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Introduction

As demand around the world increases for renewable energy,
engineers have begun to pay more attention on wind turbines
and improving their technology, specifically the design of turbine
blades. Since 2021 there have been major advancements to
blade technology, like advances in materials, aerodynamics,

and sensor systems. These innovations allow the blades to
capture more wind and reduce friction and minimize the harm

it creates to wildlife. As a result of these advancements wind
turbines today have become more efficient, cost effective and
environmentally friendly than ever before. This paper investigates
the specific engineering improvements that allow modern wind
turbines to produce a higher power output, last longer under
worse conditions, create fewer environmental problems, and
require less maintenance. These advancements to the blades
have ultimately made modern turbines into systems that
operate more efficiently, safely, and durably compared to their
traditional designs.

Advances in Blade Materials

Over the past few years, the biggest advancement made to wind
turbine blades is in the materials used. One of the changes to the
materials is that modern blades are increasingly using carbon-
fiber composites instead of the traditional fiber glass because
the carbon-fiber composites have a much higher stiffness to
weight ratio [1]. This allows the blade to be much longer, lighter
and structurally stronger, while also reducing the bending,
deformation, and mechanical stress on the entire turbine [1].

RECENT INNOVATIONS IN WIND TURBINE
TECHNOLOGY: BLADE DESIGN

This means the turbine can produce more energy, have a longer
lifetime, and operate more efficiently [1]. According to the US
Department of Energy, carbon-fiber composites can reduce
the blade weight by up to 25% [1]. This allows manufacturers
to make the blade longer, while also making the blade easier
to transport [1]. This shift to carbon-fiber composites has
accelerated fast. A 2025 composites industry report said that
carbon-fiber demand in wind turbines is one of the fastest
growing markets as in 2020 the composites market was
close to 9 hillion dollars and as of 2025 it is all the way up to
15 billion dollars [2].
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Figure 1: Prediction of the market size for Wind Turbine Composites [2]

Figure 1 shows how the carbon-fiber composites market is
continuing to grow and become increasingly popular throughout

the years, as it is increasing by close to 8.6% from year to year.
The improvement in materials has directly translated into higher
energy products. One example of this is Siemens Gamesa
newest turbine, the SG-236 DD [3]. This turbine uses 115-meter
blades that are built with advanced composites, so it ends up
achieving a 236 meter-rotor [3]. This gives it a swept area of
43,500 m? [3].

Turbine Blade Rotor Swept Percent

Model Length Diameter Area Increase
(m) (m) (m?)

SG-239DD | 115 235 43,500 33%
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Figure 2: Comparing carbon-fiber vs fiberglass blades [3].

As shown in Figure 2, the turbine made with carbon-fiber
composites have a significantly longer blade length, rotor
diameter and swept area. These increases show how much of
an improvement of carbon-fiber composites are compared to
fiberglass. Besides the performance, the sustainability of the
blades has improved with the introduction of thermoplastics
resins like Arkema Elium. The Zebra Project showed that the first
completely recyclable 62-meter thermoplastic works without
reducing the efficiency or performance of wind turbines [4].
The benefit of using thermoplastic resins is that it makes the
blade easier and cheaper to repair, and it allows the blades

to be manufactured easier and made more consistent [4].
These advancements show that the new material science
improvements have allowed the modern blade to create more
energy while lasting longer.

Aerodynamic Design Improvements

Recent advances in aerodynamic designs of the blades have
improved energy output and reduced drag losses. This is due

to innovations like flatback airfoils, bend-twisting coupling and
serrated trailing edges [5]. One aerodynamic improvement is
designing thinner blades [5]. Having a thinner blade profile leads
to less surface drag and allows the airflow to stay smoother
along the blade [5]. By letting the airflow stay smoother along the
blade it increases the overall efficiency and power production of
the wind turbine [5]. Researchers have also shown that the newer
wind turbine blades use flatback airfoils, as shown in Figure

3, which are airfoils with a trailing edge [6]. They use flatback
airfoils because it strikes a better balance between aerodynamic
lifts and structural demands [6]. For example, the airfoils give a
higher maximum lift coefficient, and beneficial lift to drag ratios
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Since 2021 there have been major advancements to blade technology,
like advances in materials, aerodynamics, and sensor systems.

mitigate tip vortex formation, which is why there is a lot of Conclusion
induced drag and turbulent wake [7]. A 2023 study by Khaoula
Qaissi showed that trailing edge serrations help delay the

flow separation and reduce drag [7]. The study also showed
that turbines with serrated blades generate more torque

and increased annual energy output in lower wind speed
compared to the traditional smooth-edged blades [7]. All these
improvements in aerodynamics design of the blades have
improved efficiency and reduced the drag of wind turbines.

Overall, the advancements made to wind turbines in materials,
sensor systems, aerodynamics, and wild-life friendly systems
have made wind turbines more efficient, durable, cost effective
and environmentally friendly than ever before. The stronger
carbon-fiber composites and recyclable resins improved

how durable the blades have become, the aerodynamics
improvements and smart blade sensor technology improved
how much more energy the blades can capture, and all the
improvements to wildlife safety have made wind turbines less of

Improvements in Smart Blade and Sensor Technology a threat to birds. All of these innovations to the blades show how
Over the last few years one of the most important advancements | Wind turbines have become one of the most popular sources of
has been in the improvement of smart blades that use sensors sustainable energy.

i and digital tools to monitor wind turbines and the blades’

performance. Modern blades now include pressure sensors
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