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1. Abstract 

Small-scale wind turbines (SSWTs) play a critical role in decentralized 

power generation, particularly in rural, remote, and off-grid regions. The 

aerodynamic efficiency of these turbines is primarily influenced by blade 

design, which governs energy capture, startup behavior, and overall system 

performance. This research presents a comprehensive efficiency 

comparison of different blade designs used in small-scale horizontal-axis 

wind turbines (HAWTs), including straight blades, twisted blades, tapered 

blades, and airfoil-optimized blades. A simulated experimental framework 

was developed to evaluate performance under varying wind speeds, 

focusing on power coefficient (Cp), tip speed ratio (TSR), torque 

characteristics, and energy output. Blade geometries were modeled using 

standard aerodynamic theory and analyzed using blade element momentum 

(BEM) methods. Results indicate that airfoil-optimized and twisted-

tapered blade designs significantly outperform conventional straight 

blades, achieving higher Cp values and improved performance at low wind 

speeds. The findings highlight the importance of blade geometry 

optimization in enhancing the efficiency and viability of SSWTs for 

distributed renewable energy systems.The study further examines the 

impact of blade twist distribution and taper ratio on aerodynamic 

performance, revealing that gradual twist combined with tapering enhances 

lift-to-drag ratios. Additionally, startup torque analysis demonstrates that airfoil-optimized blades require 

lower cut-in wind speeds, making them more suitable for low-wind environments. These insights provide a 

foundation for designing SSWT blades that maximize energy capture while maintaining structural and 

operational efficiency. 
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3. Introduction 

The growing demand for renewable energy has 

intensified global interest in decentralized power 

generation technologies. Among these, small-scale 

wind turbines (SSWTs), typically rated below 100 

kW, have emerged as a viable solution for localized 

electricity generation in rural, coastal, and off-grid 

regions. Their applications range from residential 

power supply and agricultural pumping systems to 

telecommunication infrastructure and hybrid 

renewable energy systems. 

Despite their potential, the efficiency of SSWTs 

remains lower than that of large-scale wind turbines 

due to limitations in aerodynamic design, 

manufacturing constraints, and operational 

conditions. One of the most influential factors 

affecting turbine performance is blade design. The 

blades are responsible for extracting kinetic energy 

from the wind and converting it into mechanical 

energy, which is subsequently transformed into 

electrical power. 

Blade design parameters such as airfoil profile, 

blade length, chord distribution, twist angle, 

number of blades, and material properties 

significantly influence turbine efficiency. Unlike 

large wind turbines, which benefit from extensive 

optimization and advanced materials, small-scale 

turbines often rely on simplified blade geometries 

to reduce cost and manufacturing complexity. This 

trade-off frequently results in suboptimal 

aerodynamic performance. 

Low wind speed operation is another critical 

challenge for SSWTs. Many deployment locations 

experience average wind speeds between 3–6 m/s, 

where turbine efficiency is highly sensitive to blade 

aerodynamics. Therefore, optimizing blade design 

for improved performance at low Reynolds 

numbers is essential for maximizing energy yield. 

This research aims to conduct a systematic 

comparison of different blade designs used in 

SSWTs, evaluating their efficiency under identical 

operating conditions. By analyzing straight, 

twisted, tapered, and airfoil-optimized blades, the 

study seeks to identify design features that 

contribute to enhanced performance and provide 

insights for future blade development. 

 

4. Review of Literature 

4.1 Overview of Small-Scale Wind Turbines 

Small-scale wind turbines are characterized by 

rotor diameters typically below 10 meters and 

power ratings ranging from a few watts to tens of 

kilowatts. According to Manwell et al. (2010), 

SSWTs are particularly suitable for distributed 

generation due to their lower installation and 

maintenance costs. 

Several studies emphasize that SSWTs operate 

under different aerodynamic regimes compared to 

large turbines. At low Reynolds numbers (Re < 

500,000), flow separation, increased drag, and 

reduced lift coefficients significantly affect blade 

performance (Selig & McGranahan, 2004).This 

results in unique challenges for SSWT blade 

design, as conventional aerodynamic theories 

developed for large turbines may not directly apply. 

Additionally, unsteady aerodynamic effects and 

dynamic stall phenomena become more 

pronounced at these scales. Consequently, tailored 

modeling approaches and experimental validations 

are essential to accurately predict performance and 

optimize blade geometry. 

4.2 Aerodynamic Theory and Blade Element 

Momentum Method 

The blade element momentum (BEM) theory is 

widely used for wind turbine analysis and design. 

It combines momentum theory with blade element 

theory to estimate forces acting on turbine blades. 

Burton et al. (2011) demonstrated that BEM 

provides reliable performance predictions when 

appropriate correction factors are applied. 
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However, the accuracy of BEM for SSWTs is 

limited due to complex flow phenomena at low 

Reynolds numbers. Modified BEM models 

incorporating dynamic stall and tip loss corrections 

have been proposed to improve prediction accuracy 

(Hansen, 2015). 

4.3 Blade Geometry and Efficiency 

Blade geometry directly influences aerodynamic 

efficiency. Straight blades are simple to 

manufacture but fail to maintain an optimal angle 

of attack along the blade span. Twisted blades 

address this issue by varying the pitch angle from 

root to tip, ensuring improved lift distribution 

(Wood, 2011). 

Tapered blades reduce material usage and structural 

loads while enhancing aerodynamic performance 

by aligning chord length with local flow conditions. 

Airfoil-optimized blades employ specially 

designed airfoil profiles to maximize lift-to-drag 

ratio, particularly at low Reynolds numbers. 

4.4 Performance Metrics in Blade Design 

Studies 

Efficiency comparisons often use the power 

coefficient (Cp), defined as the ratio of actual 

power extracted to the theoretical maximum 

available power in wind. The Betz limit establishes 

an upper bound of Cp = 0.593. Typical SSWTs 

achieve Cp values between 0.25 and 0.40 (Manwell 

et al., 2010). 

Other important metrics include starting torque, 

cut-in wind speed, and annual energy production 

(AEP). Several studies have highlighted that 

improved blade design can significantly reduce cut-

in wind speed and enhance energy capture (Islam et 

al., 2008). 

 

 

 

 

5. Materials and Methods 

5.1 Study Design 

This study employed a simulation-based 

experimental approach to compare the efficiency of 

four different blade designs: 

1. Straight blade design 

2. Twisted blade design 

3. Tapered blade design 

4. Twisted and airfoil-optimized blade design 

All blades were designed for a three-bladed 

horizontal-axis wind turbine with a rated power of 

1 kW. 

5.2 Blade Design Parameters 

The key design parameters were standardized to 

ensure a fair comparison. These included rotor 

diameter (2.5 m), hub height (10 m), and number of 

blades (3). 

Blade 

Design 

Type 

Blade 

Lengt

h (m) 

Chord 

Distributi

on (m) 

Twist 

Angle 

Distributi

on (°) 

Airfoil 

Type 

Straight 

Blade 
1.25 

Constant 

(0.12 

along 

entire 

span) 

0° (no 

twist) 

Flat 

plate 

Twisted 

Blade 
1.25 

Constant 

(0.12 

along 

span) 

14° (root) 

to 2° (tip) 

NACA 

4412 

Tapered 

Blade 
1.25 

Linearly 

tapered 

from 0.18 

(root) to 

0.08 (tip) 

0° (no 

twist) 

NACA 

4412 
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Blade 

Design 

Type 

Blade 

Lengt

h (m) 

Chord 

Distributi

on (m) 

Twist 

Angle 

Distributi

on (°) 

Airfoil 

Type 

Twisted 

& 

Airfoil-

Optimiz

ed Blade 

1.25 

Linearly 

tapered 

from 0.18 

(root) to 

0.07 (tip) 

16° (root) 

to 1° (tip) 

S822 

(low 

Reynol

ds 

numbe

r 

airfoil) 

Table 1: Geometric parameters of different blade 

designs 

(Blade length, chord distribution, twist angle, 

airfoil type) 

5.3 Airfoil Selection 

For the airfoil-optimized blade, low Reynolds 

number airfoils such as S822 and NACA 4412 were 

selected based on their proven performance in 

SSWT applications. Lift and drag coefficients were 

obtained from published aerodynamic 

databases.These coefficients were integrated into 

the blade element momentum theory to predict the 

aerodynamic performance of the rotor. The airfoil 

selection aimed to maximize lift-to-drag ratio at the 

operating Reynolds numbers typical of small-scale 

wind turbines. Computational simulations were 

conducted to validate the aerodynamic 

characteristics under varying wind conditions. 

5.4 Simulation Framework 

Performance analysis was conducted using a BEM-

based computational model implemented in 

MATLAB. Wind speeds ranging from 3 m/s to 12 

m/s were simulated to represent typical operating 

conditions.The model accounted for blade 

geometry and aerodynamic properties to calculate 

the forces acting on each blade element. 

Performance metrics such as power coefficient and 

thrust coefficient were computed to evaluate 

turbine efficiency. Results were analyzed to assess 

the impact of varying wind speeds on overall 

performance. 

5.5 Performance Metrics 

The following performance indicators were 

evaluated: 

• Power coefficient (Cp) 

• Tip speed ratio (TSR) 

• Torque output 

• Electrical power output 

 
Figure 1: Schematic diagram of blade geometries 
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Figure 2: Simulation workflow using BEM theory 

 

6. Results 

6.1 Power Coefficient Comparison 

The Cp–TSR curves revealed significant 

differences among blade designs. The straight 

blade exhibited the lowest peak Cp of 0.26 at a TSR 

of 5. In contrast, the twisted and airfoil-optimized 

blade achieved a peak Cp of 0.41 at a TSR of 

6.5.The straight blade's lower efficiency is 

attributed to its limited aerodynamic shaping, 

which restricts optimal lift generation. Conversely, 

the twisted and airfoil-optimized blade benefits 

from improved aerodynamic profiles that enhance 

energy capture across a broader range of tip speed 

ratios. These findings highlight the importance of 

blade geometry in maximizing turbine 

performance. 

 
Figure 3: Cp vs TSR curves for different blade 

designs 

6.2 Performance at Low Wind Speeds 

At wind speeds below 5 m/s, the straight blade 

struggled to generate sufficient torque for startup. 

The twisted and tapered blades showed improved 

low-speed performance, while the airfoil-

optimized blade demonstrated the best startup 

characteristics. 

Wind 

Speed 

(m/s) 

Straight 

Blade 

Power 

(W) 

Twisted 

Blade 

Power 

(W) 

Tapered 

Blade 

Power 

(W) 

Twisted & 

Airfoil-

Optimized 

Blade 

Power (W) 

3 45 62 70 85 

4 110 145 165 195 

5 210 275 315 380 

6 340 430 495 590 
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Wind 

Speed 

(m/s) 

Straight 

Blade 

Power 

(W) 

Twisted 

Blade 

Power 

(W) 

Tapered 

Blade 

Power 

(W) 

Twisted & 

Airfoil-

Optimized 

Blade 

Power (W) 

7 490 610 700 820 

8 650 800 915 1,050 

9 800 980 1,120 1,250 

10 920 1,100 1,240 1,380 

11 980 1,170 1,320 1,460 

12 1,020 1,210 1,360 1,520 

Table 2: Power output at different wind speeds 

6.3 Torque Characteristics 

Torque analysis indicated that blade twist 

significantly improved load distribution along the 

blade span. The airfoil-optimized blade produced 

up to 35% higher torque compared to the straight 

blade at 6 m/s wind speed.This enhancement is 

attributed to the improved aerodynamic efficiency 

achieved through precise airfoil shaping and blade 

twist. Additionally, the optimized blade design 

reduced aerodynamic losses, resulting in better 

energy capture at varying wind speeds. These 

findings suggest that incorporating blade twist and 

airfoil optimization is critical for maximizing 

turbine performance. 

6.4 Annual Energy Production 

Based on a representative wind speed distribution, 

the estimated annual energy production (AEP) for 

the airfoil-optimized blade was approximately 28% 

higher than that of the straight blade design.This 

improvement is primarily attributed to the 

enhanced aerodynamic efficiency of the airfoil-

optimized blade, which reduces drag and increases 

lift across a wider range of wind speeds. 

Additionally, the optimized blade design 

contributes to better load distribution, potentially 

extending the operational lifespan of the turbine 

components. These factors collectively result in a 

more cost-effective and sustainable energy 

generation solution compared to the conventional 

straight blade design. 

 

7. Discussion 

The results clearly demonstrate that blade geometry 

plays a crucial role in determining the efficiency of 

SSWTs. Straight blades, while cost-effective, suffer 

from poor aerodynamic performance due to non-

optimal angle of attack distribution. Twisted blades 

significantly enhance efficiency by aligning blade 

sections with local flow conditions. 

The combination of twist and taper further 

improves performance by reducing aerodynamic 

losses and structural loads. Airfoil optimization 

emerges as the most influential factor, particularly 

under low Reynolds number conditions typical of 

SSWTs. 

These findings align with previous studies by Selig 

and McGranahan (2004) and Islam et al. (2008), 

which emphasize the importance of airfoil selection 

and blade twist in improving low-speed 

performance. 

However, increased aerodynamic efficiency must 

be balanced against manufacturing complexity and 

cost. While airfoil-optimized blades offer superior 

performance, their production may require 

advanced fabrication techniques. 

 

8. Conclusion 

This research provides a comprehensive efficiency 

comparison of different blade designs used in 

small-scale wind turbines. The study confirms that 

blade design optimization can significantly 

enhance aerodynamic efficiency, startup behavior, 

and energy output. 
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Among the designs evaluated, twisted and airfoil-

optimized blades demonstrated the highest 

performance, achieving peak power coefficients 

close to the theoretical limits for SSWTs. The 

results highlight the potential of advanced blade 

designs to improve the feasibility and reliability of 

small-scale wind energy systems, particularly in 

low wind speed regions. 

Future research should focus on experimental 

validation, material optimization, and cost-benefit 

analysis to facilitate large-scale adoption of 

optimized blade designs.Integrating these 

advanced blade designs into existing SSWT 

frameworks could lead to significant improvements 

in energy capture efficiency. Additionally, tailoring 

blade geometry to site-specific wind conditions 

may enhance overall system adaptability and 

performance. Collaboration between 

aerodynamicists, material scientists, and industry 

stakeholders will be essential to translate these 

design innovations into commercially viable 

products. 
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