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A B S T R A C T 
 

A R T I C L E    I N F O R M A T I O N 

As global demand for more sustainable energy grows, wind energy has emerged as a 
key renewable energy source, especially when it pertains to the aerodynamic 
optimization of wind turbine blades for aerodynamic efficiency. When it comes to 
wind turbine blades, thermoplastic composites are gaining significant interest. This 
paper analyzes the impact thermoplastic composite inner blades will have on vertical 
axis wind turbine (VAWT) performance. Thermoplastic composite inner blades may 
enhance performance due to low weight and design flexibility to achieve improved 
start-up and increased aerodynamic efficiency along with toughness and cyclic load 
fatigue resistance for increased structural reliability of the blades. Advanced 
technologies for the manufacturing of thermoplastic composite blades will enable the 
use of precision manufacturing and easy or rapid repairs. Subsequently, an evaluation 
of the effectiveness of the various strategies are considered, including a thorough 
analysis of various performance enhancing strategies and successes on VAWT 
performance, and concludes with various effective strategies. Therefore, as an 
evaluation of issues and resolved issues related to VAWTs, the findings will assist 
future research efforts focusing on addressing aerodynamics and mechanically 
optimizing VAWTs more effectively. 
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1. Introduction 

Recent years due to environmental pollution, demand for 
energy increases, and finite resources for fossil fuel, the researcher 
will give increasing emphasis on Alternative Energy Resources in 
recent years. Alternative Energy Resources are solar, geothermal, 
wind, biomass, and hydroelectric [1, 2]. Wind energy is rapidly 
becoming a significant sustainable energy source with 
considerable economic potential, and it has been utilized in 

numerous global markets. The fast-paced global installation of 
wind power is putting substantial pressure on the wind power 
supply chain [3].Wind turbines are classified most frequently 
according to their axis of orientation: Horizontal Axis Wind 
Turbines (HAWT) and Vertical Axis Wind Turbines (VAWT) 
(Fig. 1) [4]. The strength and aerodynamics of VAWTs are heavily 
influenced by material selection and blade configuration. Over the 
past few years, progress on thermoplastic composites have created 
the opportunity to further optimize the performance of blades for 
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VAWTs based on their aerodynamics and mechanical properties 
[5, 6]. Thermoplastic composites, especially those strengthened 
with carbon fiber, are advantageous for wind turbine blades due to 
their stiffness and strength-to-weight ratio. Several studies show 
that the pultrusion process of pulling the fibers and extrusion can 
achieve high fiber volume fractions (up to 70%), leading to 
superior mechanical properties of composite materials [7].This 
improvement is very important for blades that have to handle 
different wind loads and changing conditions that come with 
running a wind turbine. It helps the turbine use less energy overall. 
Studies on optimization show that these materials can be carefully 
designed to improve blade performance, and that multi-objective 
approaches can be used to fine-tune structural parameters [8]. By 
means of smart blade design, wind turbine engineers may be able 
to increase the aerodynamic performance of VAWT significantly. 
There are many differences between VAWT and HAWT in terms 
of operation. One of the main differences is that angle of attack 
changes during rotation of the rotor, while the direction of rotation 
is fixed. This means the blades of VAWTs must be designed with 
maximized lift and minimized drag in mind. Most of the studies 
show that the aerodynamics of the blade of VAWTs, which are 
typically made with symmetrical airfoils, is not nearly as effective 
as using airfoils that are specifically designed to be cambered, 
which have the ability to create a substantially higher lift-to-drag 
ratio than the symmetrical airfoils [9, 10]. Novel techniques to 
improve aerodynamic performance via the use of circulation 
control technology with tangential air jets has been described as a 
method to increase the lift produced by VAWT during the 
operation [9].  

More empirical studies indicate that enhancements to 
performance can be achieved by optimizing blade tips. Moreover, 
Jiang et al. [11] demonstrate that improved aerodynamics can 
occur via nontraditional means of eliminating flow separation and 
providing better lift using advanced blade tip designs. These 
advances in aerodynamics are especially important when 
considering the highly variable wind conditions that exist within 
Cities (urban areas). Another benefit of using thermoplastic 
composite materials in the design of VAWT blades is the 
mechanical performance they provide, as well as their increased 
resistance to degradation from environmental elements. 
Thermoplastic composites have been shown to be less susceptible 
to moisture absorption than traditional epoxy-based composite 
materials; therefore, longevity and durability are achieved in the 
most challenging applications [12].  

In addition, by limiting the effects of environmental erosion, 
mechanical properties of leading edge protection systems indicate 
that thermal plastic coatings will enhance blade life [13]. The 
developments in the area of thermoplastic composite inner blades 
for VAWTs and the interaction between the composite materials 
and the airflow represents a unique contribution to current research 
on aerodynamics and design and will provide the basis to increase 
performance, longevity and sustainability of composite inner 
blades. 

 

Fig. 1. Classification of wind turbines. 

 
2. Material advantages of thermoplastic composites 

Thermoplastic composites are gaining recognition for their 
substantial benefits in diverse applications, such as wind turbine 
blades. Their material features boost performance, durability, and 
sustainability, rendering them a viable alternative to conventional 
materials [14]. Fig. 2 presents a comprehensive overview of 
thermoplastic composite blade technology employed in wind 
turbines.  

 

Fig. 2. Overview of thermoplastic composite wind turbine blades. 

The mechanical properties of thermoplastic composites are 
among the most important advantages of these materials as 
determined by scientific research. These composites exhibit very 
high tensile strength, impact resistance, and fatigue-tolerance 
relative to other materials, allowing them to be used in challenging 
environments, such as that experienced by wind turbines. Liu et al. 
[15] showed that thermoplastic composites, including those with 
carbon fiber reinforcement, are more resistant to damage. Because 
of this, structures can stay strong even when they are under cyclic 
loading, which is common for wind turbines. Thermoplastic 
materials are also easier to work with than thermosetting resins. 
Thermoplastic composites are usually made with less energy 
because they don't need to be cured at high temperatures. Murray 
et al. [16] demonstrated that new thermoplastic resin systems can 
polymerize at room temperature. Room-temperature 
polymerization cuts down on the time and energy needed to make 
things by a lot, which lowers costs, makes production 
programmable, and makes recycling easier. As a result, it may 
become more important for wind energy applications to be 
sustainable. Thermoplastic composites are also easier to recycle 
and fix than thermosetting composites [17]. Also, they can be 
thermally welded or remolded, which makes them more 
environmentally friendly because it lets you fix broken parts 
without making new ones [16]. This feature is especially useful for 
wind turbine blades, which have to deal with harsh weather and 
often wear down over time. Additionally, the performance of 
thermoplastic composites can be improved even more by 
optimizing their interfacial properties. Research indicates that 
modifying the interface between the fiber and matrix can 
significantly improve the mechanical properties of composite 
materials, leading to innovative solutions for applications in wind 
energy [18]. In a study by Koki Matsumoto et al, [19] integrating 
nanofillers such as carbon nanotubes into the thermoplastic matrix, 
researchers have demonstrated marked improvements in adhesion 
and toughness, which translates to enhanced durability in wind 
turbine blades. 

 
3. Aerodynamic performance considerations 

The issue facing wind turbine blade manufacturers is optimized 
blade structural designs related to material selection and cost-



Y. Nasirinia et al./ Journal of Composites and Compounds 6(2024) 1-6 

effective manufacturing. Rotor blades must be stiff to achieve 
aerodynamic performance, lightweight to reduce the effects of 
gravity, and have long fatigue life to reduce material degradation 
[20].  VAWTs are less efficient aerodynamically than HAWT. This 
is due primarily to the lack of a thorough understanding of the 
VAWT aerodynamic phenomenon. In addition, the construction of 
high-power wind turbine industrial installations using a simplified 
approach omits the latest achievements of blade aerodynamics in 
dynamic stall and is based on a priori empirical hypotheses about 
the flow around VAWT rotors. 
Four main levels of mathematical modelling are used to describe 
the aerodynamics of wind turbines [21]: 

i. Engineering and empirical methods; 
ii. Inviscid flow models based on the potential and Euler 

equations; 
iii. Viscous flow models using turbulence-averaged 

formulations such as the rans equations; and 
iv. Viscous flow models that resolve unsteady turbulent 

structures, including DES, LES, and DNS approaches. 
At present, wind turbine design mainly depends on the first two 

modelling levels. Aerodynamic, dynamic, and power 
characteristics of turbine rotors are typically determined using 
techniques grounded in experimental data [22], impulse and vortex 
theories [23], and numerical solutions of the potential/Euler 
equations. These approaches usually assume quasi-steady flow and 
neglect viscous inviscid interactions. The accurate prediction of 
dynamic stall during unsteady flow around turbine blades remains 
a major difficulty [24]. Up to now, simplified models have often 
yielded aerodynamic predictions with limited accuracy, especially 
under dynamic stall conditions. Moving to the third modelling 
level, simulations based on the RANS equations are increasingly 
adopted in industrial applications. For instance, Sun et al. [25] 
analysed operating behaviour of a Darrieus VAWT using RANS, 
while Gonzalez Madina et al. [26] applied similar methods to a 
Savonius VAWT. The fourth level involves high-fidelity CFD 
methods like LES and DNS, which are computationally expensive. 
Nevertheless, some researchers such as Abkar and Dabiri [27], and 
Nguyen et al. [28] have already applied these advanced methods to 
analyses VAWT flow and wake behaviour. Mahmoodi et al. [29] 
introduced a simple wake–induction interaction model validated 
with field data from a utility-scale turbine equipped with a four-
beam nacelle-mounted LiDAR. The model reasonably estimated 

wake induction effects between two turbines using the Direction-
to-Hub (Dh) parameter, though it could not fully capture the 
asymmetric wake profile observed within the limited angular range 
of the measurements (up to 245°). Even so, Dh proved highly 
sensitive for model evaluation and useful for horizontal alignment 
of nacelle-mounted LiDARs. Model accuracy could be improved 
by including wake-expansion corrections, testing alternative wake 
or induction formulations, and applying correction functions to 
reduce outlier predictions (Fig. 3). 

 
4. Mechanical integrity  

The operational conditions and parameters influencing wind 
turbine blades need the optimization of three material properties: 
density, stiffness, and fatigue life [30]. 

Maintaining optimal aerodynamic performance requires high 
material stiffness, low density to reduce self-loading and gravity 
forces, and long fatigue life to reduce material failure and 
deterioration [31]. A combination Savonius wind turbine has 
demonstrated a maximum power coefficient of 0.4, necessitating a 
start-up torque exceeding 0.1 Nm at low wind speeds of 2 m/s [32]. 
The performance of Darrieus-Savonius blades is influenced by 
configuration, airflow parameters, geometry and the quantity of 
blades, which also impacts power efficiency [33]. The wind 
turbine blade is an essential element constructed from polymeric 
composites. 

These composites may consist of carbon fiber, glass fiber, 
nylon, and stainless titanium, as they are both robust and 
lightweight. Currently, up to 50% of European wind blade 
manufacturers utilize epoxy resins owing to its superior 
characteristics, including lightweight, strong adhesion, high 
modulus, fatigue resistance, minimal creep, adequate higher 
temperature performance, and absence of shrinkage post-cooling. 
Nevertheless, they are fragile and prone to failure upon impact [31, 
34, 35]. Inorganic glass particles have been included into the epoxy 
resin to enhance its hardness [36]. The incorporation of elastomers 
and thermoplastics has been examined, revealing that the 
mechanical properties are contingent upon the rubber content in 
the mixture [37]. In research by K. Brown et al. [38] constructed a 
sandwich construction blade with commingled woven E-glass 
fiber/polypropylene thermoplastic composite skins and a 
polyethylene terephthalate foam core. 

 

Fig. 3. Schematic of the nacelle-mounted LiDAR setup and measurement geometry (a), simulated wake and induction fields for different inflow conditions (b), 
and comparison between measured and model-predicted Direction-to-Hub (Dh) values at multiple downstream distances (c). Panel (c-a) shows asymmetric 
wake behavior captured by LiDAR measurements, while panel (c-b) presents the corresponding predictions from the simplified wake–induction interaction 

model. Together, these figures illustrate the methodology for assessing wake–induction interactions and evaluating model performance using field LiDAR data 
[29]. 
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They utilized finite element modeling to forecast blade natural 
frequency and structural performance, corroborating models via 
vibration and static bending testing. The research together 
demonstrates that thermoplastic composite blades provide 
improved design flexibility, reduced weight, and possible cost 
benefits for vertical axis wind turbine applications [38]. Another 
study demonstrated the mechanical properties of a natural-fiber 
composite VAWT blade composed of fique and epoxy. The fique-
epoxy composite exhibits sufficient mechanical properties to 
replace traditional synthetic fiber-reinforced polymers (SFRPs) for 
bearing aerodynamic pressure loads. The findings indicate that the 
most crucial region of the blade is the bonded interface between 
composite layers, where the inner edges of the airfoil profile 
generate stress concentrations. A smooth geometric transition, 
facilitated by rounded corners and an additional stiffener, 
significantly decreases surface stress, decreasing it from 97.64 
MPa to 2.51 MPa. This strengthening is crucial for guaranteeing 
the structural integrity of the VAWT blade. The utilization of 
continuous natural-fiber-reinforced polymers (NFRPs) facilitates 
the creation of a biodegradable, eco-friendly composite material 
that can substitute fiberglass in the manufacturing of VAWT 
blades [39]. 

Mechanical property research by Chainuson Kasagepongsan 
and Sunisa Suchat [31] found that 5% ENR 50 and 3% nanosilica 
loading in epoxy resin increased nanocomposite impact strength. 
The nanocomposites' mechanical characteristics were assessed 
before and during UVB-accelerated weathering in a weathering 
chamber. Treatment increased tensile strength by 35% after 168 h. 
These nanocomposites are weather-resistant enough for outdoor 
application as Savonius-Darrieus blades for low-speed wind 
turbines at 2 m/s. High fatigue strength, low density to reduce 
inertial forces and weight, and delayed deterioration during 
outdoor use characterize these nanocomposites. Low wind speed 
might initiate turbine operation. The maximum wind speed was 4 
m/s, generating 5000 Watts. The unique stacking of Savonius-
Darrieus models in turbines employing lightweight nanocomposite 
materials could boost low-speed vertical axis wind turbines. 

Mohamed M. Z. Ahmed et al. [40] examined the mechanical 
properties of 20-year-old GFRP from a 100 kW wind turbine 
blade. The fiber weight percentage was 0.55–0.60, and the number 
of fiber layers declined with blade length, with the highest fiber 
density in the length direction and the lowest in the transverse 
direction. Good fiber wetting, resin under-penetration, and 
porosity were found microstructurally. Tensile tests showed the 
blade length direction had the highest strength and modulus, with 
temperature having no effect. Transverse compressive strength 
was maximum and blade length was lowest, decreasing with 
temperature. Fiber orientation greatly affected bending properties, 
with blade length having the highest values and transverse having 
the lowest. 

 
5. Manufacturing of thermoplastic composite inner 
blades for VAWT 

There are a variety of different techniques used to make blades, 
with two groups of methods being used based on the size of the 
blade as determined by its physical dimensions. Small and 
Medium-sized blades are generally manufactured using manual 
(human operated) techniques, while larger blades are generally 
manufactured using mechanical (machine operated) techniques. 
The primary manual technique employed is hand lay-up (either wet 
lay-up or prepreg lay-up), which involves the manual placement of 
materials onto molds, followed by curing at ambient temperature 
or in an autoclave or oven. Two shells are fabricated and bonded 
together with stiffeners using adhesive by manual methods. 

Mechanical methods include resin infusion, filament winding, and 
tape winding, all of which necessitate the use of various types of 
molds [41, 42]. Resin infusion involves pouring resin into a mold 
with reinforcement, and curing it at room temperature or in an 
oven. 

The process of filament winding involves impregnating fibers 
on a spinning mold, similar to a mandrel, then curing the material 
in an oven. While all procedures have pros and cons, the lay-up 
approach is the most cost-effective if curing is done in air or an 
oven, as autoclaves are costly. Researchers often combine 
computational and experimental investigations to enhance turbine 
performance [43, 44]. One approach to ensure a higher energy 
production the objective is to create a counter-rotating vertical axis 
wind turbine (CR-VAWT) [45]. Counter-rotating wind turbines 
signify a dual-rotor system wherein the rotors revolve in opposing 
directions, with one rotor turning clockwise and the other in 
counter-clockwise direction. Furthermore, it was noted that 
symmetric airfoils yield superior performance. performs superior 
than nonsymmetrical ones [46]. The interest in composite 
materials for wind turbines production has risen not solely due to 
their technical capabilities, but also because now various methods 
exist for their recycling. 

In the reported study, VAWT blades were fabricated using a 
simple hand lay-up process in which glass-fiber mats were layered 
with a nanocomposite resin system and cured at room temperature. 
The resulting design a Savonius–Darrieus hybrid blade with 
twisted buckets (Fig. 4) demonstrated how fiber–matrix stacking 
and nanocomposite modification can enhance the aerodynamic and 
mechanical response of inner blades [31].  

 

Fig. 4. A vertical wind turbine blade section [31]. 

Filament winding is a common way to make thermoplastic 
composite blades because it lets you control where the fibers go 
very precisely. In this method, the thermoplastic matrix is melted 
and put on a rotating mandrel with fiber reinforcements in a 
continuous process [47]. Vacuum-assisted resin infusion is another 
form of manufacturing which involves placing dry fiber 
reinforcement into a vacuum-formed cavity, and applying pressure 
to force thermoplastic resin into the dry fiber reinforcement. The 
curing process can occur much more quickly due to the fact that 
thermal cycles are shorter, so production costs are much lower 
when compared to the conventional method of thermo-setting 
resins [35].  

 
6. Challenges and future perspectives 

Techniques for blade manufacture, as well as the selection of 
materials, are one of the research directions that are being explored 
for wind turbines. The challenges, process optimization and 
material durability associated with thermoplastic composite inner 
blades for VAWTs are revealed in contemporary studies, which 
indicate some of the many factors that will shape the design and 
research into the future of these blades [48]. One significant 
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challenge pertains to the fatigue resistance of composite materials 
employed in VAWT blades.  

Ghoneam et al. [49] elucidate the determinants influencing the 
fatigue life of these blades, emphasizing the significance of 
variables such as stress levels and fiber type in assessing 
performance. Their research utilizes modal analysis to generate 
stress-life curves specifically for glass/carbon-polyester composite 
configurations, underscoring the critical necessity for accurate 
engineering designs capable of enduring operational requirements. 
These result, when combined with multi-response optimization 
techniques, show how important computational analysis is for 
making blades work better. 

It is difficult to accurately forecast the potential for damage to 
composite blades in localized areas. As discussed by Brown and 
Brooks, forecasting localized damage and the potential for failure 
in thermoplastic composite blades presents considerable challenge. 
The authors utilize finite element analysis and designed a 5 kW 
VAWT representative blade from a glass-reinforced thermoplastic 
composite material in a sandwich construction. The outcomes of 
this research reflect that there remains a significant need for 
improved predictive capabilities of composite blade design. 
Further research into localized modes of failure will provide 
information to support increasing the structural strength of blades 
throughout their service lives [20].  

Advancements in numerical simulations also support our 
understanding of how composite blades behave structurally. 
Sharma et al. [50] showed that composite materials have greater 
strength than traditional aluminum alloys when applied to a 2 MW 
VAWT’s. They also suggested that new materials could improve 
structural performance under extreme environmental conditions 
and therefore support their proposal for increased use of 
composites when designing VAWTs.  

The overall implications of these results suggest that there are 
ample opportunities to continue to innovate with respect to the 
development of composite materials. Further development of 
manufacturing methods, including the advent of thermoplastic 
composites and hybrid designs will lead to maximized efficiency 
for the performance of VAWTs. Researchers also state that 
experimental validation and numerical modelling of new 
composite designs must be performed in order to demonstrate how 
they can improve the performance of savonius VAWTs that have 
been optimized for efficiency [51]. Further research can be done in 
order to develop blades that use state-of-the-art materials as well 
as being optimally designed utilizing advanced computational 
techniques. 

 
7. Conclusion 

The design of lightweight, transportable, recyclable wind 
turbine blades is predicated on using environmentally friendly or 
"green" design principles during all phases of the blade's design 
and manufacture. Currently, thermoplastic composite materials 
being used to build wind turbine blades are being developed with 
larger sizes, greater power output, and environmentally friendly 
lightweight designs.  

As global markets transition to renewable energy, there is an 
increasing demand and opportunity for manufacturers to produce 
thermoplastic composite wind turbine blades. These blades 
represent the next generation of wind turbines, combining easy 
production, recyclability, excellent aerodynamic and mechanical 
properties, fatigue resistance, and impact resistance. By combining 
these properties, manufacturers will create wind turbine blades 
with better energy capture, increased life-span, and decreased 
negative impact. Therefore, manufacturers' designs will meet both 
industrial and environmental objectives. 
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