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Global climate change remains one of the most pressing challenges of the 21st century. In response, the global consensus 
on transitioning to low-carbon, sustainable energy systems has strengthened considerably. However, this transition is far more 
than a simple technological substitution; it is a complex, systemic undertaking that involves selecting appropriate 
technological pathways, managing multi-scale risks, and ensuring social equity. A central question for both the academic 
community and policymakers is: How can we achieve the widespread deployment of clean energy while guaranteeing energy 
security and affordability and ensuring fairness and justice throughout the transition process?

Selecting technological pathways is fundamental to achieving carbon neutrality. The studies featured in this special issue 
explore the complexity and diversity of these pathways across multiple scales. For instance, Xie et al. demonstrate that a lack 
of coordination between climate actions in China’s passenger car and power sectors could paradoxically increase emissions 
of nitrogen oxides and particulate matter, underscoring the urgent need for an integrated, cross-sectoral policy framework. Li 
et al. focus on the flexible regulatory role of coal power in the global decarbonization of electricity systems, proposing that 
flexibility retrofits can enhance the power system’s regulatory capacity, delivering both emission reductions and economic 
benefits. Addressing urban solar energy, Ni et al. developed a multidimensional evaluation model that reveals the 
spatiotemporal heterogeneity of solar energy utilization on building surfaces in Hong Kong (China), offering a scientific basis 
for solar deployment in high-density cities. In the frontier areas of geological storage and geothermal energy, Chen et al. 
systematically evaluate the caprock safety of CO2 sequestration in tight reservoirs under different fracturing schemes, while 
Li et al. provide a comprehensive review of the pathways, challenges, and policy needs for developing deep geothermal 
reserves in China, offering theoretical guidance for the safe and efficient application of these emerging technologies.

As technological pathways advance, the systematic identification and quantitative assessment of associated risks become 
increasingly critical. Zhou et al. develop a standardized taxonomy of energy transition risks, categorizing them as 
implementation and consequential risks, and trace the evolution of assessment methodologies from simple indicators to 
sophisticated computational models. On a global scale, Su et al. quantify the carbon leakage risk associated with China’s 
carbon neutrality goal, finding that leakage partially diminishes the global cooling effect, but increased carbon sinks and 
synergistic reductions in methane and nitrous oxide emissions could effectively offset its climate impact. Focusing on China’s 
oil security, Tang et al., using their self-developed integrated assessment model (IAMET), project that under carbon neutrality 
constraints, China’s oil demand will fall to 200–300 million tons by 2060, significantly reducing import dependence. However, 
they caution that oil security will face acute risks in the next 10–15 years and highlight the crucial roles of strategic petroleum 
reserves and demand-side management in enhancing system resilience. Lu and Cheng provide a critical synthesis of the 
opportunities and risks of artificial intelligence across the entire life cycle of energy pipelines, highlighting systemic 
challenges such as data bias, algorithmic opacity, and cybersecurity vulnerabilities. Furthermore, Wang et al. issue an urgent 
warning about the flow of retired electric vehicle batteries into informal recycling channels in China, projecting that retired 
volumes will reach 112 times the 2020 level by 2040, and advocate robust regulatory mechanisms, including extended 
producer responsibility and hazardous waste classification.



The equity dimensions of the energy transition—particularly the differential impacts on various groups and regions—are 
attracting growing scholarly attention. Zheng et al., using household surveys in northern China, find that households switching 
from coal-to-gas heating experienced lower indoor temperatures and significantly higher costs, accompanied by greater indoor 
temperature inequality, a trend not observed among coal-to-electricity households. This finding underscores the need to 
integrate behavioral responses and thermal equity into the design of clean heating policies. At the macro level, Li et al. 
introduce the metacoupling framework to show how local policy choices, cross-border energy cooperation, and global supply 
chains are deeply intertwined. They advocate integrating this framework into policy analysis and strengthening cross-scale 
collaboration to address socio-environmental conflicts, thereby ensuring a just and inclusive transition. Research by Kartal et 
al. on the Brazil, Russia, India, China, and South Africa (BRICS) countries further shows that energy transition efforts have 
paradoxically increased the ecological footprint in some nations. Non-market-based environmental policies are largely 
ineffective, underscoring the importance of context-specific policy mixes.

In summary, the energy transition is a systemic undertaking that requires integrating technological innovation, risk 
governance, and social equity. The contributions to this special issue illuminate the critical scientific questions and practical 
challenges facing the transition from multiple perspectives and at multiple scales, with particular emphasis on the importance 
of cross-sectoral coordination, uncertainty management, and the protection of vulnerable groups.

We trust this special issue will stimulate broader academic debate and policy dialogue, and we hope it will offer valuable 
insights for building a secure, efficient, and equitable global energy future.

Finally, we would like to extend our sincere gratitude to all the authors, reviewers, and editorial staff for their invaluable 
contributions and professional dedication in making this special issue possible.


