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Wind energy has emerged as one of the most promising renewable energy sources in the 21st century, 

offering sustainable, clean, and increasingly cost-effective alternatives to fossil fuel–based power 

generation (Ang et al., 2022) [1–5]. Among the main components of a wind energy system, the wind 

turbine blade plays a critical role in capturing the kinetic energy of the wind and converting it into 

mechanical power [6,7]. Turbine performance, structural loads, and the levelized cost of energy 

(LCOE) are all strongly influenced by blade design (Ma et al., 2025) [8,9]. Conventional design 

practices often treat aerodynamic and structural characteristics separately [10,11], which can lead to 

performance degradation or structural issues under varying operating and loading conditions (Coughlin 

et al., 2025) [12]. To address these limitations, aero-structural design approaches have gained 

increasing attention, enabling aerodynamic forces and structural responses to be evaluated 

simultaneously within a unified framework (Spini & Bettini, 2024) [13]. As wind power expands to 

support global sustainability goals, horizontal-axis wind turbines (HAWTs) must achieve 

improvements in aerodynamic efficiency, structural reliability, economic performance, and 

environmental impact [14–17]. However, wind turbine systems involve strong couplings between 

aerodynamic behavior, structural modifications, and economic outcomes, making isolated optimization 

strategies insufficient [18–20]. High-fidelity simulations for airflow and structural analysis are 

computationally expensive, particularly when repeated iterations are required during design 

optimization [21–23]. To overcome this challenge, researchers increasingly employ surrogate models 

that approximate complex simulations at significantly reduced computational cost (Porta-Ko et al., 

2024) [24–26]. These models are commonly embedded in multidisciplinary design optimization 

(MDO) frameworks that demand both accuracy and efficiency [27]. Despite extensive research on 

wind turbine optimization, limited attention has been given to consolidated reviews of surrogate-

assisted MDO frameworks tailored to low wind speed regions (LWSRs) [28–30]. As blade size and 

complexity grow, the need for integrated fluid–structure–economic coupling becomes more critical. 

Therefore, this review systematically analyzes recent studies (2020–2025) that address blade design 

challenges in LWSRs using surrogate-based MDO frameworks integrating FSI and techno-economic 

metrics such as AEP and LCOE [34–36]. Where the research questions that should be answered in this 

review are: 

• What are the dominant surrogate modeling techniques applied to wind turbine blade optimization? 

• How are FSI and aero-structural coupling integrated into surrogate-assisted MDO frameworks? 

• What optimization strategies and tools have been developed to balance AEP and LCOE in 

LWSRs? 

• What are the major research gaps in current coupled optimization frameworks? 

 

This SLR follows PRISMA guidelines and is structured as follows: Section 2 describes the 

methodology. Section 3 provides a thematic synthesis of the literature. Section 4 presents a discussion 

of research gaps. Section 5 concludes with insights and future research directions. PRISMA (Preferred 

Reporting Items for Systematic reviews and Meta-Analyses) is a guideline designed to improve the 

reporting of systematic reviews. PRISMA provides authors with guidance and examples of how to 

completely report why a systematic review is done, what methods are used, and what results are found 

Moher et al. (2010) [37-40]. Recent advances in nanotechnology have introduced nanocomposite 

materials and nanoscale surface modifications that significantly improve aerodynamic efficiency, 

structural strength, and fatigue resistance of wind turbine blades. These nanoscale enhancements 
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contribute to better performance in low wind speed regions and support the development of high-

efficiency, lightweight blade designs (Figure 1). 

 

 

 
 

Figure 1 PRISMA 2020 flow diagram guideline Moher et al. (2010) [41].

 

(Figure 2). 
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(Figure 3).
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(Figure 

4). 
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(Figure 5).



Exp. Theo. NANOTECHNOLOGY 10 (2026) 1391-1410 

 

 



Exp. Theo. NANOTECHNOLOGY 10 (2026) 1391-1410 

 

 



Exp. Theo. NANOTECHNOLOGY 10 (2026) 1391-1410 

 

 

 

(Figure 6).
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