
   

Overview 

Wind power accounts for 7.5% of global electricity generation in 2022 (IEA 2023) and is one of the cheapest forms 

of low-carbon electricity. Although fully commercial, many challenges remain in achieving the required scale-up, 

relating to integrating wind farms into wider technical, economic, social and natural systems. We review the main 

challenges, outline existing solutions and propose future research needed to overcome existing problems. While the 

techno-economic challenges of grid and market integration are seen as significant obstacles to scaling up wind 

power, the field is replete with solutions. In many countries, planning and permitting are immediate barriers to wind 
power deployment; while solutions are emerging in the EU and several countries, the effectiveness and long-term 

acceptance of fast-track permissions and go-to areas remains to be seen. Environmental impacts on wildlife and 

recycling challenges are rising issues, for which tested and scalable solutions are often still lacking, pointing to large 

remaining research requirements. 

Impacts of wind energy development 

Wind energy development interacts with a range of interconnected systems, necessitating a comprehensive 

understanding of its effects across environmental, social, techno-economic, and policy dimensions. 

From an environmental perspective, wind power projects, particularly onshore, have notable impacts on ecosystems 

and wildlife. Bird and bat populations are particularly affected by collisions and habitat disturbances (Tolvanen et al. 

2023), while offshore installations contribute to underwater noise pollution, which can disrupt marine life (Bailey et 

al. 2010). Effective mitigation strategies, such as adjusted turbine cut-in speeds and radar-based curtailment, are 

under exploration but require further refinement. Additionally, large-scale wind farms can influence local weather 

patterns, altering surface temperatures and wind flows, which may affect neighboring farms and agricultural 

activities (Qin et al. 2022). The end-of-life treatment of turbine blades remains a significant challenge, with most 

decommissioned components currently landfilled or stored (Beauson et al. 2022). Advancements in recycling 

technologies and policy frameworks are essential to address this issue. Furthermore, the reliance on rare earth 
elements for permanent magnet generators introduces geopolitical and supply chain risks (Lee and Dacass 2022), 

necessitating research into alternative materials and recycling solutions. 

In the social, economic, and health domain, wind farm installations can lead to conflicts over land tenure, especially 

in regions with traditional land-use practices. Public opposition often arises due to perceived visual impacts on 
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scenic landscapes, highlighting the need for geospatial analysis and public perception studies to improve siting 

decisions (Weinand et al. 2022). While wind farms can generate local economic benefits, they may also impact 

property values and tourism. Transparent benefit-sharing mechanisms are crucial to enhancing public acceptance. 

Moreover, noise emissions and shadow flicker from turbines can cause annoyance and stress (Doolan 2013; Haac et 

al. 2022), though direct health impacts remain inconclusive. Improved planning and technological solutions can 

mitigate these concerns. 

From a techno-economic perspective, increasing wind penetration presents challenges for grid stability, 

necessitating investments in storage, demand flexibility, and interconnections. Wind energy influences market 

dynamics through the merit-order effect, potentially reducing wholesale prices but increasing volatility, 

necessitating regulatory adjustments to ensure market stability. 

Regarding policy and regulation, lengthy permitting processes continue to hinder wind power deployment, requiring 

streamlined procedures and enhanced stakeholder engagement (Pettersson et al. 2010). The concentration of wind 

component manufacturing in specific regions raises energy security concerns, underscoring the need for diversified 

supply chains. Additionally, the increasing digitalization of wind infrastructure introduces cybersecurity 

vulnerabilities that must be addressed through robust frameworks. 

Conclusions 

Wind energy deployment is crucial for global decarbonization efforts but faces a range of systemic challenges that 

require interdisciplinary solutions. Future research should prioritize improved environmental impact mitigation, 
enhanced public engagement strategies, and integrated policy frameworks that facilitate large-scale deployment 

while addressing social and economic concerns. Strengthened collaboration between stakeholders, including 

policymakers, industry, and researchers, will be key to realizing the full potential of wind power. 
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