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This study investigates how industry, agriculture, food production, renewable energy
consumption, consumer price index, and urbanization influence the ecological
footprint across nine Asian countries from 1995 to 2020. Utilizing panel quantile
regression and the system GMM as robustness checks, the analysis draws on
data sourced from the world development indicators and the global footprint
network. The findings from the panel quantile regression reveal that industry has
a significant positive association with the ecological footprint across all quantile
levels, with the effect becoming particularly stronger beyond the 20th and 30th
quantiles. Food production shows a heterogeneous impact; it contributes to
reducing ecological footprint at the lower quantiles (10th, 20th, and 30th). However,
from the 40th to 90th quantiles, food production significantly increases ecological
footprint, indicating that in high-impact scenarios, agricultural intensification
and resource demand worsen environmental pressure. In contrast, renewable
energy consumption demonstrates a statistically significant negative effect on
ecological footprint, particularly evident at the 40th quantile and even more
substantial at the 90th quantile. The effect of the consumer price index varies
across quantiles, with positive impacts in lower quantiles and its negative effect
at higher quantiles. Moreover, agriculture consistently emerges as a significant
contributor to ecological footprint across all quantile levels. Finally, urbanization
exhibits a dual and quantile-dependent effect, notably significant in the 20th and
30th quantiles. Moreover, the study incorporates the system GMM as a robustness
check, which accounts for potential endogeneity, unobserved heterogeneity, and
dynamic relationships among the variables, thereby ensuring more reliable and
consistent estimates. Based on these findings, practical policy implications have
been proposed along with the study’s limitations and directions for future research.
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1 Introduction

Sustainable development has become a pivotal theme in global
environmental discourse, with the ecological footprint (EF) emerging
as a comprehensive metric to evaluate the pressure exerted by human
activity on natural ecosystems (Wackernagel et al., 2002). In recent
decades, rapid economic expansion and escalating population growth
across Asia have significantly intensified environmental stress, thereby
raising critical concerns about ecological sustainability. In light of this,
the present study examines the influence of industry, agricultural
practices, food production, renewable energy consumption, consumer
price index, and urbanization on ecological footprint sustainability
across nine Asian nations from 1995 to 2020. While numerous
empirical studies have explored these variables, the findings remain
mixed. On the one hand, industry is often seen as an engine of
economic modernization, yet it contributes heavily to environmental
degradation through resource depletion and increased carbon
emissions (Carolan, 2004; Mol, 2000). Similarly, agricultural and food
production are essential to meet the demands of growing populations
but are linked to soil erosion, water scarcity, and heightened nitrous
oxide emissions (Hossain et al., 2020; Wallace, 2000). Urbanization,
though associated with infrastructural progress, also exacerbates
environmental pressures by increasing land-use changes and energy
demand (Huang et al., 2010; Patra et al., 2018). Conversely, renewable
energy consumption is widely acknowledged for its environmentally
beneficial effects, notably in reducing reliance on fossil fuels and
shrinking the ecological footprint (Mohamed et al., 2024; Wang et al.,
2025). A stable CPI, as an indicator of macroeconomic stability, may
indirectly support ecological sustainability by influencing
consumption patterns and efficient resource use (Hussain et al., 2022;
Pan et al., 2022).

Despite these insights, the literature remains fragmented and
predominantly based on average effect models, which fail to capture
the heterogeneity and non-linearity of these relationships across
varying degrees of ecological stress. Therefore, this study addresses a
key research gap by investigating how the environmental effects of
industry, agriculture, energy use, and urbanization differ across
countries experiencing varying levels of ecological pressure, an area
that has been underexplored in the existing body of work.

The core objective of the study is to evaluate the differential
impact of these factors on ecological footprint sustainability using a
novel methodological framework. The application of quantile
regression offers a distinct advantage by revealing how each
determinant behaves across the distribution of EF, particularly
between low and high quantiles, thus addressing heterogeneity and
uncovering hidden patterns that traditional mean-based methods like
OLS, or ARDL might overlook (Koenker and Bassett, 1978; Machado
and Santos Silva, 2019). Complementarily, the study incorporates the
system GMM as a robustness check, which accounts for potential
endogeneity, unobserved heterogeneity, and dynamic relationships
among the variables, thereby ensuring more reliable and consistent
estimates. The selection of the nine Asian countries, China, Singapore,
Japan, South Korea, Vietnam, Malaysia, the Philippines, Thailand, and
Indonesia, is both strategically justified and methodologically
rigorous. These nations represent the economic nucleus of East and
Southeast Asia, bound by strong trade interdependencies, deeply
integrated production systems, and regional cooperative frameworks
such as the Association of Southeast Asian Nations (ASEAN) and the
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Regional Comprehensive Economic Partnership (RCEP). Their
mutual economic ties are underscored by robust intra-industry trade,
cross-border capital flows, and cohesive value chains across critical
sectors like manufacturing, agriculture, and electronics. Beyond
economic integration, these countries share fundamental structural
characteristics, including swift industrialization, rapid urban growth,
and a continued reliance on agriculture for employment and food
security. Together, they have experienced transformative development
trajectories that position them as key stakeholders in the global
sustainability discourse. Their distinct yet interconnected economic
paths make them particularly suitable for comparative analysis of
environmental, economic, and policy-oriented dimensions. The
chosen period of 1995 to 2020 further reinforces the relevance of this
selection. It captures critical junctures in international environmental
policymaking, most notably the Kyoto Protocol (1997) and the Paris
Agreement (2015), enabling a comprehensive evaluation of how these
countries have aligned their domestic strategies with evolving global
climate objectives. Additionally, this timeframe encompasses several
economic cycles, including periods of crisis and recovery, thus
providing a rich temporal landscape for assessing long-term
sustainability transitions within the region.

Based on the literature and theoretical underpinnings, this study
proposes a set of hypotheses to capture the diverse impacts of various
factors on ecological footprint across different levels of ecological
intensity. Firstly, H1 posits that industrial development (IND) has a
consistently positive impact on the ecological footprint. The quantile
regression results show positive and statistically significant effects at
the 10th, 20th, and 30th quantiles, while coefficients at higher
quantiles (50th-90th) remain positive but statistically insignificant.
The System GMM estimates reinforce this conclusion, with IND
displaying a consistently positive and highly significant effect at the
1% level. These results confirm that industrial development is a key
driver of ecological footprint, particularly at lower to mid-level
quantiles. Secondly, H2 suggests that food production (FP) exerts
heterogeneous effects. According to the quantile regression, FP shows
negative but insignificant effects at lower quantiles (10th-30th),
followed by positive and statistically significant impacts at the 40th
and 50th quantiles. At higher quantiles (60th-90th), the coefficients
remain positive but insignificant. In the System GMM results, FP is
positive and significant at the 5% level in model 2, indicating that its
influence varies depending on a country’s level of ecological activity.
Thirdly, H3 proposes that renewable energy consumption (REC)
reduces ecological footprint. The quantile results provide strong
support, with negative and statistically significant coefficients across
all quantiles, ranging from 10th to 90th. The System GMM estimates
confirm this robust relationship, as REC shows a negative and highly
significant effect at the 1% level. Together, these results demonstrate
the consistent mitigating role of renewable energy in reducing
ecological footprint. Furthermore, H4 asserts that the consumer price
index (CPI) has mixed effects., The quantile regression indicates sign
changes, with positive coefficients at lower quantiles and negative ones
at higher quantiles, but all are statistically insignificant. The GMM
results similarly reveal that CPI is insignificant across all models. Thus,
while CPI may play a dual role in theory, empirical evidence suggests
its influence is not statistically meaningful. In addition, H5 maintains
that agricultural activities (AGR) are positively associated with
ecological footprint. The quantile regression shows strong evidence,
with positive and significant coefficients across all quantiles. The
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GMM results reinforce this conclusion, as AGR is consistently positive
and significant at the 5% level across models, suggesting that
agriculture continuously contributes to environmental pressure
regardless of footprint level. Lastly, H6 contends that urbanization
displays a non-linear relationship. The quantile regression highlights
this complexity, showing negative and statistically significant
coefficients at the lower quantiles, but positive and significant
coeflicients at the higher quantiles. The GMM results indicate a
positive and highly significant effect across all models, thereby
emphasizing the complexity of urban growth’s environmental
consequences. Collectively, these hypotheses aim to guide a more
nuanced understanding of the factors influencing ecological footprint
and to inform policy interventions tailored to specific national
contexts and ecological conditions.

The structure of this manuscript is as follows: the second section
reviews the theoretical framework and existing literature; the third
section outlines the methodology; the fourth section presents the
findings and discussion; and the fifth section concludes with policy
implications and study limitations.

2 Literature review
2.1 Hypothesis development

2.1.1 Industry and ecological footprint

This relation is inherently complex, reports a strong positive link
between industry and increased resource consumption, thereby
intensifying the ecological footprint (Li and Wang, 2023). Elevated
industrial activity typically drives higher demand for energy, raw
materials, and water, placing significant pressure on environmental
systems. Moreover, industrialization is frequently associated with
increased pollution levels and widespread environmental degradation
(Bambi et al., 2024; Bambi and Pea-Assounga, 2024). Evidence points
to industrial processes as major contributors to declining air and water
quality, soil depletion, and the destruction of natural habitats (Musa
et al., 2023). These activities also lead to elevated carbon emissions,
largely due to the reliance on fossil fuels, which further accelerates
climate change and expands the ecological footprint (Raihan et al.,
2022). Additionally, industrial expansion often necessitates extensive
land use changes, including deforestation and habitat loss (Lin et al.,
2015) which in turn threaten biodiversity and disrupt ecological
balance (Opoku and Aluko, 2021; Liao et al., 2023). On the other
hand, a growing number of studies suggest that industrialization,
when coupled with technological advancement and resource-efficient
practices, can reduce environmental impact. The integration of cleaner
technologies and sustainable production systems has been shown to
mitigate the adverse effects of industrial growth (Ahmad et al., 20205
Destelc and Manga, 2021). Moreover, empirical evidence from certain
regions suggests a partial decoupling between economic growth and
environmental degradation, indicating that economic expansion does
not necessarily entail greater ecological harm if managed sustainably
(Yang and Usman, 2021). In contrast, findings by Saqib et al. (2024)
challenge the conventional notion of industry as inherently
detrimental to the environment. Their study reveals that in certain
emerging economies, moderate industrial growth guided by robust
environmental regulations and the adoption of green technologies has
contributed to a net reduction in ecological footprint. This illustrates
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that, under the right institutional and technological conditions,
industrialization can be reconciled with environmental sustainability.
Overall, the impact of industry on the ecological footprint is context-
dependent and influenced by factors such as environmental
governance, technological innovation, and the degree to which
sustainable practices are embedded within industrial policies.

2.1.2 Food production and ecological footprint

The connection between these factors encompasses diverse
elements such as agricultural techniques, land management, water
usage, and the environmental repercussions throughout the entire
food supply chain. A study by Liao and Brown (2018) highlights that
agricultural expansion, especially for livestock and large-scale
monoculture, is a significant contributor to deforestation and habitat
loss, resulting in an expansion of the ecological footprint. In the same
vein, agriculture is a major consumer of freshwater resources.
Irrigation practices, particularly in arid regions, contribute to high
water consumption and can exacerbate water scarcity (Bambi and
Pea-Assounga, 2025; Chai et al., 2023). Furthermore, agricultural
activities, including enteric fermentation from livestock, rice
cultivation, and the use of synthetic fertilizers, contribute to
greenhouse gas emissions, impacting the overall ecological footprint
(Setsoafia et al., 2022). On the other hand, the inefficiencies in the
food supply chain, including post-harvest losses and consumer food
waste, contribute to a larger ecological footprint by wasting resources
used in production (Ali et al,, 2021). Other empirical evidence
suggests that the adoption of sustainable agricultural practices, such
as organic farming and agroecology, can reduce the ecological
footprint by minimizing the use of synthetic inputs and promoting
biodiversity. In addition, research by Saqib et al. (2024) suggests that
the adoption of sustainable agricultural practices, such as organic
farming and agroecology, can reduce the ecological footprint by
minimizing the use of synthetic inputs and promoting biodiversity.
However, some studies show that dietary choices, particularly the
consumption of meat and animal products, significantly influence the
ecological footprint (Ali et al., 2021; Aschemann-Witzel et al., 2023;
Bambi and Pea-Assounga, 2025). Plant-based diets generally have a
lower environmental impact. It is vital to recognize that various factors
influence the “ecological footprint” of food production, and strategies
to reduce it often involve a combination of sustainable agricultural
practices, improved supply chain efficiency, and changes in
consumer behavior.

2.1.3 Renewable energy consumption and
ecological footprint

This relationship involves evaluating the environmental
implications of shifting from conventional non-renewable sources to
cleaner, renewable alternatives. According to Aschemann-Witzel et al.
(2023) unveils that embracing “renewable energy sources” has led to
a decrease in greenhouse gas emissions, thus driving down the
ecological footprint. Adopting renewable energy technologies has
significantly contributed to the reduction of greenhouse gas emissions,
thereby helping to lower the ecological footprint. However, some
studies present contrasting findings. For example, Li and Wang (2023)
as well as (Nathaniel et al., 2020) emphasize that certain forms of
renewable energy, particularly large-scale hydropower and bioenergy,
may cause negative environmental effects such as habitat degradation
and changes in land use. Similarly, Peir¢ et al. (2022) and Bambi and
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Pea-Assounga (2025) point out that the production and installation of
renewable technologies often involve resource extraction and energy-
intensive procedures. A study by Ansari et al. (2021) found that in the
long run, there is a positive link between economic growth and the
use of non-renewable energy with ecological footprint, while revealing
a negative association between renewable energy consumption,
globalization, and urbanization. Likewise, Sharif et al. (2020) using a
QARDL approach, demonstrated that the error correction term is
significant at all quantiles, confirming a strong tendency toward
re-establishing long-term equilibrium in the relationship between the
selected variables and ecological footprint. Their findings underscore
that renewable energy consistently reduces ecological footprint across
all quantiles over time, while economic growth and non-renewable
energy exert a positive influence on ecological footprint in both short
and long terms. Furthermore, to comprehensively understand these
dynamics, evaluating the full life cycle environmental impacts of
renewable technologies is essential. Studies such as Liu et al. (2021)
and Salehi et al. (2020) have emphasized assessing the energy return
on investment to measure the efficiency and environmental
performance of these technologies. Contrary to the notion that
renewable energy uniformly mitigates ecological degradation.
Another study by Raghutla et al. (2022) reports through quantile
regression and long-run elasticities that both per capita income and
renewable energy usage significantly increase ecological footprint in
the N-11 economies. Additionally, their panel causality results reveal
a bidirectional causality between renewable energy use and ecological
footprint. It is also critical to recognize that specific renewable sources,
such as hydropower and bioenergy, may exert pressure on water
systems, as noted by Bambi and Pea-Assounga (2024) and Rahman
etal. (2022). In this regard, understanding the concept of the water
footprint becomes fundamental for an exhaustive ecological
assessment. Furthermore, continuous innovations and improvements
in the environmental performance of renewable technologies are
indispensable in reducing their ecological burden (Appiah et al., 2023;
Pea-Assounga et al., 2025). While renewable energy generally poses
less harm to the environment compared to fossil fuels, its actual
ecological footprint can vary based on factors such as the technology
employed, location, and scale of application. Therefore, life cycle
assessments and a broader environmental context are critical in
developing a nuanced understanding of the interaction between
renewable energy consumption and ecological footprint.

2.1.4 Agriculture, consumer price index, and
urbanization on ecological footprint

Agriculture, inherently resource-intensive, plays a significant role
in elevating the ecological footprint through land conversion,
overextraction of water resources, and greenhouse gas emissions.
Moreover, practices such as monoculture cultivation and large-scale
livestock farming are closely associated with soil degradation and
biodiversity loss, which collectively heighten environmental
vulnerability (Johns et al., 2013; Kremen et al., 2012). However,
contrasting findings by Kronberg and Ryschawy (2019) highlight that
the adoption of sustainable agricultural systems such as agroecology
and organic farming can mitigate environmental damage and, in
certain contexts, even reduce the ecological footprint by enhancing
biodiversity and strengthening ecosystem functions.

Simultaneously, the consumer price index indirectly yet
significantly influences the ecological footprint by affecting
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consumption and production patterns. Changes in the CPI can alter
demand for goods and services, thereby shaping the use of energy and
natural resources (Beyer et al., 2024). For instance, rising prices may
suppress consumption, alleviating environmental pressures, while
falling prices could encourage overconsumption and exacerbate
ecological impacts (Limnios et al., 2009; Semenova, 2024). Conversely,
some research suggests that in certain cases, increases in consumer
prices do not substantially curb consumption due to the inelastic
nature of demand for essential products, which can diminish the
expected effect of CPI variations on the ecological footprint (Bocken
and Allwood, 2012; Rondoni and Grasso, 2021).

Urbanization, likewise, is a prominent driver of ecological
footprint expansion due to its association with rising demand for
infrastructure, energy, and waste management. The sprawl of urban
settlements often leads to deforestation, increased emissions from
transportation, and intensified extraction of natural resources, all
contributing to substantial ecological costs (Sahoo and Sethi, 2022;
Ulucak and Khan, 2020). Nevertheless, contrasting perspectives, such
as those of Luo et al. (2018) and Ullah et al. (2023), argue that well-
designed, compact urban environments can actually contribute to
reducing per capita ecological footprints by enhancing energy
efficiency, expanding public transit systems, and limiting land use.
Collectively, these three factors, agriculture, CPI fluctuations, and
urban expansion, exert a profound influence on ecological
sustainability, though their effects can vary significantly depending on
the context and policy interventions.

2.2 Conceptual framework

Figure 1 presents a refined conceptual framework that visually
integrates the core factors discussed in the hypotheses, where the
effects of each variable have been systematically analyzed. This
framework offers a comprehensive understanding of how industry,
agriculture, food production, renewable energy consumption,
consumer price index, and urbanization interact to influence the
ecological footprint.

2.3 Research gap

Although a substantial body of literature has explored these
themes, important gaps persist. Notably, many prior studies have
neglected to account for heterogeneous effects across different
quantiles, which are essential for a more nuanced and robust analysis.
In contrast to earlier research often conducted at the global level or
within disparate national contexts this study offers a more focused
investigation by examining a carefully selected group of nine Asian
countries: China, Singapore, Japan, South Korea, Vietnam, Malaysia,
the Philippines, Thailand, and Indonesia, over the period 1995-2020,
a timeframe and regional grouping that have not been extensively
studied. This geographical and temporal scope enables a deeper
exploration of how these nations interact in addressing sustainable
ecological footprints, thereby filling a critical void in the existing
literature. Moreover, this research adopts a panel quantile regression
approach to capture how the relationships between ecological
footprint and key drivers, industry, agriculture, food production,
renewable energy consumption, consumer price index, and
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FIGURE 1
Conceptual framework.
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urbanization vary across different levels of ecological intensity within
countries. This allows for the identification of differential impacts that
are often obscured in traditional mean-based models. In addition, the
study incorporates the system GMM as a robustness check, which
accounts for potential endogeneity, unobserved heterogeneity, and
dynamic relationships among the variables, thereby ensuring more
reliable and consistent estimates.

3 Methodology
3.1 Model specification

The implementation of the “panel quantile regression model” has
been carried out by Koenker and Bassett (1978). “This approach has
since gained worldwide recognition for its applicability as a method
of statistical analysis of both linear and non-linear models across
diverse fields, including environmental, social, and economic
disciplines.” Panel quantile regression offers more efficient and robust
estimates than other approaches such as Ordinary Least Squares
(OLS) (Marasinghe et al., 2014; Salari et al., 2021). The “quantile
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regression” approach is widely employed by scholars in various fields
such as climate change, agriculture, economy, environment, etc. (Khan
I. et al., 2024; Kazemzadeh et al., 2023; Khan Q. R. et al., 2024).
Therefore, this study will utilize the quantile regression approach to
evaluate the influence of industrial development, food production,
and renewable energy consumption on the “ecological footprint” The
mathematical expression for Equation 1 of the quantile regression
approach is outlined below:

yi =Xibgi + ;.0 <0 <1 (1
Quant;g [%} =xifo )

“The quantile distribution equals zero” Quant;,(yi/xi) represents
the quantile value of the specified variable as shown in Equation 2. The
regression through the use of panel quantile analysis indicates how the
quantile of any endogenous variable is influenced by the quantile of
explanatory variables. “In essence, it serves to scrutinize or explore the
effects of a regressor on multiple quantiles of the endogenous variable.”
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Some researchers, like (Chowdhury et al., 2021; Salari et al., 2021), and
(Quito et al., 2023) applied quantile regression in analysis following
econometric theory. The model of panel quantile can be demonstrated
in Equation 3 as follows:

Qyi(ij:ai"'xirtﬂ(fk) (3)

aixi

In Equation 4 the parameter estimate can be computed as follows:

minKTN

N
PN ITACTETESAICHI A @

(a,8)k=1t=1i=1

Where i represent the country, “N denotes the total number of
countries included in the panel dataset (i.e., the cross-sectional
dimension),” “T depicts the number of observations for the countries,”

» o«

“K is the quantile index,” “X denotes the matrix of exogenous

» «

variables,” “Py is the quantile loss function” and “wy the relative
weight for quantile” Moreover, there is “y that represents the tuning
parameter utilized to reduce the individual effect to zero and increase
the estimation of the coefficient . In accordance with econometric
theory, it is necessary for the variables in the model to be logarithmic

to mitigate potential heterogeneity effects. Thus, Equation 5 is
expressed as follows:

LEFit =a+ ﬂlLINDit +ﬂ2LFPit + ﬂ3LRECit
+ﬂ4LCPIit + ﬁSLAGRit + ﬂéLURBit + 51‘ (5)

In this expression, LEF; stands for the natural logarithm of the
ecological footprint for country i at time t. The explanatory variables
include: LIND;; stands for log of industry, LEP, stands for log of food
production, LREC;; stands for log of renewable energy consumption,
LCPI;; stands for log of the consumer price index, LAGR;; stands for
log of agriculture, and LURB;; stands for log of urbanization level.
Recognizing that this study employs a “quantile regression approach
to evaluate the influence of diverse factors on the ecological footprint.”
The model outlined in Equation 6 will aid in estimating both the
coefficients of the explanatory variables and their consequent
influence on the dependent variable. With this information, we can
know more about the connections between “industry, food
production, renewable energy consumption, agriculture, consumer
price index, urbanization, and ecological footprint”

Q; (LEF; ) =a, + B LINDj; + B, LFP; + B3, LREC;;
+ﬁ41'LCPIit + ﬁ5TLAGR,'t +ﬂ61LURBit + é‘t (6)

Here, Q; represents the estimation of “quantile regression in
relation to the ecological footprint,” with a a, denoting a constant
component. The estimates fy;, 5, 857>P4z>P5¢-and fg, represent
the parameters of quantile regression, indicating the factors that exert
influence. LEF; stands for the natural logarithm of the ecological
footprint for country i at time t. The explanatory variables include:
LIND;; stands for log of industry, LFP; stands for log of food
production, LREC;; stands for log of renewable energy consumption,
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LCPI;; stands for log of the consumer price index, LAGR;; stands for
log of agriculture, and LURB;; stands for log of urbanization level.
Moreover, the estimated “coefficients for the quantile in the
conditional distribution” can be obtained as outlined in Equation 7:

ﬂ/\ (r):argmianf (Y,» :Xirﬁ) (7)

i=1

From Equation 7, it becomes evident that “panel quantile
regression” is a form of weighted regression. Therefore, “this study
employs the quantile regression with panel data technique pioneered
by Powell (2016),” this innovative approach introduces the notion of
“quantile panel data with non-additive fixed effects” By integrating
this estimator, the model preserves linearity in parameters while
concurrently tackling “the non-separable disturbance term inherent
in panel data during quantile estimation.” The fundamental model is
articulated as follows in Equation 8:

yi=Dup (U ®)

Where y; denotes the endogenous variable, namely ecological
footprint. “Dj; = I, Xjy is the vector of the exogenous variables at time
t” and the individual “I” The “f represents the vector of coefficients,”
while the “U denotes the disturbance term.” Thereafter, the study
employs a two-step System GMM estimator as a robustness check to
empirically investigate the dynamic relationships among the selected
variables. Under this approach, the analytical representation of the
model is formulated as follows in Equation 9:

EE, = +0,LEE, + B,LIND;; + B,LEP, + 3 LREC;,
+ﬂ4LCPIit +ﬂ5LAGRit + ﬂ6LURBit +n; + /1[ t&iy (9)

In this specification, a, f, and € denote the model coefficients,
while A captures country-specific time-invariant effects, # reflects
unobserved period effects, € represents the stochastic error term, and
t indicates the time dimension. After estimation, the reliability of the
findings and the appropriateness of the instruments were assessed
using the Hansen J-test and the Difference-in-Hansen test (Hansen,
1982). In addition, the Arellano-Bond test for serial correlation was
employed to confirm the absence of second-order autocorrelation in
the disturbance term, thereby strengthening the robustness of the
empirical results (Arellano and Bond, 1991).

3.2 Data and source

This research employed panel data and selected nine (9) Asian
countries, such as China, Singapore, Japan, South Korea, Vietnam,
Malaysia, Philippines, Thailand, and Indonesia, from 1995 to 2020.
The study examined various factors, including “ecological footprint,
Industrialization, Agriculture, food production, renewable energy
consumption, consumer price index, and urbanization,” enabling an
exploration of the complex relationships between the dependent
variable and the independent variables. Table 1 provides all the
variables used in this study, their abbreviations, and their measures.
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TABLE 1 Variables, measurement and source.

10.3389/fsufs.2025.1653025

Variables Abbreviation = Measures Source

Ecological footprint EF Defined as the ecological footprint of consumption in our natural environment and measured as global GFN
hectares per capita

Industry IND Industry (including construction), value added (% of GDP) WDI

Food Production FP All crops that are edible and provide nutrients are taken into account for food production. Coffee and WDI
tea are also not permitted since, while edible, they contain no nutritional benefit.

Renewable energy REC Renewable energy consumption is the share of renewable energy in total final energy. WDI

consumption

Consumer Price Index CPI Consumer price index (2010 = 100) WDI

Agriculture AGR The total value of agricultural products FAO

Urbanization URB Urban population growth (annual %) WDI

‘WDI, World Development Indicators; GEN, Global Footprint Network.
3.2.1 Variables measurement

3.2.1.1 Dependent variable

The dependent variable in this study is the ecological footprint
(EF). It measures human reliance on natural resources and indicates
the amount of environmental resources needed to sustain a particular
lifestyle or business. This research examines a panel of nine Asian
countries, data on their ecological footprints are sourced from the
Global Footprint Network (GFN). Figure 2 illustrates the evolutionary
trend of the ecological footprint in each country using a boxplot.

3.2.2 Independent variables

The total of agricultural (AGR) is extracted from the “Food and
Agriculture Organization (FAO)” and is considered as the independent
variable. “Industry (IND) is taken in terms of industry value added (%
of GDP),” and “food production (FP)” in terms of crops that are edible
and provide nutrients are taken into account for food production
coffee and tea are also not permitted since, while edible, they contain
no nutritional benefit, “renewable energy consumption (REC) in term
of share of renewable energy in total final energy;,” “consumer price
index (CPI)” represents the consumer price index (2010 = 100),
“urbanization (URB)” represent the urban population growth (annual
%). These variables are considered as independent variables and
sourced from the “World Development Indicators (WDI).”

4 Empirical results
4.1 Summary of descriptive statistics

Table 2 of this study presents a detailed summary of the descriptive
statistics for all the variables, effectively highlighting their key
characteristics. In conjunction with this, Figure 3 illustrates individual
line and symbol trends, as well as box plots, for each variable across
selected Asian countries, namely China, Singapore, Japan, South
Korea, Vietnam, Malaysia, the Philippines, Thailand, and Indonesia.

Specifically, the ecological footprint (EF) displays a gradual
upward trajectory, which indicates mounting environmental
pressure over time. Correspondingly, the box plot for EF shows a
relatively high median and moderate variability, suggesting a
consistent increase across observations. Similarly, the industry
variable reveals a strong positive trend with a steadily rising line,
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reflecting persistent industrial expansion. This is further
corroborated by the box plot, which exhibits greater dispersion,
indicating variation in industrial development among countries or
over time. Moreover, food production follows a rising trend as well,
although at a slower pace compared to industry. This suggests
continued, albeit steady, progress in agricultural output. The box plot
associated with this variable displays a narrower interquartile range,
implying stability in production levels. In contrast, renewable energy
consumption (REC) shows a modest upward trend accompanied by
noticeable fluctuations. This pattern likely reflects inconsistencies in
energy policy implementation and investment strategies. Its box
plot, characterized by a low median and the presence of outliers,
highlights disparities in renewable energy adoption.

Additionally, the consumer price index (CPI) exhibits a highly
volatile trend, capturing inflationary shocks and short-term price
dynamics. The corresponding box plot reveals significant variability,
which underscores macroeconomic instability in certain regions.
Likewise, agriculture demonstrates a moderate upward trajectory,
emphasizing its ongoing relevance in national economies. Its box plot
indicates moderate dispersion, which could be attributed to differences
in land use efficiency or technological adoption. Furthermore,
urbanization consistently trends upward, illustrating the widespread
demographic shift toward urban living. The associated box plot reveals
a high median and closely clustered data points, signifying relatively
uniform urban growth among the countries studied.

Complementing these visual trends, Table 2 also provides valuable
insights into the statistical distribution of the variables, including
measures of central tendency, dispersion, skewness, kurtosis, and
results from normality tests. For instance, EF has a mean of 2.819313
and a median of 2.200000, reflecting a slight right skew and moderate
kurtosis. Industry (IND), with a mean of 36.45423, appears
approximately normally distributed. In contrast, food production (FP)
shows an average of 87.98176, a slightly negative skew, and elevated
kurtosis. Renewable energy consumption (REC) records a mean of
18.22172, marked by positive skewness and notable kurtosis, whereas
CPI, with a mean of 93.91663, shows minimal skewness and somewhat
elevated kurtosis. Agriculture (AGR) and urbanization (URB) display
means of 9.127420 and 2.379635, respectively, both demonstrating
relatively low levels of skewness and kurtosis. Notably, the Jarque-Bera
test indicates significant departures from normality for EF (23.92430)
and REC (19.41741), as evidenced by p-values below the 0.05
threshold. These findings confirm non-normal distributions for these
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FIGURE 2
The trend of ecological footprint with a boxplot.
TABLE 2 Summary of descriptive statistics.
Variables EF IND FP REC CPI AGR URB
Mean 2.819313 36.45423 87.98176 18.22172 93.91663 9.127420 2.379635
Median 2.200000 35.66067 92.65000 14.88000 97.63333 9.271002 2.303385
Maximum 6.200000 48.53032 140.5000 64.88000 168.7837 27.75883 5.321517
Minimum 0.700000 23.23340 44.55000 0.330000 19.38786 0.030137 —1.474533
Std. Dev. 1.553393 6.205844 16.85933 16.55022 26.01842 6.606667 1.312208
Skewness 0.597085 0.145661 —0.209089 0.655756 —0.111695 0.331984 —0.149416
Kurtosis 1.981049 2.278518 2.937886 2.470840 3.478133 2.578140 2.466404
Jarque-Bera 23.92430 5.877465 1.735174 19.41741 2.703909 6.007709 3.631164
Probability 0.000006 0.052933 0.419964 0.000061 0.258734 0.049596 0.162743
Observations 233 233 233 233 233 233 233

Source: Author’s computation.

variables. Lastly, each variable is based on 233 observations, ensuring
the robustness and reliability of the dataset used in this analysis.

4.2 Correlation matrix

Table 3 displays a correlation matrix that shows how the variables
analyzed in the study are related to each other. The ecological
footprint (EF) exhibits a weak negative correlation with industry
(—0.1465), indicating a slight inverse relationship between these
factors. Additionally, food production shows a moderate positive
correlation with EF (0.3092), suggesting that higher levels of food
production are associated with a larger ecological footprint. Moreover,
renewable energy consumption demonstrates a strong negative
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correlation with EF (—0.7706), indicating that greater use of renewable
energy is linked to a smaller ecological footprint. The consumer price
index correlates positively with FP (0.6944) and moderately with EF
(0.2254), suggesting that higher consumer prices are associated with
increased food production and a larger ecological footprint.
Furthermore, agriculture shows a strong negative correlation with EF
(—0.6725), suggesting that agricultural activity is inversely related to
the ecological footprint. Urbanization correlates moderately
negatively with EF (—0.4997), indicating that higher levels of
urbanization are associated with a smaller ecological footprint.
Regarding multicollinearity issues among the variables, it has been
noted that the coefficients between the variables all fall below 0.8. This
indicates the absence of multicollinearity problems among
the variables.
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FIGURE 3
Individual line and symbol trends, along with box plots, for each variable.
TABLE 3 Correlation matrix.
Variables EF IND FP REC CPI AGR URB
EF 1.0000
IND —0.1465%%#%* 1.0000
FP 0.30927%%%* —0.40097%** 1.0000
REC —0.7706%%#%* 0.2947%%* —0.4210%%* 1.0000
CPI 0.2254#%% —0.2278%** 0.6944%%* —0.3757#%% 1.0000
AGR —0.6725%%#%* 0.5179%%* —0.5517%#%* 0.69887#7#%* —0.35837%** 1.0000
URB —0.4997#%#%* 0.6339%** —0.5202%#%* 0.4278%#7%%* —0.30977%%** 0.5901%#7#%* 1.0000

##*Refers to the significance level at 1%.

4.3 Cross-sectional dependence test

Table 4 offers findings from tests assessing “cross-sectional
dependence” All variables tested indicate highly significant results
with p-values of 0.0000, indicating strong evidence of interdependence
among these variables across different observations. This suggests they
are not independent within the dataset. For instance, renewable
energy consumption shows significant results in Breusch-Pagan LM,
Pesaran scaled LM, and BCSLM tests (p-values = 0.0000), but a
non-significant result in the Pesaran CD test (p-value = 0.2151). This
discrepancy suggests REC may exhibit distinct patterns of cross-
sectional dependence compared to the other variables. These findings
emphasize the need to consider and account for cross-sectional
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dependence when analyzing the relationships among variables in
the study.

4.4 Slope homogeneity outcome

The results displayed in Table 5, which pertain to the slope
homogeneity test, reveal significant findings regarding the variation
in slopes across the observed data. The Delta statistic is reported as
6.403, accompanied by a probability value of 0.0000, indicating a
statistically significant presence of heterogeneity among the slopes.
This suggests that the relationship between the variables is not
uniform across the sample; rather, it varies significantly from one
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TABLE 4 Cross-sectional dependence test.

Series

Breusch-Pagan LM

Stat Prob. Stat

Pesaran scaled LM
Prob.

10.3389/fsufs.2025.1653025

Pesaran CD

Stat Prob.

EF 333.4586% % 0.0000 35.05584 %% 0.0000 34.87584 %% 0.0000 6.145139%% 0.0000
IND 280.6453 %% 0.0000 28.831727%% 0.0000 28.65172%%% 0.0000 11.47565%% 0.0000
FP 477.2700%5% 0.0000 52.00416%% 0.0000 51.82416%%* 0.0000 13.620447 0.0000
REC 406.3359%% 0.0000 43.644517%% 0.0000 43.46451 %% 0.0000 —1.239632 02151
CPI 726.48007% 0.0000 81.37385% 0.0000 81.19385%#+ 0.0000 25.82258% % 0.0000
AGR 526.241 1% 0.0000 57.77547%%% 0.0000 57.59547%4% 0.0000 19.76008%# 0.0000
URB 304.4243% 0.0000 31.634117%% 0.0000 31.4541 1% 0.0000 10.52688%#* 0.0000
##*Refers to the significance level at 1%; BCSLM refers to Bias-corrected scaled LM.
observation to another. Moreover, the Adjusted Delta statistic isalso ~ TABLE 5 Slope homogeneity.
noteworthy, with a value of 3.463 and a corresponding probability of Test - Prob
0.0000. This further reinforces the conclusion that there is substantial :
variation in the slopes, even after adjusting for other factors. The low Delta 6.403%+* 0.0000 ‘
p-values associated with both statistics confirm the reliability of these Adj. Delta 3.463%%* 0.0000 ‘

results, implying that the slopes differ meaningfully across
the dataset.

4.5 First genration unit root test

The outcomes from Table 6 detail the findings from the panel unit
root tests Levin, Lin & Chu (LLC), Im, Pesaran and Shin (IPS),
ADF-Fisher, and PP-Fisher demonstrate distinct integration
properties across the variables under study. The ecological footprint
(EF), industry (IND), food production (FP), renewable energy
consumption (REC), consumer price index (CPI), and urbanization
(URB) are all non-stationary at their levels, as evidenced by the
inability of the majority of tests to reject the null hypothesis of a unit
root. However, once these variables are first differenced, all four tests
uniformly reject the null at the 1% significance level, indicating that
they are stationary in their first difference form and thus integrated of
order one, I(1). In contrast, agricultural activity (AGR) stands out as
the only variable that is stationary at level, with all unit root tests
strongly rejecting the presence of a unit root. Overall, the findings
suggest that while AGR is level-stationary, the remaining variables EF,
IND, FP, REC, CPI, and URB exhibit stationarity only after
first differencing.

4.6 Second generation unit root CIPS and
CADF results

Table 7 presents the results of the second-generation unit root
tests CIPS and CADE indicating that most variables are non-stationary
at their level form but become stationary after first difference, thus
confirming they are integrated of order one (I(1)). Specifically,
ecological footprint (EF), industry (IND), renewable energy
consumption (REC), consumer price index (CPI), agriculture (AGR),
and urbanization (URB) exhibit non-stationarity at the level in both
tests; however, they show statistically significant stationarity at the
10% level after first differencing. Conversely, food production (FP) is
the only variable found to be stationary at the level, as both CIPS and
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#*Refers to the significance level at 1%.

CADEF tests report significant values without the need for differencing,
indicating it is integrated of order zero (1(0)).

4.7 Westerlund cointegration test

The results displayed in Table 8, which summarize the findings of
the Westerlund Cointegration Test, offer significant insights into the
long-term relationships among the variables studied. The G, statistic
shows a value of —6.181, accompanied by a z-value of 5.899 and a
p-value of 0.004. This suggests a strong rejection of the null hypothesis
of no cointegration, indicating that a long-term equilibrium
relationship exists among the variables. Similarly, the G, statistic is
recorded at —6.113, with a Z-value of 4.364 and a highly significant
p-value of 0.000. This further corroborates the presence of
cointegration, reinforcing the notion of a stable long-term relationship
among the variables under consideration. In addition, the P, statistic
registers at —7.153, with a Z-value of 6.385 and a p-value of 0.000. This
result also leads to a rejection of the null hypothesis, highlighting the
robustness of the cointegration relationship among the series analyzed.
Finally, the P, statistic is reported at —5.365, featuring a z-value of
7.738 and a p-value of 0.000. This further confirms the presence of
cointegration, suggesting that these variables maintain a long-term
relationship despite short-term fluctuations.

4.8 Panel data quantile modeling

The results of the “panel quantile regression analysis” combine
with the discussion are presented in Table 9. The findings are presented
across various percentiles (10th-90th) of the conditional distribution
of ecological footprint (EF), allowing for a detailed examination of the
impacts of different factors. The empirical results highlight the diverse
effects of various factors on the ecological footprint, and further
analysis of additional effects should also be considered. This analysis
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TABLE 6 Panel unit root test results.

10.3389/fsufs.2025.1653025

Series ADF-Fisher PP-Fisher Conclusion
Level Ist A Level Ist A Level Ist A
EF 0.5104 0.0000 0.7023 0.0000 0.6161 0.0000 0.0330 0.0000 (1)
(0.02612) (—6.77125)% (0.53089) (—8.54973)#% (15.6629) (101.637)**% | (34.0390)** | (174.156)%%*
IND 0.7062 0.0000 0.9535 0.0000 0.7410 0.0000 0.7218 0.0000 1(1)
(0.54222) (—6.02054) (1.67928) (—6.39722)%#% (13.8168) (75.6221)%% (14.1111) (145.985) %
FP 0.0068 0.0000 0.5945 0.0000 0.5511 0.0000 0.2101 0.0000 1(1)
(—2.4673)%% | (—6.47087)%%* (0.23905) (—6.73627)%#% (16.5952) (79.1416)%* (22.5108) (133.735) %%
REC 0.8151 0.0003 1.0000 0.0000 0.9562 0.0000 0.9792 0.0000 (1)
(0.89702) (—3.41027) (4.19813) (=5.18919)%#* (9.15041) (62.6505) %% (7.96108) (105.774)%%5
CPI 0.1799 0.0000 0.9985 0.0000 0.9910 0.0000 0.9624 0.0000 1(1)
(=0.9157) (=5.2017) (2.95883) (—4.78150)%#%* (6.88964) (57.6992)%* (8.88302) (85.2429)%**
AGR 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1(0)
(—9.4597)%#% | (=6.55548)%*% | (—4.7909)%% | (—6.61985)%** | (61.8914)%** | (80.2993)%** | (73.4423)%*F | (135.535)%%x
URB 0.1555 0.0000 0.7155 0.0000 0.7667 0.0000 0.6193 0.0000 (1)
(-1.0131) (—7.89119) (0.56950) (—6.59059)%#% (13.4095) (76.5983) %% (15.6164) (126.592)% %

Statistics are in (); 1st A is the first difference.

TABLE 7 Second generation unit root CIPS and CADF results.

NEES

Conclusion

EF ~1.72433 —4.06959% 3.36360 —8.73602%% 1(1)
IND ~2.92546 —10.0345%* ~1.04764 —10.1362%%* 1(1)
FP —11.7961 %% ~2.52583 —8.73677+%% -1.36196 1(0)
REC ~1.99417 —3.88366% 0.71094 —6.38542%%% 1(1)
CIP ~2.07535 —11.0486% % ~5.00481 —13.2331 %% 1(1)
AGR 5.96554 —1.79882% 10.0365 —5.24623 %% 1(1)
URB ~1.61060 ~7.82576% %% —4.47568 —14.6527%%% 1(1)

##k Refers to the significance level at 1%.

TABLE 8 Westerlund cointegration test. countries should actively capitalize on this opportunity by fostering
Statistic Value Z-Value p-Value the development of the industrial sector, intensifying investments in
G P 5,899 0.004 human capital, and expediting the modernization of energy sectors

(Chen etal,, 2022; Quito et al., 2023). This underscores the importance
G -3 4.364 0-000 of strategic policy interventions aimed at harnessing the positive
P. ~7.153%5% 6.385 0.000 impacts of industrialization on ecological sustainability. These insights
P, 53654 7738 0.000 are particularly relevant to the United Nations Sustainable

##*Refers to the significance level at 1%.

aims to assist the selected countries in formulating policies aimed at
reducing their “ecological footprint.”

The findings regarding the influence of industry on ecological
footprint across various quantiles of countries consistently
demonstrate a positive and statistically significant impact. Particularly
noteworthy is the heightened significance of this impact observed in
quantiles exceeding 20H and 30H. These conclusions are corroborated
by the investigation carried out by Chen et al. (2022) and Quito et al.
(2023). These studies reached similar conclusions, emphasizing the
positive and significant influence of industrialization on ecological
footprint. Furthermore, they suggested that governments of different
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Development Goals (SDGs), notably SDG 9 (Industry, Innovation,
and Infrastructure), SDG 7 (Affordable and Clean Energy), and SDG
13 (Climate Action), which collectively emphasize the importance of
promoting sustainable industrial growth while mitigating
environmental impacts.

The relationship between food production and the ecological
footprint exhibits a distinct nonlinear pattern across various quantiles.
Specifically, the analysis reveals statistically significant negative effects
in the 10th, 20th, and 30th quantiles, suggesting that in economies or
regions experiencing lower levels of ecological pressure, increased
food production may contribute to environmental improvement. This
inverse relationship could be attributed to the adoption of resource-
efficient agricultural practices, technological innovations in crop

management, and sustainable land use, which collectively enhance
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TABLE 9 Panel quantile regression with ecological footprint (EF) as dependent variable.

10.3389/fsufs.2025.1653025

Quantile
50H

IND 0.0364%* 0.0777%%* 0.0520%* 0.0246* 0.0100 0.0112 0.0042 0.0046 0.0051
FP —0.0045 —0.0136%* —0.0017 0.0091%* 0.0081% 0.0060 0.0027 0.0037 0.0044
REC —0.0144%* —0.0177%* —0.0254%% —0.0300% —0.0274%% —0.0268%* —0.0213%%* —0.0275% —0.0354%%
CPI 0.0036 0.0061%* —0.0002 —0.0054 —0.0048 —0.0035 —0.0023 —0.0026 —0.0023
AGR 0.0338 010173 0.0936%% 007677 0.0528%* 0.0514%* 0.0293* 0.0428%* 0.0585%*
URB —0.2374%%* —0.6631%%* —0.5006%* —0.2119%* —0.0612 —0.0386 0.0209 0.0274 0.0762%
Constant 0.2848 —1.02798* ~0.3197 0.0255 0.5073* 0.4715% 0.8850%* 0.8505%* 0.7153%*
Obs. 233 233 233 233 233 233 233 233 233

Significance levels ***p < 0.01, **p < 0.05, *p < 0.1.

productivity while minimizing ecological harm (Ali et al., 2021;
Setsoafia et al., 2022). In such contexts, the transmission mechanism
operates through gains in efficiency, reduced waste, and conservation-
oriented production systems. Conversely, in the higher quantiles
(40th-90th) which correspond to more ecologically burdened
environments, the impact of food production becomes positive and
statistically significant, indicating a tendency toward environmental
degradation. This outcome may be driven by the intensification of
agriculture beyond sustainable limits, involving increased use of
synthetic fertilizers and pesticides, encroachment into marginal lands,
and a heavier reliance on energy-intensive mechanization and
livestock production (Ali et al., 2021; Aschemann-Witzel et al., 2023;
Bambi and Pea-Assounga, 2025). Through this transmission channel,
the expansion of food output exacerbates ecological stress via
deforestation, greenhouse gas emissions, and depletion of soil and
water resources. These findings align with prior empirical research
underscoring agriculture’s dual role: while sustainable intensification
can mitigate environmental impacts, unchecked intensification under
high ecological load tends to amplify environmental degradation
(Liao and Brown, 2018; Saqib et al, 2024). Ultimately, the
environmental outcome of food production hinges not solely on scale,
but critically on production methods, resource constraints, and
ecological context. This aligns directly with the objectives of SDG 2
(Zero Hunger), SDG 12 (Responsible Consumption and Production),
and SDG 13 (Climate Action), highlighting the importance of
promoting sustainable agricultural intensification that secures food
availability while preserving environmental integrity.

The impact of renewable energy consumption on ecological
footprint demonstrates a consistent negative and statistically
significant effect. This effect appears to be particularly pronounced in
quantile 40H, with a coeflicient of —0.0300, and escalates in quantile
90H, reaching a coefficient of —0.0354. This pattern aligns with the
findings of Li et al. (2022) in their study titled “Does renewable energy
reduce ecological footprint at the expense of economic growth?,
which also confirms the negative effect of “renewable energy
consumption” on “ecological footprint” “These results suggest that
higher levels of renewable energy consumption contribute to reducing
the ecological footprint, especially in countries with larger ecological
footprints” Furthermore, Levine and Kendall (2006) provide
additional support for these findings, demonstrating that improving
energy consumption efficiency represents a pivotal and effective
approach to addressing ecological challenges. This convergence of
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evidence underscores the importance of prioritizing renewable energy
investments and enhancing energy efficiency measures as integral
components of sustainable development strategies aimed at mitigating
environmental impacts. This is fully consistent with the aims of SDG
7 (Affordable and Clean Energy), SDG 13 (Climate Action), and SDG
12 (Responsible Consumption and Production), which collectively
emphasize the promotion of clean energy adoption and resource
efficiency as key strategies for reducing environmental pressures and
ensuring long-term ecological sustainability.

The analysis of the consumer price index (CPI) demonstrates a
nonlinear and asymmetric relationship with the ecological footprint
across different quantiles. Notably, CPI exerts positive and statistically
significant effects in the lower quantiles (10th and 20th), while
negative and statistically significant effects are observed from the 30th
through the 90th quantiles. This variation suggests the existence of
diverse transmission mechanisms shaped by differences in
environmental stress levels, consumption behavior, and
macroeconomic structure. In the lower quantiles (10H and 20H),
typically reflective of economies with relatively low ecological pressure
and less stringent environmental controls, a rise in CPI may signal
inflationary trends that stimulate increased domestic output,
particularly in resource-intensive sectors such as agriculture,
manufacturing, and energy. This production surge, driven by
persistent demand and the limited responsiveness of essential goods
to price changes, may heighten resource extraction and environmental
degradation, thus elevating the ecological footprint. These findings
align with the arguments of Limnios et al. (2009) and Semenova
(2024), who emphasize that inflation in such contexts often leads to
higher emissions and resource consumption due to weak regulatory
frameworks and inelastic demand. On the other hand, the negative
and significant effects from the 30th to the 90th quantiles suggest that
in more ecologically burdened or economically mature settings, rising
CPI tends to suppress consumption and industrial activity, leading to
a contraction in energy usage and material throughput. This
dampening effect on economic activity contributes to a decline in
environmental pressure, consistent with the observations of Rondoni
and Grasso (2021). In these economies, inflation often prompts a shift
toward less resource-intensive consumption, more efficient production
practices, and stronger policy enforcement, as noted by Bocken and
Allwood (2012). Additionally, persistent inflationary pressures may
drive behavioral and technological adaptations, including the
adoption of energy-efficient appliances, sustainable transportation,
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and eco-conscious consumption, all of which serve to reduce the
ecological footprint, supporting the insights of Beyer et al. (2024).

The findings reveal that agriculture (AGR) exerts a positive and
statistically significant impact on the ecological footprint (EF) across
the 20th to 90th quantiles, with the most pronounced effect at the 20th
quantile (0.1017) and a moderate increase again at the 90th quantile
(0.0585), while the effect in the 10th quantile (0.0338) remains
statistically insignificant. This suggests that as agricultural activity
expands, it increasingly contributes to environmental degradation,
particularly in regions with moderate to high ecological stress. This
relationship operates through several key transmission mechanisms.
To begin with, the conversion of forests and natural ecosystems into
agricultural land drives deforestation, biodiversity loss, and elevated
carbon emissions (Kronberg and Ryschawy, 2019). Additionally, the
excessive use of agrochemicals such as fertilizers and pesticides
pollutes soil and water systems, exacerbating ecological harm.
Furthermore, agriculture is a major consumer of freshwater, and
unsustainable irrigation practices contribute to water scarcity and land
degradation. The sector is also a significant emitter of greenhouse
gases, particularly methane from livestock and nitrous oxide from
nitrogen-based fertilizers (Johns et al., 2013; Kremen et al., 2012). In
more industrialized agricultural systems, the use of energy-intensive
machinery and transport further adds to environmental pressure.
Collectively, these findings support the notion that while agriculture
can be environmentally sustainable under certain conditions,
unchecked intensification leads to greater ecological burden
(Kronberg and Ryschawy, 2019). As such, it is crucial to promote
sustainable and climate-resilient agricultural practices, aligning with
the targets of SDG 2 (Zero Hunger), SDG 12 (Responsible
Consumption and Production), and SDG 13 (Climate Action), all of
which emphasize the need for productive yet environmentally
responsible food systems.

The findings on urbanization’s effect on the ecological footprint
demonstrate a complex and heterogeneous relationship, with six
quantiles showing statistically significant negative impacts and three
quantiles exhibiting positive effects, particularly pronounced at the
20th and 30th quantiles. This indicates that the environmental
consequences of urbanization vary considerably depending on a
country’s stage of development and the robustness of its urban
infrastructure. In economies corresponding to the lower and middle
quantiles, the positive association between urbanization and
ecological footprint suggests that rapid and often unplanned urban
growth tends to intensify environmental degradation. This can
be explained by the proliferation of informal settlements, insufficient
waste management, increasing energy demands, and inefficient
transportation systems, all of which contribute to resource depletion
and pollution (Sahoo and Sethi, 2022; Ulucak and Khan, 2020). The
lack of comprehensive urban planning and weak regulatory
frameworks in these regions further exacerbates the ecological burden
associated with urban expansion. Conversely, the negative and
significant effects observed in higher quantiles reflect situations where
urbanization coincides with improved governance, advanced
infrastructure, and sustainable urban planning. In such contexts,
cities benefit from efficient public transportation, effective waste
treatment, and the implementation of green technologies, which
collectively mitigate environmental harm (Luo et al., 2018; Ullah
et al.,, 2023). Furthermore, urban areas in these economies often
shift toward service-oriented and

experience a structural
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technology-driven sectors that typically exert lower ecological
pressure compared to traditional manufacturing or agriculture
(Mehmood, 2024). Additionally, urban concentration in developed
regions promotes spatial efficiency by reducing per capita resource
consumption through economies of scale in energy use and public
services (Nathaniel and Khan, 2020). Such densification fosters
sustainable urban development and helps limit the ecological
footprint despite increasing population density. This is fully aligned
with the objectives of SDG 11 (Sustainable Cities and Communities),
SDG 13 (Climate Action), and SDG 12 (Responsible Consumption
and Production), as these targets emphasize the vital importance of
integrated urban planning, resilient infrastructure development, and
sustainable resource management in mitigating the ecological
implications of expanding urbanization.

The constant term (constant) varies across quantiles, representing
the baseline level of ecological footprint not explained by the
independent variables. These findings provide insights into how
industrialization, food production, renewable energy consumption,
consumer price index, agriculture, and urbanization influence
ecological footprint across different quantiles, reflecting the complex
dynamics within the dataset encompassing 233 observations.

4.9 Quantile process estimate

Figure 4 presents the quantile regression estimates along with
their corresponding confidence intervals across the distribution of
ecological footprint (EF). The shaded areas represent 95% confidence
bands for the quantile estimates, offering insight into the precision and
variability of the coefficients at different quantiles. The vertical axis
captures the elasticity of each explanatory variable, illustrating the
extent and direction of their effects across the EF distribution.
Meanwhile, the horizontal lines indicate the conventional 95%
confidence intervals derived from ordinary least squares (OLS)
estimates, serving as a reference point for evaluating the robustness of
the quantile regression results. By contrasting the quantile-specific
estimates with the average effects from OLS, the figure underscores
the presence of heterogeneity in the determinants of EE. This nuanced
visualization affirms the methodological advantage of quantile
regression in uncovering variations in environmental impacts that
would otherwise remain obscured in mean-based models, thereby
offering richer insights for more targeted and equitable environmental
policy formulation.

4.10 Quantile coefficient test

In this section, the objective is to assess the quantile regression
coeflicient test, with a specific focus on both the “slope equality test”
and the “symmetric quantile test” As demonstrated in Table 10, the
outcome of the slope equality test indicates a probability of the Wald
test less than 0.05, coupled with a “Chi-Square statistic” value of
561.32, demonstrating statistical significance. This signifies the
rejection of the null hypothesis that the slopes are equal, suggesting
that the slope equality varies across quantile levels. Similarly, the
symmetric quantile test indicates a probability of the Wald test less
than 0.05, with a Chi-Square statistic value of 123.83, also deemed
statistically significant. This results in rejecting the “null hypothesis,”
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signifying asymmetric relationships across quantile levels. In other
words, it entails rejecting the “null hypothesis” and asserting the
presence of asymmetry across quantile levels.

4.11 Robustness outcomes using system
GMM

The issue of endogeneity is systematically resolved by introducing
appropriate instruments into the specified model and applying the
system GMM technique as a robustness check. In this approach, the
lagged dependent variable is employed as an endogenous instrument,
while the lagged values of explanatory variables and time dummies
serve as exogenous instruments. The validity of these instruments is
confirmed by the Hansen test, with all p-values exceeding 0.40,
whereas the absence of second-order autocorrelation (AR(2) > 0.05)
further reinforces the reliability and robustness of the estimates.
Moreover, the empirical findings presented in Table 8 highlight the
heterogeneous effects of the explanatory variables on ecological
footprint. To begin with, industry (IND) exerts a strong and highly
significant positive impact at the 1% level. The estimated coefficient of
0.4948* indicates that a 1% rise in industrial activity results in
approximately a 0.49% increase in ecological footprint. This finding
underscores that, although industrial expansion stimulates economic
growth, it simultaneously intensifies environmental degradation
through transmission channels such as rising energy demand, reliance
on carbon-intensive production methods, and escalating waste
generation (Bambi et al., 2024; Bambi and Pea-Assounga, 2024).
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TABLE 10 Quantile regression coefficient test.

Elements Tests Chi-Sq. Prob
statistic

Quantile slope equality test Wald Test 561.3214 0.0000

Symmetric quantile test ‘Wald Test 123.8399 0.0000

Source: Authors’ computation.

In the same vein, food production (FP) is positively and
significantly associated with ecological footprint at the 5% level, with
a coeflicient of 0.3847. This suggests that a 1% increase in food
production amplifies ecological pressure by nearly 0.38%. The outcome
reflects the environmental costs of modern agricultural intensification,
which frequently depends on land conversion, chemical fertilizer
usage, and greenhouse gas emissions from livestock. Consistent with
prior studies (Saqib et al., 2024; Setsoafia et al., 2022), the transmission
channels operate through soil degradation, depletion of freshwater
resources, and biodiversity loss, thereby revealing the dual challenge of
achieving food security while safeguarding the environment. By
contrast, renewable energy consumption (REC) is found to significantly
mitigate ecological footprint, as evidenced by its negative coefficient of
—0.4185***. This implies that a 1% rise in renewable energy adoption
reduces ecological footprint by approximately 0.42%. Such a result
highlights the transformative role of clean energy in offsetting
environmental pressures by displacing fossil fuel dependency, lowering
pollution intensity, and enhancing overall energy efficiency. This
finding corroborates the evidence of Li and Wang (2023) and Nathaniel
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etal. (2020), who also emphasize that the key transmission channels
lie in energy substitution effects and reduced carbon emissions.

In contrast, the consumer price index (CPI) yields statistically
insignificant results across all specifications, with coefficients
fluctuating in sign. This indicates that inflationary dynamics or changes
in household consumption prices do not exert a direct or stable
influence on ecological footprint in the studied context. The weak and
inconsistent effects suggest that any transmission channels from CPI
to environmental pressure may be indirect, possibly mediated through
altered household demand structures or policy responses to inflation,
as highlighted by Limnios et al. (2009) and Semenova (2024). Turning
to agriculture (AGR), the results consistently reveal a positive and
significant relationship, with coefficients ranging between 0.22 and
0.46, all significant at the 5% level. This implies that agricultural
expansion, though economically important, contributes to ecological
degradation. The main transmission mechanisms include land
degradation, methane emissions from livestock, excessive irrigation,
and deforestation practices. Supporting evidence from Johns et al.
(2013) and Kremen et al. (2012) affirms that unsustainable agricultural
intensification considerably heightens environmental stress.

Finally, urbanization (URB) in Table 11 emerges as the most
influential driver of ecological footprint, with strong and highly
significant coefficients ranging from 0.65 to 0.88 at the 1% level. This
indicates that a 1% increase in urbanization leads to a 0.65-0.88% rise
in ecological footprint. The underlying transmission channels stem
from rapid population concentration, infrastructure expansion,
intensified energy demand, and increased transportation needs in
urban areas (Sahoo and Sethi, 2022; Ulucak and Khan, 2020). Taken
together, these findings reveal a clear contrast: while industrialization,
food production, agriculture, and urbanization significantly exacerbate
ecological footprint, renewable energy consumption offers a critical
pathway for mitigating environmental stress. Meanwhile, the
insignificance of CPI underscores that inflationary dynamics do not
represent a decisive determinant of ecological footprint in this
framework. Therefore, policy efforts should prioritize scaling up
renewable energy adoption, fostering sustainable agricultural practices,
and implementing environmentally conscious urban planning in order
to balance economic progress with ecological sustainability.

5 Conclusion

This study aims to assess the influence of industrialization, food
production, renewable energy consumption, consumer price index
(CPI), and urbanization on ecological footprint (EF) by utilizing a
balanced panel dataset covering the years 1995-2020 for nine
strategically selected Asian countries: China, Singapore, Japan,
South Korea, Vietnam, Malaysia, the Philippines, Thailand, and
Indonesia. To account for the differential effects across varying levels
of ecological pressure, this study employs panel quantile regression.
This approach is particularly effective for identifying heterogeneous
relationships along the distribution of ecological footprint, and its
reliability is further reinforced through robustness checks using the
system GMM technique. To begin with, the quantile regression
findings demonstrate that industry exerts a significantly positive
effect on ecological footprint across all quantiles. Moreover, the
magnitude of this effect intensifies notably beyond the 20th and 30th
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TABLE 11 Results of system GMM with ecological footprint as dependent

variable.
Series | 1 2 3
IND 0.4948°*** (4.6627)
FP 0.3847%* (2.3294)
REC —0.4185%

(=3.2723)

CPI —0.0900 (—0.8685) 0.1900 (1.2800) 0.0236 (0.1400)
AGR 0.4559%% (2.4503) 0.4432%% (2.4142)  0.2262%* (1.6218)
URB 0.8802%%% (7.9478) | 0.8250%%* (7.3743) | 0.6522%** (4.6310)
Constant 4.9337%%% (6.0787) | 4.5119%%% (55155) | 6.2264%%* (3.4537)
Obs 233 229 223
AR(1) 0.059 0.047 0.035
AR(2) 0.676 0.541 0.479
Hansen Test 0.446 0.421 0.406

Significance levels *p < 0.1, *¥p < 0.05, **¥p < 0.01.

percentiles, suggesting that as countries experience higher
environmental pressure, industrial expansion becomes a more
prominent driver of ecological degradation. Consequently, these
results underscore the urgent need to implement eco-friendly
industrial strategies, particularly in highly industrialized economies.
Additionally, the impact of food production varies considerably
across quantiles. Specifically, at the lower quantiles (10th-30th),
food production appears to reduce the ecological footprint, which
implies that in countries facing relatively lower ecological stress,
food systems may operate in a more sustainable and resource-
efficient manner. However, from the 40th to 90th quantiles, the
impact becomes significantly positive, indicating that agricultural
intensification in more ecologically stressed environments
contributes substantially to environmental degradation due to
excessive resource use and expanded production. In contrast,
renewable energy consumption consistently reveals a negative and
statistically significant association with ecological footprint,
especially at the 40th and 90th quantiles. This clearly highlights the
critical role of renewable energy in mitigating environmental
damage, particularly in countries operating under severe ecological
stress. Therefore, promoting clean energy alternatives becomes
crucial for ensuring sustainable ecological outcomes. Furthermore,
the relationship between CPI and ecological footprint is more
complex. At lower quantiles, CPI shows a positive effect, possibly
reflecting increased consumer and production activity in response
to rising prices. However, at higher quantiles, this relationship turns
that
environmentally burdened economies may dampen consumption

negative, suggesting inflationary pressures in more
and production, thereby lowering ecological stress.

Meanwhile, agriculture consistently emerges as a significant and
positive contributor to ecological footprint across all quantile levels.
This
environmental consequences of traditional agricultural practices,

consistent pattern reinforces concerns regarding the
which often involve deforestation, land degradation, and the overuse
of water and soil resources. Urbanization, on the other hand, presents
a mixed effect depending on the quantile level. Notably, significant

impacts are observed at the 20th and 30th percentiles. This implies
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that while early-stage urban growth may escalate ecological pressures
due to infrastructure expansion and energy demand, it also holds
potential for environmental improvements through innovations in
technology, better infrastructure, and efficient urban planning,
particularly in countries with moderate ecological stress. Lastly, the
study incorporates the system GMM as a robustness check, which
accounts for potential endogeneity, unobserved heterogeneity, and
dynamic relationships among the variables, thereby ensuring more
reliable and consistent estimates. Taken together, these results provide
deeper and more nuanced insights into the intricate interplay between
economic and environmental factors, thereby shedding light on the
pathways through which sustainable ecological outcomes can
be fostered in Asia’s fast-growing economies.

5.1 Practical policy implications

The study’s findings underscore the critical need for targeted
policy measures that reduce environmental impacts while fostering
sustainable development. Industrialization and green technologies
emerge as central areas for policy intervention. Given the consistently
positive and statistically significant relationship between
industrialization and the ecological footprint, policymakers need to
prioritize the adoption of eco-friendly industrial practices. This can
be achieved by implementing stricter environmental regulations,
offering incentives for the adoption of green technologies, and
encouraging industries to shift toward cleaner production methods.
These steps will be pivotal in mitigating the environmental impacts of
industrialization, especially in higher quantiles where the effects are
most significant.

The study also reveals the mixed effects of food production on the
ecological footprint, highlighting the need for differentiated
agricultural policies. While small-scale, sustainable farming methods
such as organic farming, agroecology, and eflicient water use help
reduce the ecological footprint, large-scale, intensive agricultural
practices tend to increase environmental degradation. Therefore,
policies should focus on promoting sustainable farming practices,
supporting local food systems, and reducing food waste along the
supply chain. These efforts will mitigate the negative environmental
effects of food production while encouraging more sustainable
agricultural practices.

Furthermore, the study emphasizes the importance of
transitioning to renewable energy sources. The significant negative
impact of renewable energy consumption on the ecological footprint,
particularly in higher quantiles, calls for policies aimed at expanding
renewable energy infrastructure. Governments should provide
financial incentives, subsidies, and support for renewable energy
projects, while also investing in research and development to improve
the efficiency and sustainability of renewable energy technologies.
Additionally, promoting energy efficiency and reducing reliance on
fossil fuels will further enhance the positive environmental impacts of
renewable energy consumption.

The findings also point to the role of consumer behavior in
shaping environmental outcomes. The mixed effects of the consumer
price index on the ecological footprint suggest that policies promoting
sustainable consumption are essential. To this end, eco-labeling,
consumer education on environmental impacts, and encouraging the
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use of sustainable products are key policy tools. Moreover, revising tax
policies to favor environmentally friendly products and penalize those
with higher ecological footprints can significantly influence consumer
behavior toward more sustainable choices.

Finally, the study addresses the dual effects of urbanization on the
ecological footprint, both positive and negative. This highlights the
need for comprehensive urban planning policies. Governments
should focus on promoting sustainable urban development by
integrating green infrastructure, establishing efficient public
transportation systems, and implementing sustainable land-use
practices. Encouraging the development of smart cities and
incorporating green spaces into urban areas will be crucial in
mitigating the negative environmental effects of urbanization while
enhancing overall sustainability. By addressing these interconnected
policy challenges, governments and stakeholders can effectively
reduce the ecological footprint, support economic growth, and secure
a more sustainable future for generations to come.

5.2 Limitations and future research avenues

Although this study delivers valuable findings, it is important to
acknowledge several limitations that also open promising directions
for future research. Primarily, the dataset employed is relatively
limited in scope and may not fully capture the diverse and
heterogeneous impacts of industrialization, agricultural practices, and
renewable energy consumption across different geographic regions,
economic sectors, and time periods. Therefore, to strengthen the
external validity and applicability of the results, subsequent studies
should strive to incorporate more comprehensive datasets
encompassing a wider array of countries, industries, and longer
temporal spans. Moreover, refining the model specifications by
including interaction terms for instance, examining how industrial
activity interacts with renewable energy usage could uncover
important moderating effects and complex interdependencies that
remain unexplored (e.g., industry x renewable energy). Other
interaction effects may also prove insightful, enabling a deeper
understanding of the multifaceted relationships at play.

In addition, regarding the cross-sectional dimension, future
investigations could implement a systematic exclusion approach,
where one country is omitted at a time while re-estimating the model.
Reporting these stepwise results would allow researchers to assess the
robustness and sensitivity of findings to the presence or absence of
individual countries. Complementarily, conducting country-specific
analyses whenever feasible would facilitate meaningful comparisons
and reveal localized patterns and idiosyncrasies that aggregate
analyses might overlook.

Furthermore, emerging technological innovations, particularly
in agricultural technology (agri-tech) and green technologies,
represent a significant opportunity to reduce the ecological footprint
by enhancing resource efficiency, minimizing emissions, and
fostering cleaner, more sustainable production processes.
Technologies such as precision farming, smart irrigation, renewable
energy-powered machinery, and carbon-neutral industrial operations
exemplify this potential. Given the rapid advancement and diffusion
of these innovations, it is imperative for future research to thoroughly
investigate their long-term environmental consequences, many of
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which are not yet fully understood or empirically substantiated.
Employing sophisticated empirical methodologies, including panel
data analysis, spatial econometrics, and machine learning can offer
more granular, accurate insights into the extent to which these
technological ~developments contribute to environmental
sustainability. Moreover, future studies should place greater emphasis
on examining the heterogeneous effects of industry, agriculture, and
energy consumption across various socio-economic contexts,
governance frameworks, and spatial settings. Such an approach will
enable policymakers to tailor interventions that are more context-
sensitive and effective in addressing specific environmental
challenges. Equally important is the pursuit of longitudinal research
that tracks environmental impacts over extended periods, providing
critical evidence on the persistence, evolution, and efficacy of
different policy measures. By integrating technological progress,
spatial heterogeneity, and temporal dynamics, future environmental
research can yield more robust and actionable policy guidance aimed
at advancing sustainable development objectives. Additionally,
consumer behavior plays a pivotal role in shaping environmental
outcomes, yet this dimension often remains underexplored.
Therefore, future investigations should delve into the social and
behavioral drivers of sustainable consumption by exploring cultural
values, social norms, and insights from behavioral economics.
Understanding these factors is crucial for designing effective policies
and interventions that promote environmentally responsible
behaviors among consumers. Overall, by addressing these limitations
and expanding the scope of inquiry, future research can generate a
more comprehensive and nuanced understanding of the complex
interactions between industrialization, energy consumption,
agriculture, and urbanization. Such knowledge will be essential for
developing informed, targeted, and sustainable policy frameworks
that effectively contribute to preserving the global environment for

future generations.
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