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ABSTRACT

This study examines the factors influencing Iran's ecological footprint, with a
special focus on the role of education and sustainable energy policies. The
ecological footprint, as a critical indicator for assessing human pressure on natural
resources, requires thorough analysis in Iran due to its heavy reliance on fossil fuels
and environmental challenges. The primary objective of this study is to investigate
the impact of renewable energy consumption, economic growth, industrial value-
added, and education on Iran's ecological footprint from 1961 to 2023, using the
Nonlinear Autoregressive Distributed Lag (NARDL) model. The main research gap
in prior studies is the lack of attention to education as a soft factor in sustainability
alongside economic and energy variables, as well as the emphasis on linear
relationships instead of exploring nonlinear and asymmetric effects. The innovation
of this study lies in incorporating environmental education into the NARDL model
for Iran for the first time, enabling the analysis of positive and negative shocks. The
findings indicate that renewable energy consumption and sustainable economic
growth reduce the ecological footprint in the short term, though positive and
negative shocks may yield varying effects. In the long term, education plays a
significant and reducing role. The results suggest that policymakers should promote
clean energy, impose taxes on polluters, and enhance environmental education to
reduce the ecological footprint and achieve sustainable development. This study
emphasizes the importance of integrating economic, social, and environmental
dimensions.
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Introduction

The ecological footprint (EF) quantifies human
demand on Earth's regenerative capacity,
measuring the biologically productive area needed
for resource consumption and waste assimilation
(Wackernagel & Rees, 1996). As a comprehensive
sustainability indicator, it surpasses CO2-focused
metrics by integrating land, water, and biodiversity
pressures. Iran's EF predicament is acute: fossil
fuel dominance (over 95% of energy consumption)
fuels emissions, desertification, and water stress,
yielding a per capita EF of 2.8 global hectares,
which exceeds the country's biocapacity by 150%
(Global Footprint Network, 2023). Spanning oil
wealth eras to sanction-hit stagnation, Iran's
trajectory underscores the perils of the resource
curse, where economic booms amplify degradation
without offsetting efficiencies. Determinants
interweave economics, energy, and society. GDP
growth embodies the Environmental Kuznets
Curve (EKC): early industrialization swells EF,
but innovation thresholds may decouple it
(Grossman & Krueger, 1995). Renewables like
solar energy (Iran's untapped potential of 300
sunny days/year) promise mitigation and are
inversely linked to EF in energy transitions (Sahoo
& Sethi, 2021). Industrial value-added (IND)
drives prosperity yet inflates EF via inefficient oil-
refining. Overlooked is education (EDU), which
represents  environmental literacy reshaping
behaviors and amplifying policy impacts (Dvulit et
al., 2024). Iranian literature has largely focused on
linear energy-GDP ties, sidelining asymmetries
(e.g., renewable surges vs. fossil fuel declines) and
EDU's role (Sayadi et al., 2023; Esfahani et al.,
2022). This study deploys the Nonlinear ARDL
(NARDL) approach to unpack asymmetric effects
of renewables (EGY), GDP, IND, and EDU on EF
(1961-2023). Covering oil shocks, revolutions,
and Paris Agreement commitments, it innovates by
embedding EDU in a NARDL framework for Iran,
probing shock heterogeneities. Rooted in
sustainable development's three-pillar framework
(Brundtland, 1987), it hypothesizes long-run EF
reductions via EGY and EDU, with asymmetric
effects associated with growth and IND. The
study's contributions guide Iran's Vision 2040:
renewable energy subsidies, polluter taxes, and
green curricula for low-EF resilience.

Methodology

This applied econometric analysis employs the
NARDL (Shin et al., 2011) model for asymmetric
cointegration, extending ARDL to dissect positive
and negative shocks in mixed I(0)/I(1) series,

making it particularly suitable for Iran's volatilities
without requiring strict pre-tests.

In(ECF,) = ag + a4y In(GDP,) + a; In(l;)
+ a3 In(EGY;) + a4 In(EDU,) + &

EF: per capita footprint (global ha/person);
GDP: growth (%); I: industrial value added
(percentage of GDP); EGY: renewables as a
percentage of total energy consumption; EDU:
UNESCO literacy/composite index. Logs ensure
elasticities; variables were selected based on
theoretical considerations (EKC scale for GDP;
technique effect for EGY; composition effect for
IND; human capital effect for EDU). Data: World
Bank/Global Footprint Network (1961-2023),
logged for linearity. Diagnostics: ADF/PP unit
roots; Pesaran bounds F-test (cointegration if
>4.35 at 5%); AIC lags; CUSUM  stability;
Breusch-Godfrey (autocorrelation test), ARCH
(heteroskedasticity test), RESET (specification
test). Granger-Yoon tests were used to examine
hidden cointegration. EViews/Stata estimation:
symmetric ~ARDL baseline, then NARDL
asymmetries. This yields robust short- and long-
run insights, while pioneering the analysis of
EDU's shock effects for policy.

Results

The ecological footprint variable, renewable
energy consumption, and economic growth
became stationary after first differencing. In
contrast, the value-added variable of the industrial
development sector remained stationary at level.
Also, based on the ADF and PP unit root tests, the
education index was stationary at level. All
variables were statistically significant at the 99%
confidence level. In the linear autoregressive
model with short-term distributed lags, renewable
energy consumption has a negative effect on the
ecological footprint; a one percent increase in
renewable energy consumption leads to a 0.008
percent decrease in the ecological footprint. This
shows that the use of renewable energy, although
small, has a reducing effect on the ecological
pressure on the environment. In addition,
economic growth has a negative effect on the
ecological footprint, so that a one percent increase
in economic growth reduces the ecological
footprint of the current period by 0.342 percent.
Also, the first lag of economic growth has a
positive and significant effect on the ecological
footprint; thus, a one percent increase in the first
lag of economic growth increases the ecological
footprint of the current period by 0.316 percent.
Findings portray Iran's EF as asymmetrically
responsive, where linear ARDL understates shock-
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driven nuances. Renewables' baseline reduction
effect (-0.008% short-run) echoes technique shifts
in low-penetration contexts (Sahoo & Sethi, 2021),
yet EGY" insignificance (+0.001%) and EGY~
relief (-0.028% short; -0.272% long) flag frictions:
fossil subsidies stifle adoption, with downturns
promoting greener outcomes through idled
capacity, a phenomenon referred to as a "green
recession" (Kongbuamai et al., 2020). Long-run
EGY" increases (+0.012%), which deviates from
Idroes et al. (2024), likely due to import footprints,
urging low-impact scaling. GDP's short-run dip (-
0.342%) hints at the EKC hypothesis, but lagged
positives (+0.316% short; +1.225% long) and
negatives  (-0.309%) mirror MENA growth
pressures (Sayadi et al., 2023; Tarazkar et al.,
2020). Expansions intensify environmental
pressure through scale effects, whereas recessions
ease such pressures, contrasting with findings from
developed economies (Esfahani et al., 2022),
necessitating green growth buffers. IND's limited
impact (+0.0025%; shocks insignificant/+0.023%)
reflects oil inertia, tempering Candra et al. (2023)'s
efficiency hopes; negatives' penalty signals fossil
rebounds. EDU shines: -0.045% short-run; -
0.089% long-run positives validate behavioral
pivots (Dvulit et al,, 2024), absent in previous
studies (Parsashrif et al, 2021); negatives
(+0.031%/+0.067%) caution against educational
setbacks. As a shock absorber, EDU integrates the
three sustainability pillars, syncing with Neagu
(2022)'s  complexity-EKC  framework  but
contrasting with Idroes et al.'s findings amid
sanctions. Stability affirms robustness; however,
the relatively small sample size should be
acknowledged as a limitation. Policy implications
suggest that asymmetry demands targeted
renewables (reaching 20% by 2030), carbon taxes,
and mandatory environmental education, providing
a holistic pathway toward SDG alignment.

Conclusions

NARDL reveals EGY/EDU as long-run EF
reducers (-0.009% aggregate EGY; -0.089%
EDU), asymmetrically modulating GDP/IND
shocks (+1.225% GDP*; +0.023% IND").
Symmetric baselines mask volatilities,

underscoring integrated strategies. This
asymmetry-centric lens exposes policy blind spots:
while renewables offer promise, unchecked shocks
from growth booms or industrial dips perpetuate
unsustainability,  particularly in  sanction-
vulnerable economies like Iran's. Education's
pivotal buffering—mitigating up to 8.9% of EF
pressures—highlights its underleveraged potential,
transforming passive consumers into active
stewards. Recommendations include boosting
renewable energy deployment through green
imports and R&D incentives to offset embodied
footprints; progressively taxing fossil fuels
(starting at a 5% carbon levy, scaling to 15% by
2035); and embedding environmental education in
curricula with nationwide 90% literacy targets,
incorporating shock-resilient modules such as
climate simulations and community outreach.
These measures support progress along the EKC
pathway while aligning with SDGs 4 (quality
education), 7 (affordable clean energy), and 13
(climate action), and fostering resilience against
exogenous volatilities. Future avenues include
Spatial NARDL for provincial disparities, DSGE
models for shock forecasts, and cross-MENA
panels to benchmark asymmetries. Iran's path
exemplifies that sustainability demands not mere
transitions, but transformative asymmetries, with
economic vigor harnessed through enlightened,
equitable policies. By prioritizing these, Iran can
reclaim biocapacity equilibrium, serving as a
model of green resilience for the Global South.
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Table 3. Results of the Short-Run ARDL Model Estimation
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Independent Variable Coefficient t-Statistic Prob
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Table 4. Results of the Short-Run NARDL Model Estimation
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Table S. Bounds Test for the Asymmetric Estimation
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Table 6. Long-Run Coefficients for the Asymmetric Estimation

Coefficient Prob

Independent Variable
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AEGY* 0.012355
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1.225632
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Al* 0.002354- 0.7812

Al™ 0.023511
0.035241- 0.008

AEDU*
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AEDI™ 0.015244- 0.028

C 17.38308

0.010
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Diagram 1. Results of the Structural Stability Test Using the Cumulative Sum of Recursive Residuals
(CUSUM)
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