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Abstract

This study investigates the impact of Green Innovation (GI) on energy efficiency
performance across six emerging economies-China, India, Brazil, Turkey, Poland, and South
Africa-using a comparative panel econometric approach. These countries represent diverse
industrial structures, regulatory environments, and sustainability transitions. Panel data covering
the period 2012-2023 are employed. Energy efficiency is measured by energy intensity and
renewable energy productivity, while green innovation is proxied by environmental research and
development expenditures and green patent activity. Digital readiness indices and GDP per capita
are included as moderating and control variables. Fixed-effects and random-effects techniques are
applied, with Hausman tests guiding estimator selection. The results show a statistically significant
negative relationship between green innovation and energy intensity, implying that higher levels
of innovation contribute to improved energy efficiency. Digital readiness further strengthens this
relationship across the six-country sample. The findings provide policy-relevant insights for
emerging economies seeking energy security and sustainability gains through technological
modernization and innovation-led development strategies.
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Xiilasa

Bu todqiqat miiqayisali panel econometrik yanagma osasinda alt1 inkisaf etmokdo olan
igtisadiyyatda - Cin, Hindistan, Braziliya, Tiirkiys, Polsa va Canubi Afrikada - yasil innovasiyanin
enerji somaraliliyi gostariciloring tosirini arasdirir. Seg¢ilmis 6lkalor miixtalif sonaye strukturlari,
tonzimloma miihitlori vo davamli inkisaf marhalalorini tomsil edir. Tohlil tigiin 2012-2023-cti illari
ohato edon panel malumat bazasindan istifado olunmusdur. Enerji somaraliliyi enerji intensivliyi
vo barpa olunan enerji mohsuldarhigi gostoricilori ilo dlgiilmis, yasil innovasiya iso ekoloji
yoniimli elmi-todgigat vo tacriibi-konstruktor islarina gqoyulan xarclor va yasil patent foaliyyati
osasinda miioyyon edilmisdir. Ragemsal hazirliq indekslori vo adambasina diison UDM gostoricisi
tonzimlayici vo nozarot doyisonlori kimi modelo daxil edilmisdir. Tohlildo Fixed Effects vo
Random Effects econometrik metodlarindan istifados olunmus, model se¢imi {i¢lin Hausman testi
totbiq edilmisdir. Noticalor yasil innovasiya ilo enerji intensivliyi arasinda monfi vo statistik
ohomiyyatli alagonin méveudlugunu siibut edir ki, bu da innovasiya Soviyyasinin artmasinin enetji
somoaraliliyinin yiiksalmasine sobob oldugunu gostorir. Ragomsal hazirliq iso bu tasiri daha da
giiclondirarak yasil innovasiyanin effektivliyini artirir. 9lds olunan naticalar inkisaf etmokdos olan
bazar 6lkslorinds texnoloji modernlosmo vo innovasiya yoniimlii inkisaf strategiyalari vasitasilo
enerji tohliikasizliyinin vo davamliligin tomin olunmasi baximindan miihiim siyasi vo idaroetmos
tovsiyoalari togqdim edir.
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Inkisaf etmokda olan bazarlar
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Introduction

Digital transformation has become a fundamental driver of economic modernization,
shaping how firms and countries adapt to global competition, technological disruption, and
sustainability pressures. Emerging markets in particular face the dual challenge of maintaining
rapid economic growth while reducing their dependency on energy-intensive production
structures. At the same time, environmental concerns, climate agreements, and green transition
policies have reinforced the need for countries to adopt green innovation strategies, including the
development of clean technologies, renewable energy systems, eco-efficient production processes,
and environmental R&D investment.

Green innovation is widely recognized as a key mechanism for reducing environmental
degradation and improving long-term energy performance. It can lower energy intensity, increase
resource efficiency, and support low-carbon industrial development. However, emerging markets
often experience constraints such as limited technological infrastructure, financing gaps, weak
institutional quality, and regional disparities in innovation capacity. These factors reduce the
ability of countries to fully benefit from sustainability-oriented investments.

Recent research highlights that digital transformation can significantly enhance the
effectiveness of green innovation. Digital tools-such as smart grids, Al-based energy monitoring,
loT-enabled production systems, and data analytics-enable governments and firms to optimize
energy use, detect inefficiencies, track emissions in real time, and reduce operational waste. Thus,
energy efficiency improvements increasingly depend on the interaction between green innovation
capacity and digital readiness.

Despite growing interest in this topic, cross-country empirical evidence remains limited.
Most existing studies focus on single-country cases or developed economies, leaving a knowledge
gap regarding how digital transformation influences the relationship between green innovation and
energy outcomes in emerging markets. This study contributes by examining six key emerging
economies-China, India, Brazil, Turkey, Poland, and South Africa-to understand how digital
readiness conditions the impact of green innovation on national energy efficiency.

Research

This study employs an unbalanced country-level panel dataset covering 2012-2023 for
China, India, Brazil, Turkey, Poland, and South Africa. These economies represent diverse energy
mixes and regulatory structures, providing a suitable framework for comparative analysis. Data
are obtained from the World Bank, International Energy Agency, and WIPO databases.

Energy efficiency, the dependent variable, is measured using energy intensity and renewable
energy productivity indicators. Lower energy intensity reflects improved energy efficiency
performance. Green innovation is proxied by national environmental R&D expenditures as a share
of GDP and the number of registered green patents per million population. Digital readiness is
captured using ICT infrastructure and digital adoption indices. Control variables include GDP per
capita, industrial output share, urbanization rate, and electricity access rates.

The econometric model is defined as:

EEit= a+ B1Glit +B2DIGit+B3(GlitxDIGit)+B4GDPpcit+p5Industryit+eit

Panel regression analysis is conducted using both Fixed Effects (FE) and Random Effects
(RE) estimators to control for unobservable country-specific heterogeneity. The Hausman test is
applied to determine model consistency, with preference given to the FE specification. Robust
standard errors are used to mitigate heteroskedasticity and serial correlation.



Table 1.

Panel Regression Results (Dependent Variable: Energy Intensity)

Variables OoLS FE RE

Green Innovation (GlI) -0.028*** (0.007) | -0.025*** (0.006) | -0.026*** (0.006)
Digital Readiness (DIG) -0.021*** (0.006) | -0.019*** (0.005) | -0.020*** (0.005)
GI x DIG - -0.014** (0.006) -0.013** (0.006)
GDP per capita -0.016*** (0.005) | -0.015*** (0.004) | -0.015*** (0.004)
Industry Share 0.012* (0.006) 0.011* (0.005) 0.011* (0.005)
Urbanization -0.009* (0.005) -0.008* (0.004) -0.008* (0.004)
Constant 0.082*** 0.071*** 0.075***
Observations 72 72 72

R? 0.39 0.43 0.41

Negative coefficients imply improvement in energy efficiency (lower intensity).
*, ** *x* denote significance at 10%, 5% and 1% levels.
Hausman test supports the FE estimator.

Results indicate that higher green innovation intensity reduces energy intensity, improving
efficiency across the six countries. Digital readiness further strengthens this effect via the
significant interaction term, confirming that digitally advanced economies derive greater
efficiency gains from green innovation adoption.

Conclusion

The findings provide strong econometric evidence that green innovation significantly
improves energy efficiency in emerging markets, particularly when supported by advanced digital
infrastructure. Digital readiness acts as a catalytic factor enabling countries to maximize the
productivity effects of sustainability investments through real-time energy monitoring, resource
optimization, and regulatory compliance management systems.

China and Poland demonstrate the strongest energy efficiency gains relative to innovation
inputs, reflecting mature policy frameworks and technological capacity. Brazil’s bioenergy model
generates moderate efficiency improvements, while Turkey and South Africa illustrate slower
transitions constrained by structural energy dependencies. India’s efficiency gains remain limited
due to rapid industrial expansion despite growing green innovation activity.

From a policy perspective, governments should foster integrated development strategies
linking environmental innovation incentives with digital infrastructure expansion programs.
Supporting smart-grid technology, eco-R&D financing, and accessible green patent
commercialization mechanisms can significantly accelerate national energy productivity.

For businesses and policymakers alike, these results underscore the importance of combining
digital modernization with sustainability innovation strategies to achieve long-term economic and
environmental objectives.
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