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1 Abstract 

This report presents the preliminary design and assessment of a small-scale wind 

turbine blade intended to contribute towards the annual electricity requirements of an 

electric vehicle. The study considers aerodynamic design, material selection, 

manufacturing, cost and structural performance to identify a suitable blade solution. 

A 1.44 m blade was designed using the NACA 4412 airfoil, with a target power 

coefficient of 0.4. Furthermore, the blade geometry was developed across five radial 

sections, which allowed the chord and twist to vary along its length to improve 

aerodynamic performance. A weighted decision matrix was then used to compare 

different materials, GFRP, CFRP, aluminium alloy and alumina. These were 

assessed against tensile strength, fatigue resistance, density, manufacturability, cost 

and sustainability for best suitability for the proposed blade. CFRP achieved the 

highest overall score, providing the most favourable balance of mechanical 

performance and low density. Different manufacturing methods of producing the 

blade were considered, with vacuum infusion being the preferred method. This was 

due to its suitability for producing the complex tapered and twisted profile, while 

remaining appropriate for small to medium production volumes. Cost analysis 

showed that CFRP has a higher estimated cost than aluminium, but its improved 

mechanical performance justified the additional expense and was therefore chosen 

for the proposed blade. Preliminary structural analysis of the blade produced a 

maximum bending stress of approximately 13 MPa and a factor of safety of 33.9 

against the assumed CFRP compressive strength. Overall, vacuum-infused CFRP is 

recommended, although further FEA and fatigue testing are required to validate the 

blade under variable real-world loading. 
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2 Introduction 

The increasing use of Electric Vehicles (EVs) has resulted in greater demands for 

electrical energy to power them (Hoyos, 2026). While the use of EVs can result in 

decreased emissions related to transportation, the electricity used to charge such 

EVs might still originate from sources that are non-renewable. Therefore, the 

inclusion of renewable electricity generation for domestic EV charging will help in 

decreasing reliance on electricity from the grid (National Energy System Operator, 

2026). 

The aim of this report is to develop a small-scale horizontal axis wind turbine blade 

that will be able to provide enough renewable energy to cover the annual energy 

requirement for charging of an EV. An energy requirement of 3,000 kWh per year is 

used as the design objective. The turbine design is carried out from the perspective 

of a renewable energy engineer working for an automotive company with the 

intention of producing a commercially viable turbine that could be offered alongside 

an EV. 

The report examines the aerodynamic, structural, and manufacturing considerations 

of the suggested blade, including selection of an appropriate aerodynamic shape, 

blade size, operating conditions, material, and production process. As the blade 

design determines the amount of energy captured, these factors must be 

considered, alongside overall efficiency and cost-effectiveness. 
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3 Literature Review 

3.1 Wind Turbine Fundamentals 

Horizontal-axis wind turbines (HAWTs) are one of the most established forms of wind 

energy technology, consisting of a rotor, blades, hub, drivetrain and generator 

(Youssef, 2018). As illustrated in Figure 1, the rotor blades are aligned in the 

direction of the incoming wind and are thus exposed to aerodynamic forces that 

cause rotation of the blades (Electrical Academia, 2016). This mechanical kinetic 

energy is passed through the drivetrain to the generator which converts it to 

electrical energy (Electrical Academia, 2016). Blade design is therefore a critical 

feature of the turbine since its design will determine how effective the aerodynamic 

forces will create mechanical energy (Radi, et al., 2024). The wind power capacity, 

however, depends on air density, swept area of the rotor blades and the wind speed 

(Schubel & Crossley, 2012). 

 

Figure 1- Wind Turbine Diagram (Boythorpe Wind Energy, 2026) 

Whilst efficient power generation is vital, it is important to note that theoretically wind 

turbines can only extract 59.3% of available wind energy, otherwise known as Betz 

limit, this is because some wind energy must remain in the air to allow air to continue 

to flow through the rotor (Schubel & Crossley, 2012). A power coefficient (Cp) value 

is used to measure the efficiency of wind turbines (Eureka, 2025). Wind turbines 



                                                                        

Rhys O’Shea (2415783)                                                                                            9 

commonly have a Cp of ≤ 0.4-0.5, as shown in Figure 2 below, these values are 

lower than the theoretical maximum as real turbines experience aerodynamic losses, 

turbulence or mechanical/electrical losses (Eureka, 2025). 

 

Figure 2 - Average wind turbine power coefficient (cP) vs. tip speed ratio curves for different blade types (Artal-
Sevil, et al., 2022) 

3.2 Blade Aerodynamics 

Aerodynamics of the blades are crucial for the performance of a turbine, as the blade 

geometry defines the generation of lift and drag forces that occur when the air flows 

over its surface (Electrical Academia, 2016). Lift acts perpendicularly to the airflow 

and creates an aerodynamic force which rotates the rotor, whereas drag opposes the 

rotor rotation (Electrical Academia, 2016). An airfoil is the cross-section of a turbine 

blade that is intended to generate these aerodynamic forces in consequence of the 

flow of air across it (Radi, et al., 2024). 

NACA is an organisation that developed standardised airfoil profiles which have 

been applied in various aerodynamics systems (NASA, 2023). NACA 4-digit series is 

based on the description of an airfoil profile depending on the camber and thickness 

of it (Schubel & Crossley, 2012), Figure 3 exhibits an Airfoil profile and its 

parameters. For NACA 4412, the first digit describes 4% camber; the second states 
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that the maximum camber is 40% from the airfoil chord and the last two digits 

represent maximum thickness, which is 12% from the chord.  

 

Figure 3 - Main geometric parameters in a wind turbine blade (Radi, et al., 2024) 

NACA 4412 is often chosen for small wind turbines because its moderate camber 

provides good lift while maintaining relatively low drag, producing a favourable lift-to-

drag ratio (Febriyanto, et al., 2019). Some other airfoils such as NACA 2412, 2421 

and 4415, as shown in Figure 4, have also been studied for wind turbines, however 

the suitability is dependent on operating conditions and required aerodynamic 

characteristics (Karthikeyan & Hussain, 2025). 

 

Figure 4 - Selection of NACA Airfoils used for small scale wind turbines (Karthikeyan & Hussain, 2025) 
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3.3 Blade Geometry 

The blade geometry must balance between the aerodynamic efficiency and its 

structural requirements. The radius of the rotor plays a major role due to the fact that 

the swept area is proportional to the square of the radius (U.S Department of Energy, 

2026). A bigger blade length means greater power generation capacity but at the 

same time higher bending moments, leading to different material requirements and 

increased costs (U.S Department of Energy, 2026). A visualisation of the relationship 

between swept area and power can be seen in Figure 5.  

 

Figure 5 - The effect of Swept Area on Aerodynamic Power (Barua, 2011) 

Typical blades are tapered, with a larger chord towards the root and a smaller chord 

towards the tip. Greater structural loading at the root requires increased blade area, 

while reducing the tip chord lowers blade mass and aerodynamic drag 

(WindFarmBOP, 2025). Blade twist is introduced because the relative wind angle 

varies along the blade as rotational velocity increases with radius, allowing sections 

to operate at more appropriate angles of attack (Electrical Academia, 2016; 

WindFarmBOP, 2025). 

Tip speed ratio (TSR) describes the ratio of blade-tip speed to wind speed (Electrical 

Academia, 2016). High TSR designs generally require less blade solidity and can 

rotate at higher speeds than low tip speed ratio designs, which usually require wider 

blades. Existing small-scale three-bladed turbines commonly operate around TSR 
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values of 4–7, providing a useful reference range for domestic turbine design 

(Electrical Academia, 2016). 

Table 1 compares existing turbines across a range of power outputs, together with 

their corresponding blade lengths, providing a good comparison on the relationship 

between blade geometry and operating characteristics.  

Table 1 - Existing Turbine Power Output and Blade length 

Existing Design Power Rotor 

Diameter 

Blade 

Length 

# of 

Blades 

Turbine A (WATTUNEED, 2026) 1kW 2.5 m 1.25m 3 

Turbine B (BritWind, 2026) 5kW 5.5m 2.25m 3 

Turbine C (54Energy, 2026) 20kW 10m 5m 3 

Turbine D (BritWind, 2026) 1MW 54.2m 27.1m 3 

 

3.4 Environmental Conditions 

Wind turbines do not operate under steady-state conditions as the speed, direction, 

and turbulence of wind vary continuously, therefore having a direct impact on the 

aerodynamic forces and subsequently power generation (Sahu, 2026). As available 

wind power increases rapidly with wind speed, a small increase in wind speed can 

produce a significant increase in available power (U.S Department of Energy, 2026). 

Furthermore, gusts can create sudden changes in loading, while turbulence results 

in repeated fluctuations that may lead to fatigue/fracture (Chen, et al., 2016). 

Domestic wind turbines are also affected by their surroundings, as nearby buildings, 

trees and other obstructions can create turbulent airflow (Sahu, 2026). Blade design 

must therefore provide sufficient structural strength and fatigue resistance while 

maintaining aerodynamic performance across variable operating conditions. 
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3.5 Material Review 

The materials used to manufacture wind turbines can depend on the particular 

component and its structural specifications. For example, steel and aluminium are 

commonly used in turbines, typically making up approximately 70% of the turbine 

(USGS, 2022). These metals are used in the tower, drive chain, hub and supporting 

structures to provide good structural integrity. However, these metals are generally 

not preferred for modern blades due to their higher density (Podmore, 2022). 

Large-scale commercial turbines predominantly use fibre-reinforced polymer 

composites, particularly glass-fibre-reinforced polymer (GFRP), for blade 

construction (Podmore, 2022). GFRP provides a practical balance between weight, 

structural performance and cost (Mishnaevsky, et al., 2017). Carbon-fibre-reinforced 

polymer (CFRP) is also increasingly used in larger, highly loaded blades where its 

greater stiffness and lower density justify the higher cost. 

Small-scale and domestic turbines similarly use GFRP, with its established 

manufacturing processes making it suitable for lower production volumes. Therefore, 

although metals remain fundamental and make up a big proportion of the overall 

turbine, polymer composites are the dominant material choice for modern blades 

themselves (Mishnaevsky, et al., 2017). 
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4 Design Specifications  

The objective in the design of the turbine is to generate sufficient renewable energy 

to offset the electricity required for domestic EV charging. 3,000 kWh per year was 

set as the design requirement based on these considerations, as research suggests 

EVs typically consume an average of 2,000kWh per year (Lawrence, 2026). Given 

these requirements and the assumed turbine efficiency from Table 2, the required 

power and swept area have been determined for the turbine, subsequent 

calculations then highlight that the rotor radius should be approximately 1.44m. 

Table 2 - Design Specification - Requirements, Assumptions and Calculations 

 

A design wind speed of 6 m/s was selected as representative of the conditions 

considered for a UK domestic application, with an air density of 1.225 kg/m³ 

assumed (Richardson, 2026). A three-bladed horizontal-axis wind turbine was 

selected due to its established application for electricity generation.  The tip-speed 

ratio (TSR) chosen is 6, along with the power coefficient (Cp) value of 0.4 and lift 

coefficient (Cl) of 1.2. Such values were chosen based on the aerodynamic 

characteristics of existing wind turbines, as identified in the literature review and 

serve as realistic goals for the designed turbine. All design parameters used are 

summarised in Table 3. 



                                                                        

Rhys O’Shea (2415783)                                                                                            15 

Table 3 - Design Parameters 

 

The blade is to use a NACA 4412 airfoil, with a tapered chord distribution and 

varying twist along the blade to account for changes in the relative airflow between 

the root and tip. NACA 4412 has been selected for use due to its effective Lift-to-

drag ratio identified in the literature review. The plot for this airfoil using the camber 

line and upper/lower values can be found in Table 4, this then produces the profile 

shown in Figure 6, previous calculations and graphs for camber line and thickness 

distribution can be found in Appendix A. 

Table 4 - NACA4412 Airfoil Coordinates 
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Figure 6 - NACA4412 Airfoil Plot 
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5 Blade Design Calculations 

The design parameters established in Section 4 were used to determine the 

aerodynamic geometry of the blade. The blade was divided into five radial sections 

at r/R = 0.2, 0.4, 0.6, 0.8 and 1.0, allowing chord and twist to vary along the blade. 

This produces a tapered and twisted blade designed to account for the changing 

aerodynamic conditions from root to tip. The calculated radial positions, chord 

lengths and twist angles are shown in Table 5 below. 

Table 5 - Blade Geometry - Chord Length, Twist and Distance Calculations 

 

The NACA 4412 profile was then scaled, using the airfoil coordinates from the 

profile’s geometry and transformed using the calculated chord values (See Appendix 

B), which subsequently produced individual airfoil sections for each section of the 

blade. The profiles at each section, displayed in Figure 7, demonstrate the reduction 

in chord towards the blade tip. These calculated profiles were subsequently 

transferred to CAD and used to generate the final blade geometry through lofting and 

twisting between the individual sections, this can be found in Section 10. 

 

Figure 7 - Plot of Airfoil Sections at Different radial positions along blade 
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6 Material Selection  

Material selection was undertaken to identify a suitable blade material based on 

mechanical performance, weight, manufacturability, cost and sustainability. A 

preliminary graph was created via Granta (Granta Design, 2026) to identify suitable 

material families. The Young’s modulus vs density chart shown in Figure 8, indicates 

that composites provide a favourable combination of stiffness and low density 

compared with metals and ceramics. GFRP (Glass Fibre Reinforced Polymer) and 

CFRP (Carbon Fibre Reinforced Polymer) were therefore identified as promising 

candidates for use. However, to assess additional criteria for efficient blade design, 

including tensile strength, manufacturability and cost, aluminium alloys and alumina 

were taken forward for a more in-depth selection process. 

 

 
Figure 8 - Granta Comparison Graph - Young's Modulus vs Density (Granta Design, 2026) 

  

A weighted decision matrix, presented in Table 6, was then used to make the final 

selection. Tensile strength, fatigue resistance and density were given the greatest 

weighting because these properties are directly related to blade performance and 

durability. The blade experiences aerodynamic bending forces and repeated cyclic 

loading, making high fatigue resistance essential. Low density is also desirable as 

reducing blade mass decreases inertial and gravitational loading, while high tensile 
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strength provides greater resistance to operational stresses. Manufacturability and 

cost were also included to ensure the material remains practical to manufacture, 

while sustainability was included as an additional design factor which appeals to the 

EV market. 

  
Table 6 - Weighted Decision Matrix (Granta Design, 2026; TrueNorthEngineering, 2026) 

 
  

The matrix produced the highest overall score for CFRP, with a total score of 76.64, 

compared with 62.09 for GFRP, 60.19 for aluminium alloy and 24.78 for alumina. 

CFRP therefore provides the best overall balance of the selected criteria. Although 

aluminium alloy scores highly for manufacturability and cost, its substantially greater 

density and lower tensile and fatigue resistance make it less suitable for the blade. A 

heavier blade increases structural and inertial loading and can reduce the overall 

effectiveness of the turbine. CFRP also provides substantially greater tensile and 

fatigue resistance than GFRP, while its cost is only moderately higher. Therefore, the 

additional material cost is justified by its superior mechanical performance and lower 

density. CFRP was consequently selected as the blade material, as the key material 

property advantages outweigh its increased cost and manufacturing requirements. 
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7 Exploration of Manufacturing routes  

Manufacturing methods for metals, ceramics and polymer composites were 

investigated based on material suitability, blade geometry, production scale and 

potential defects, as presented in Table 7. 
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Table 7 - Comparison of Manufacturing Techniques (Velling, 2021; Nolan, 2026; Allied Composites, 2026; 
Eureka, 2026; Formlabs, 2023; MATaluminium, 2024; Almath, 2026; Composite Manufacturer, 2026) 
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It can be seen that aluminium alloys are relatively cheap per kg of material, can be 

manufactured through forming, extrusion or CNC machining, which provide 

dimensional accuracy and repeatability. However, producing the required twisted and 

tapered profile may require additional machining or joining, increasing material waste 

and cost. Alternatively, alumina ceramics can be produced through pressing or slip 

casting followed by sintering. Although these processes can produce complex 

geometries, defects such as porosity, shrinkage and cracking can occur. More 

importantly, the brittle nature of ceramics makes them unsuitable for a rotating blade 

subjected to repeated aerodynamic loading and potential impact. 

On the other hand, Polymer composites offer greater flexibility for manufacturing the 

blade geometry. GFRP and CFRP can be produced using hand lay-up, vacuum 

infusion, RTM and compression moulding. Hand lay-up is low-cost but has greater 

variability in fibre orientation and resin content. Conversely, vacuum infusion 

provides improved control of the fibre-to-resin ratio while remaining suitable for 

small-to-medium production volumes. RTM and compression moulding offer greater 

repeatability and faster production rates but require greater tooling investment, 

making them less appropriate for smaller scale production. 

 

Figure 9 - Vacuum Infusion Process (Zin, 2016) 
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Vacuum-infused CFRP was therefore chosen to be the ideal manufacturing process 

for the 1.44m blade design. The method, shown in Figure 9, places carbon fibre 

reinforcement in a mold covered by a vacuum bag. Air is then removed to draw resin 

through the fibres, forming the composite material (PMIComposites, 2021). It offers a 

cost-effective method of manufacturing on small to medium scales while ensuring 

dimensional accuracy for the tapering and twisting NACA 4412 airfoil shape. The 

main manufacturing concern for vacuum-infused CFRP is the formation of voids or 

resin-rich regions, which can reduce fibre volume fraction and create local stress 

concentrations (Eureka, 2026). These defects are particularly important for a 

cyclically loaded blade because they can initiate delamination or fatigue damage. In 

order to mitigate these potential defects, it is essential to maintain careful control of 

resin flow, vacuum integrity and fibre lay-up (Explore Composites, 2021). Other 

process procedures such as visual inspection and non-destructive testing can 

provide additional quality assurance.  

The Vacuum infusion process can also be scaled by introducing additional moulds 

and production stations as demand increases. However, if production capacity 

increases significantly, the higher tooling investment associated with RTM or 

compression moulding could become economically justified due to their greater 

automation, repeatability and faster production rates (Composite Manufacturer, 

2026). Vacuum infusion therefore gives the right combination of affordability, 

manufacturing time, production rate and scale-up capability for the proposed turbine. 
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8 Cost Evaluation 

The cost evaluation was undertaken to compare the economic suitability of 

aluminium alloy, alumina ceramic and CFRP for the proposed wind turbine blade. 

The calculations presented in Table 8 use the CAD blade volume, assumed material 

densities and Granta material prices, which allowed estimation of the raw material 

requirement and associated costs for each material.  

Table 8 – Estimated Raw Material Cost Calculation (Granta Design, 2026; EasyComposites, 2026) 

 

As seen from the table, there is a significant difference in the cost of raw materials 

for the three materials. Aluminium is the cheapest among the materials with a raw 

material cost of about £20.83 per blade, due to its low price of roughly £2.20/kg. The 

cost of alumina is approximately £238.10 per blade due to its higher material cost of 

about £16/kg and higher density. The estimated raw material cost of CFRP is roughly 

£131.50 per blade. Even though the cost of carbon fibre and resin are relatively 

expensive (£30/kg and £14/kg respectively), its low density decreases the amount of 

material needed. 

Manufacturing costs were then estimated by considering labour, initial tooling, 

equipment running costs and defect/rework allowances, this is shown in Table 9. The 

stacked bar chart, Figure 10, illustrates how these factors contribute to the overall 

manufacturing cost.  
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Table 9 – Estimated Manufacturing Cost Calculation (Granta Design, 2026; TrueNorthEngineering, 2026; 
Mascera, 2024; Eureka, 2026) 

 

 

 

 

Figure 10 - Stacked bar chart representing estimated manufacturing cost per blade by material 
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One of the major advantages that aluminium has is the fact that it uses a relatively 

straightforward and well-developed manufacturing process that gives it the lowest 

cost estimate of £210.83 per blade, including the material cost. The second highest 

cost estimate is CFRP at approximately £226.50 per blade, primarily due to its higher 

material cost. Nevertheless, vacuum infusion is a relatively viable way of 

manufacturing due to re-usable tooling, low running cost and reasonable labour 

costs. The highest manufacturing cost is alumina at approximately £508.10 per blade 

and this is mainly because of the relatively long process time, high material costs, 

specialised equipment and greater defect risk. 

Although aluminium provides the lowest overall cost, owing to relatively low material 

and manufacturing cost, CFRP offers the best overall cost-performance balance. The 

additional cost is justified by its substantially lower mass, high specific strength and 

superior fatigue resistance, which are important for a blade subjected to continuous 

cyclic loading. CFRP therefore remains the preferred material despite its higher initial 

manufacturing cost. 
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9 Mechanical Properties Analysis 

The blade was assessed under the aerodynamic loading calculated at the five 

design sections, this is presented in Tables 10 and 11, calculation equations can be 

found in Appendix C. Relative velocity was determined from the 6 m/s design wind 

speed and TSR of 6, with lift and drag calculated using a lift coefficient (Cl) of 

1.2 and an assumed drag coefficient (Cd) of 0.012 (Bakırcı, et al., 2023). The drag 

coefficient was treated as a representative engineering assumption, as the drag 

coefficient varies with Reynolds number and angle of attack (Bakırcı, et al., 2023). 

 
Table 10 - Lift and Drag Calculations 

 
 

As shown in Table 10, the relative velocity increases from 9.37 m/s at 0.2R to 36.50 

m/s at the tip. This increase is caused by the increasing velocity with radius and 

results in greater lift and drag forces despite the reduction in chord. The lift and drag 

were then resolved into normal (Fn) and tangential (Ft) forces using the calculated 

flow angle. Subsequently, the bending moment along the blade was calculated from 

the normal force whereas Ft represents the tangential loading contributing to torque. 

 
Table 11 - Stress Analysis Calculations 
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The bending moment decreases from 38.76 Nm at 0.2R to 4.86 Nm at 0.8R as 

shown in Table 11, because as the section moves towards the blade tip, there is less 

blade length remaining to generate a bending moment about that section. However, 

the maximum bending stress occurs at Section 3 (0.6R), reaching approximately 

13.0 MPa. This occurs because the decreasing chord reduces the second moment 

of area of the NACA 4412 section, making the smaller sections more susceptible to 

bending stress despite experiencing lower bending moments. Comparison of this 

level of stress with the compressive strength of the conservative CFRP at 440 MPa 

results in a factor of safety of at least 33.9, meaning that the blade is structurally 

sound for the aerodynamic forces calculated. 

Overall, the results show that the chosen blade is structurally strong under the 

applied loading. However, the analysis only provides preliminary static analysis on a 

simplified block model. In reality, the proposed blade would use a laminate structure, 

and other effects such as fatigue, gust loading and the fibre alignment should be 

considered. Further finite element analysis (FEA) could therefore be conducted to 

incorporate laminate thickness and fibre orientation, providing greater confidence in 

structural performance under variable real-world conditions. 
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10 Blade Drawing 

10.1 Overall Blade 

 

Figure 11 – Airfoil plot imported into CAD and twisted  

 

 

Figure 12 - Wind turbine Blade Length and Sections 
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Figure 13 - Blade Section Distance 

 

 

Figure 14 - Blade Model - End View 
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Figure 15 - Blade Model - Root View 

10.2 Section 1 (0.2R) 

 

 

Figure 16 - Section 1 Section View (0.2R) Chord Length 
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Figure 17 - Section 1 Section View (0.2R) Maximum thickness 

 

10.3 Section 2 (0.4R) 

 

Figure 18 – Section 2 Section View (0.4R) Chord Length 
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Figure 19 - Section 2 Section View (0.4R) Maximum thickness 

 

10.4 Section 3 (0.6R) 

 

Figure 20 - Section 3 Section View (0.6R) Chord Length 
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10.5 Section 4 (0.8R) 

 

Figure 21 - Section 4 Section view (0.8R) Chord Length 

 

10.6 Section 5 (1R) 

 

Figure 22 - Section 5 Section View (1R) Chord length 
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11 Conclusions and Recommendations  

In summary, the investigation developed a wind turbine blade design for the 

proposed domestic EV charging application. A three-bladed configuration with a 1.44 

m blade length, NACA 4412 profile, TSR of 6 and tapered chord and twist distribution 

was selected based on the design requirements. CFRP achieved the highest 

weighted decision matrix score due to its combination of strength, fatigue resistance 

and low density, while vacuum infusion was selected as the most suitable 

manufacturing route. The cost analysis identified that CFRP was economically 

viable, and although not the cheapest, its material characteristics are better suited to 

the application. Mechanical analysis indicated that the calculated bending stresses 

were substantially below the assumed CFRP strength, providing a high static safety 

factor. However, the analysis remains preliminary as fatigue, gust loading, fibre 

orientation and manufacturing defects were not fully considered. Further work should 

include FEA, fatigue analysis and improved aerodynamic data. Prototype 

manufacture and testing should also be undertaken to validate the predicted 

structural and aerodynamic performance. 

 

 

 

 

 

 

 

 

 

 



                                                                        

Rhys O’Shea (2415783)                                                                                            36 

12 Bibliography 

54Energy, 2026. Wind Turbine 20KW Horizontal Power Generator 220V/380V. 

[Online]  

Available at: https://54energy.net/products/wind-turbine-20kw-horizontal-power-

generator-220v-380v-wind-mill-yawing-home-use-grid-tie-off-grid-

use?variant=47793553899837&country=AE&currency=USD&utm_medium=product_

sync&utm_source=google&utm_content=sag_organic&utm_campa 

[Accessed 15 August 2026]. 

Allied Composites, 2026. ADVANTAGES AND DISADVANTAGES OF VACUUM 

INFUSION. [Online]  

Available at: https://alliedcomposites.co.za/advantages-and-disadvantages-of-

vacuum-infusion/ 

[Accessed 22 August 2026]. 

Almath, 2026. Pressed Vs Slip Casting: Which Method Is Best For Industrial Use?. 

[Online]  

Available at: https://almathcrucibles.com/pressed-ceramics-vs-slip-casting-methods/ 

[Accessed 22 August 2026]. 

Artal-Sevil, J. S., Navarro, J. A. D. & Bernal - Agustin, J. L., 2022. Low-cost variable-

speed wind turbines design by recycling small electrical machines. Arrangement of 

permanent magnets in the rotor. Renewable Energy and Power Quality, Volume 20, 

pp. 833-838. 

Bakırcı, M., Polat, R. & Özdemir , M. T., 2023. Aerodynamic Analysis of NACA 4412 

Airfoil with CFD for Small Scale Wind Turbine Design. Journal of Green Technology 

and Environment, 1(2), pp. 28-40. 

Barua, S., 2011. EFFECTS OF PARAMETERS VARIATION ON WIND POWER 

GENERATION. [Online]  

Available at: http://protorit.blogspot.com/2012/10/effects-of-parameters-variation-on-

wind-power-generation16.html 

[Accessed 15 August 2026]. 



                                                                        

Rhys O’Shea (2415783)                                                                                            37 

Boythorpe Wind Energy, 2026. How Do Wind Turbines Work?. [Online]  

Available at: https://www.boythorpewindenergy.co.uk/wind-turbine-advice/how-do-

wind-turbines-work/ 

[Accessed 11 August 2026]. 

BritWind, 2026. H1 Horizontal axis 1kW wind turbine. [Online]  

Available at: https://en.wind-turbine-models.com/turbines/396-an-bonus-1000-54 

[Accessed 16 August 2026]. 

BritWind, 2026. H5 (R9000) 5kW horizontal axis wind turbine. [Online]  

Available at: https://www.britwind.co.uk/products/h5-r9000-5kw-horizontal-axis-wind-

turbine/ 

[Accessed 16 August 2026]. 

Chen, X., Li, C. & Tang, J., 2016. Structural integrity of wind turbines impacted by 

tropical cyclones: A case study from China. The Science of Making Torque from 

Wind, 753(4). 

Composite Manufacturer, 2026. RTM vs Infusion. [Online]  

Available at: https://composite-manufacturer.com/knowledge-center/composite-

knowledge-rtm-vs-infusion/ 

[Accessed 22 August 2026]. 

EasyComposites, 2026. Epoxy Resins & Gelcoats. [Online]  

Available at: https://www.easycomposites.co.uk/epoxy-resin? 

[Accessed 26 August 2026]. 

Electrical Academia, 2016. Horizontal-Axis Wind Turbine (HAWT) Working Principle | 

Single Blade, Two Blade, Three-Blade Wind Turbine. [Online]  

Available at: https://electricalacademia.com/renewable-energy/horizontal-axis-wind-

turbine-hawt-working-principle-single-blade-two-blade-three-blade-wind-turbine/ 

[Accessed 11 August 2026]. 

Electrical Academia, 2016. Wind Turbine Blade Aerodynamics. [Online]  

Available at: https://electricalacademia.com/renewable-energy/wind-turbine-blade-

aerodynamics/ 

[Accessed 14 August 2026]. 



                                                                        

Rhys O’Shea (2415783)                                                                                            38 

Eureka, 2025. What Is Power Coefficient (Cp) in Wind Turbines?. [Online]  

Available at: https://eureka.patsnap.com/article/what-is-power-coefficient-cp-in-wind-

turbines 

[Accessed 12 August 2026]. 

Eureka, 2026. Resin Transfer Molding vs Vacuum Infusion: Cost Analysis. [Online]  

Available at: https://eureka.patsnap.com/report-resin-transfer-molding-vs-vacuum-

infusion-cost-analysis 

[Accessed 26 August 2026]. 

Explore Composites, 2021. Troubleshooting Vacuum Infusion. [Online]  

Available at: https://explorecomposites.com/articles/lamination/troubleshooting-

vacuum-infusion/ 

[Accessed 26 August 2026]. 

Febriyanto, R., Rudiyanto, B. & Pambudi, N. A., 2019. Study experimental of blade 

NACA 4412 with pitch angle on horizontal wind turbine. Journal of Physics: 

Conference Series, Volume 1153, pp. 1-2. 

Formlabs, 2023. Guide to Compression Molding From Prototyping to Mass 

Production. [Online]  

Available at: https://formlabs.com/uk/blog/compression-molding/ 

[Accessed 22 August 2026]. 

Granta Design, 2026. Granta - Edu-Pack, s.l.: Ansys. 

Hoyos, D. M., 2026. EVs Electricity Demand. [Online]  

Available at: https://mostpolicyinitiative.org/science-note/evs-electricity-demand/ 

[Accessed 11 August 2026]. 

Karthikeyan, U. & Hussain, J., 2025. Enhancing the efficiency of wind energy 

conversion systems using Novel airfoil based small scale wind turbine. Materia (Rio 

De Janeiro), 30(1). 

Lawrence, M., 2026. Fully charged: the power behind EVs. [Online]  

Available at: https://www.edfenergy.com/energywise/affordable-electric-vehicles-to-



                                                                        

Rhys O’Shea (2415783)                                                                                            39 

lease 

[Accessed 15 August 2026]. 

Mascera, 2024. Main Processes of Alumina Ceramic Products. [Online]  

Available at: https://www.mascera-tec.com/news/main-processes-of-alumina-

ceramic-products? 

[Accessed 26 August 2026]. 

MATaluminium, 2024. Analysis and preventive measures of 30 major defects of 

aluminum profiles during extrusion. [Online]  

Available at: https://www.mataluminum.com/news/analysis-and-preventive-

measures-of-30-major-defects-of-aluminum-profiles-during-extrusion/ 

[Accessed 22 August 2026]. 

Mishnaevsky, L., Branner, K. & Peterson, H. N., 2017. Materials for Wind Turbine 

Blades: An Overview. Materials, 10(11). 

NASA, 2023. The National Advisory Committee for Aeronautics. [Online]  

Available at: https://www.nasa.gov/reference/the-national-advisory-committee-for-

aeronautics/ 

[Accessed 15 August 2026]. 

National Energy System Operator, 2026. Electric Vehicles. [Online]  

Available at: https://www.neso.energy/energy-101/net-zero-explained/electric-

vehicles 

[Accessed 11 August 2026]. 

Nolan, N., 2026. The Different Types of Manufacturing Processes. [Online]  

Available at: https://www.spex1.com/post/different-types-of-manufacturing-

processes-approaches 

[Accessed 22 August 2026]. 

PMIComposites, 2021. Vacuum Infusion Process: Step-by-Step Guide for Resin 

Infusion. [Online]  

Available at: https://www.pmicomposites.com/vacuum-infusion-process/ 

[Accessed 26 August 2026]. 



                                                                        

Rhys O’Shea (2415783)                                                                                            40 

Podmore, L., 2022. What Materials are Used to Make Wind Turbines?. [Online]  

Available at: https://www.azom.com/article.aspx?ArticleID=21371 

[Accessed 15 August 2026]. 

Radi, J., Sierra-Garcia, J. E., Santos, M. & Armenta-Du, C., 2024. Metaheuristic 

Optimization of Wind Turbine Airfoils with Maximum-Thickness and Angle-of-Attack 

Constraints. Energies, 17(24), p. 6440. 

Richardson, J., 2026. Is my Site Suitable for a Wind Turbine? UK Guide 2026. 

[Online]  

Available at: https://www.renewableenergyhub.co.uk/main/wind-turbines/is-my-site-

suitable-for-a-wind-turbine 

[Accessed 16 August 2026]. 

Sahu, D. S., 2026. How Wind Direction and Speed Affect Wind Turbine 

Performance? A Complete Guide. [Online]  

Available at: https://science2energy.com/how-wind-direction-and-speed-affect-wind-

turbine-performance/ 

[Accessed 16 August 2026]. 

Schubel, P. J. & Crossley, R. J., 2012. Wind Turbine Blade Design. Energies, 5(9), 

pp. 3425-3449. 

TrueNorthEngineering, 2026. HOW MUCH DOES CNC MACHINING COST IN THE 

UK?. [Online]  

Available at: https://truenorth-engineering.co.uk/insights/cnc-machining-cost-uk/? 

[Accessed 25 August 2026]. 

Turn2Engineering, 2026. Material Properties. [Online]  

Available at: https://turn2engineering.com/mechanical-engineering/materials-

science/material-properties 

[Accessed 20 August 2026]. 

U.S Department of Energy, 2026. Small Wind GuideBook. [Online]  

Available at: https://www.energy.gov/cmei/systems/windexchange/small-wind-

guidebook? 

[Accessed 15 August 2026]. 



                                                                        

Rhys O’Shea (2415783)                                                                                            41 

USGS, 2022. What materials are used to make wind turbines?. [Online]  

Available at: https://www.usgs.gov/faqs/what-materials-are-used-make-wind-turbines 

[Accessed 15 Auggust 2026]. 

Velling, A., 2021. Metal Extrusion. [Online]  

Available at: https://fractory.com/metal-extrusion/ 

[Accessed 20 August 2026]. 

WATTUNEED, 2026. 1kW Bergey Excel wind turbine 24V or 48V (charging models). 

[Online]  

Available at: https://www.wattuneed.com/en/wind-turbine/1593-1kw-bergey-excel-

wind-turbine-24v-or-48v-charging-models-

0768563821455.html?srsltid=AfmBOopjo9JNgs9ESAUzW20HWKl0lHNGYcHJWbq

GBnPpuoYROu5Xh8s6 

[Accessed 16 August 2026]. 

WindFarmBOP, 2025. Wind Turbine Aerodynamics — How a Wind Turbine Extracts 

Energy. [Online]  

Available at: https://www.windfarmbop.com/wind-turbine-aerodynamics-how-a-wind-

turbine-extracts-energy/ 

[Accessed 15 August 2026]. 

Youssef, E., 2018. Wind Energy FACTS Applications and Stabilization Schemes. In: 

I. Yahyaoui, ed. Advances in Renewable Energies and Power Technologies. Madrid: 

Elsevier Science, pp. 431-460. 

Zin, M. H., 2016. A review on the fabrication method of bio-sourced hybrid 

composites for aerospace and automotive applications. Conference Series: Materials 

Science and Engineering, Volume 152. 

 

 

 

 

 



                                                                        

Rhys O’Shea (2415783)                                                                                            42 

13 Appendix 

13.1 Appendix A – NACA 4412 Calculations 

 

Figure 23 - NACA 4412 Camber line Table and Graph 

 

Figure 24 - NACA 4412 Camber Line Calculation Formula 

 

Figure 25 - NACA 4412 Thickness Calculation and Graph 
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Figure 26 - NACA 4412 Thickness Calculation Formula 
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13.2 Appendix B – Blade Profile Calculations 

Table 12 – Blade Profile calculation for each section 
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Figure 27 - Blade Yc Calculation Formula 

 

Figure 28 - Blade Yu Calculation Formula 

 

Figure 29 - Blade Yl Calculation Formula 

 

Figure 30 - Blade X Calculation Formula 

 

Figure 31 - Blade Y Calculation Formula 

 

Figure 32 - Blade theta Calculation Formula 
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Figure 33 - Blade xl Calculation Formula 

 

Figure 34 - Blade xu Calculation Formula 

 

Figure 35 - Blade yt Calculation Formula 

 

Figure 36 - Blade 0.2 Section Profile 
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Figure 37 - Blade 0.4 Section Profile 

 

Figure 38 - Blade 0.6 Section Profile 
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Figure 39 - Blade 0.8 Section Profile 

 

Figure 40 - Blade 1 Section Profile 
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Figure 41 - X,Y,Z Co-ordinates for CAD importation 

 

13.3 Appendix C – Mechanical Properties Analysis 

 

Figure 42 - Relative Velocity Calculation Formula 

 

Figure 43 – Flow Angle Calculation Formula 
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Figure 44 - Lift Calculation Formula 

 

Figure 45 - Drag Calculation Formula 

 

Figure 46 - Fn Calculation Formula 

 

Figure 47 - Ft Calculation Formula 
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Figure 48 - Bending moment Calculation Formula 

 

Figure 49 - Bending Stress Calculation Formula 

 

Figure 50 - Factor of Safety Calculation Formula 
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