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Abstract:

This study aims to examine the asymmetric effects of oil price fluctuations, trade development intensity, innovation, and
human development on renewable energy consumption in Iran. The research employed a descriptive—analytical approach
using time series data from 2001-2020. Qil price volatility was estimated through the EGARCH model, and both short-run and
long-run relationships among variables were analyzed using the Nonlinear Autoregressive Distributed Lag (NARDL) model.
The main variables included oil price volatility, trade development intensity (exports plus imports to GDP ratio), global
innovation index, and human development index. Data were collected from international sources such as the World Bank,
EIA, and UNDP. The EGARCH model confirmed significant and stable oil price volatility. NARDL estimations revealed that all
variables were statistically significant at the 95% confidence level. In the short run, positive changes in oil price volatility,
trade development, innovation, and human development had significant positive impacts on renewable energy consumption,
whereas negative changes had adverse effects. In the long run, a 1% increase in trade development, innovation, human
development, and oil price volatility led to rises of 1.52%, 1.04%, 0.89%, and 0.68% in renewable energy consumption,
respectively. The bounds test confirmed the presence of long-term cointegration among the variables. Trade development
emerged as the most influential determinant of renewable energy consumption, followed by innovation, oil price volatility,
and human development. The results highlight the need for improved renewable energy policies, enhancement of
technological infrastructure, and trade facilitation to strengthen renewable energy utilization in Iran.
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Extended Abstract

Introduction

In recent decades, the accelerating pace of climate change, the growing demand for sustainable energy, and the volatility
of global oil markets have reshaped global energy policies toward renewable resources (Shah et al., 2018). The dependency
on fossil fuels has long been associated with environmental degradation, economic instability, and social inequity, prompting
many economies to seek renewable alternatives that can ensure long-term energy security and sustainable development
(Tantau & Fratila, 2021). According to the United Nations’ Sustainable Development Goals (SDG7), increasing the share of
renewable energy in global energy consumption by 2030 is one of the key strategic objectives for environmental and
economic resilience (Wood, 2019).

For oil-dependent economies, however, the relationship between oil price fluctuations and renewable energy adoption is
complex and often asymmetric. When oil prices rise, the cost of fossil fuel consumption increases, creating incentives for
diversification toward renewable energy; conversely, when oil prices fall, reliance on conventional energy resurges, reducing
the economic motivation for renewable investment (Zhao et al., 2024). This dynamic interaction is particularly significant in
countries such as Iran, where the economy is heavily reliant on oil exports and global market volatility has a cascading impact
on domestic energy strategies (Ibrahim et al., 2025).

Previous research has provided mixed evidence regarding the impact of oil price shocks on renewable energy demand.
Some studies suggest that volatility in oil markets can stimulate innovation and investment in alternative energy technologies
(Alvarado et al., 2021; Eyden et al., 2019), while others argue that such volatility increases uncertainty and reduces investor
confidence in long-term renewable projects (Tambari & Failler, 2020; Zhao et al., 2024). Meanwhile, global trade openness
and technological advancement are considered key catalysts for renewable energy consumption. Open economies benefit
from technology transfers, innovation spillovers, and international collaboration in green energy production (Adebayo et al.,
2021; Murshed, 2020). Furthermore, human capital development and institutional capacity have been recognized as essential
determinants of environmental sustainability, as nations with higher human development indices tend to adopt cleaner
energy practices (Fossaceca, 2020; Hoang, 2020).

From the perspective of technological innovation, renewable energy competitiveness has dramatically increased due to
cost reductions in solar, wind, and bioenergy systems (Bamati & Raoofi, 2020; Harder, 2019). Innovations in artificial
intelligence, smart grids, and hybrid energy systems have further enhanced forecasting accuracy and operational efficiency
in renewable energy markets (Heydari, Astiaso Garcia, et al., 2019; Heydari, Garcia, et al., 2019). Financial development also
plays an enabling role in fostering renewable energy projects, as mature financial systems facilitate access to capital for
environmentally friendly investments (Anton & Nucu, 2020; Shahbaz et al., 2021).

The interplay between economic globalization, oil market dynamics, and environmental policies thus represents a
multidimensional challenge for policymakers. In oil-exporting developing countries, like Iran, these factors determine not
only the feasibility of transitioning toward renewable energy but also the long-term sustainability of economic growth
(Mohsin et al., 2021). The integration of renewable energy into the national energy portfolio is not merely an environmental
concern but also a strategic economic decision aimed at stabilizing growth and mitigating exposure to external shocks

(Pourdarbani, 2020; Rahmani & Khorasani, 2024).
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In this context, the present study investigates the asymmetric effects of oil price fluctuations, trade development intensity,
innovation, and human development on renewable energy consumption in Iran. By applying nonlinear econometric models,
this study aims to capture the short- and long-run relationships between these variables, providing a comprehensive
understanding of how macroeconomic and developmental factors interact to shape Iran’s renewable energy trajectory.

Methods and Materials

This study employed a quantitative econometric design using annual time-series data for Iran from 2001 to 2020. The
dependent variable was renewable energy consumption, measured through national energy statistics from the U.S. Energy
Information Administration (EIA). The key explanatory variables included oil price volatility, trade development intensity
(exports plus imports to GDP ratio), global innovation index, and the human development index (HDI).

Oil price volatility was estimated using the Exponential Generalized Autoregressive Conditional Heteroscedasticity
(EGARCH) model to capture asymmetric effects of positive and negative shocks. Subsequently, the Nonlinear Autoregressive
Distributed Lag (NARDL) model was applied to examine both short- and long-term asymmetries among variables. This model
allows for the decomposition of each independent variable into positive and negative partial sums, thus identifying how
increases and decreases in oil prices or trade intensity differently affect renewable energy consumption.

Data were obtained from reputable sources including the World Bank, the United Nations Development Programme
(UNDP), and the Central Bank of Iran. Diagnostic tests such as the Breusch—Godfrey serial correlation test, LM-ARCH
heteroskedasticity test, and bounds cointegration test were conducted to ensure the validity and robustness of the models.

Findings

The results of the EGARCH model confirmed significant volatility in oil prices throughout the period, indicating persistent
asymmetry between positive and negative shocks. The NARDL estimations revealed that all explanatory variables —oil price
volatility, trade development, innovation, and human development—had statistically significant effects on renewable energy
consumption at the 95% confidence level.

In the short run, positive changes in oil price volatility, trade intensity, innovation, and human development led to an
increase in renewable energy consumption, whereas negative changes had a decreasing effect. This suggests that
improvements in trade openness, technological innovation, and socio-economic development immediately stimulate
demand for renewable energy.

In the long run, the impact of these factors remained positive and significant. A 1% increase in trade development was
found to raise renewable energy consumption by 1.52%, while a 1% increase in innovation, oil price volatility, and human
development increased renewable energy consumption by 1.04%, 0.89%, and 0.68%, respectively. The bounds cointegration
test confirmed the existence of a long-term equilibrium relationship among the variables.

Furthermore, diagnostic tests indicated no evidence of autocorrelation or heteroskedasticity in the residuals, confirming
model stability. The Wald test results demonstrated the presence of both short-run and long-run asymmetries, validating the
appropriateness of the NARDL approach for capturing nonlinear dynamics.

Discussion and Conclusion

The findings of this study underscore the intricate and multidimensional relationship between oil market volatility, trade
openness, innovation, and human development in shaping Iran’s renewable energy consumption patterns. The positive

impact of oil price volatility suggests that higher oil prices create incentives for diversifying energy sources and investing in
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renewable energy technologies. This is consistent with studies showing that increased fossil fuel costs push both firms and
governments to adopt more sustainable energy systems (Eyden et al., 2019; Zhao et al., 2024).

The strong influence of trade development highlights the role of economic globalization in facilitating access to clean
technologies and international collaborations. Trade openness not only allows for technology transfer but also improves
market efficiency, enabling developing countries to benefit from the competitive advantages of renewable technologies
(Adebayo et al., 2021; Murshed, 2020). In the Iranian context, where domestic technological capabilities are still evolving,
trade liberalization can serve as a conduit for innovation diffusion and infrastructure improvement.

Innovation emerged as a key determinant of renewable energy adoption, corroborating global evidence that technological
progress reduces production costs and enhances system efficiency (Bamati & Raoofi, 2020; Harder, 2019). The availability of
advanced forecasting and hybrid energy systems further supports the efficient integration of renewables into the national
grid (Heydari, Astiaso Garcia, et al., 2019; Heydari, Garcia, et al., 2019). This finding reinforces the need for continued
investment in research and development (R&D) and collaboration between universities, industries, and governmental
institutions.

The human development factor also exhibited a positive effect on renewable energy consumption, indicating that societies
with better education, awareness, and living standards are more likely to adopt environmentally conscious energy behaviors
(Fossaceca, 2020; Hoang, 2020). This implies that policies aimed at improving public welfare and environmental literacy can
indirectly strengthen the demand for renewable energy.

Collectively, these results align with prior research emphasizing the interplay between economic, social, and technological
determinants in fostering sustainable energy transitions (Mohsin et al., 2021; Shahbaz et al., 2021). In oil-dependent
economies like Iran, the transition toward renewable energy requires not only technological advancements but also systemic
reforms in trade, finance, and education sectors (Pourdarbani, 2020). The results further confirm that renewable energy
adoption can serve as both a hedge against oil price uncertainty and a driver of long-term economic stability.

From a policy perspective, Iran’s strategic approach to energy transition should focus on strengthening trade partnerships,
supporting innovation ecosystems, and integrating human capital development into energy planning. Establishing green
financing mechanisms, promoting international cooperation for technology transfer, and reforming subsidies that favor fossil
fuels are crucial to ensuring a sustainable shift toward clean energy.

In conclusion, this study provides empirical evidence that oil price volatility, trade openness, innovation, and human
development are interdependent forces shaping renewable energy consumption in Iran. The asymmetric effects observed
imply that policymakers should adopt flexible and dynamic strategies capable of responding to both upward and downward
movements in oil markets. By harmonizing economic diversification, technological innovation, and social progress, Iran can

not only reduce its dependence on oil but also position itself as a regional leader in renewable energy development.
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