between green  productivity and
economic growth.

Investigating nonlinear relationships and threshold effects
among variables could provide deeper insights into sustainable
growth dynamics. Comparative studies with regions like BRICS
or E7 can offer broader perspectives on regional influences on
green productivity, assessing whether ASEAN findings align with
global trends. Research into green finance and carbon markets
should explore how these mechanisms enhance sustainability,
focusing on green bonds, carbon pricing, and international

climate finance.

6 Limitations of the study

The that should be
acknowledged. The reliability of the results is dependent on

study has several limitations
the quality of existing datasets, which may vary across ASEAN
countries and impact findings. The focus on a specific period may
overlook long-term trends in green productivity, suggesting that
a longer time frame could enhance insights into evolving
dynamics. While cross-sectional dependence is addressed,
unobserved common shocks affecting all ASEAN countries
may still bias estimates. Although attempts are made to
still

interpretations.

account for endogeneity, unobserved factors may

influence  results, complicating causal
Additionally, findings are specific to ASEAN and may not
apply to other regions with different economic structures and
challenges. The analysis focuses on select variables, omitting
critical aspects like social equity and political stability, which
limits comprehensiveness. Furthermore, the study does not fully
explore interactions between various factors, indicating the need
for future research to consider additional variables like

technological innovation.
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