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Abstract

In recent years, the combined effects of climate change and recurring energy supply risks have pushed many countries to
reconsider the way they produce and manage electricity. As a result, an increasing number of energy systems are moving
away from conventional fossil fuels and turning toward a more diverse mix that includes renewables, particularly wind
energy. The expansion of this sector, however, depends not only on technological progress but also on the presence of
reliable standards and certification procedures. These frameworks play an essential role in verifying that wind turbines
operate safely and continue to perform throughout their expected service life. Within this context, the IEC 61400 standard
series occupy a central place. The present study focuses on how this series is structured, what technical issues it covers,
and how it is applied in different parts of the world. A special emphasis is given to IEC 61400-1, which outlines design
load assumptions, fundamental safety concepts, and the turbine classification system. Additionally, the study discusses
Turkey’s domestic content incentives under the Renewable Energy Support Mechanism (YEKDEM) and evaluates how

these incentives interact with international certification requirements.
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1. Introduction

The growing impact of climate change, together with
recurring concerns about energy security, has
prompted many countries to rethink how they generate
electricity. As part of this shift, there has been a
noticeable move away from fossil fuel dominated
systems toward cleaner and more sustainable options
[1]. Among these alternatives, wind energy has
become one of the most prominent technologies,
especially due to the rapid advancements in turbine
design and manufacturing over the past two decades.

A wind turbine essentially works by capturing the
kinetic energy of moving air and converting it first into
mechanical power and then into electricity. This
process depends heavily on the turbine blades, which
are widely recognized as the most sophisticated and
sensitive components of the entire system. When air
flows over the blade surface, it produces lift, causing
the rotor to spin. For this reason, factors such as blade
geometry, material selection, aerodynamic behaviour,
and structural durability have a direct influence on the
turbine’s overall performance, operational reliability
and even its cost profile [2].
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One of the primary objectives of the certification
process for wind turbines is to verify that the design
and operating conditions meet performance,
reliability, and environmental resistance criteria. In
this context, how environmental influences at the
component level affect performance variability in
generators and power conversion systems constitutes
a significant area of engineering analysis. Indeed, the
literature indicates that environmental factors (dust,
wind, humidity, etc.) significantly impact efficiency
and losses in power generation systems [3]. Such
findings explain why environmental resistance
requirements are critical in certification testing of
wind turbine components, especially generators,
power electronics, and blade surface materials and
demonstrate that environmental loads must be
considered when determining design criteria.

The increasing size of blades in modern turbine design
(some designs exceeding 100 meters) enhances energy
capture capacity while also presenting new
engineering challenges in terms of aerodynamics,
structural mechanics, materials science, logistics and
assembly. Throughout human history, wind energy has
been harnessed for various purposes. However, it is
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important to establish international standards for
safety, efficiency and reliability in modern turbine
technologies. In this context, the [IEC 61400 series of
standards  developed by the International
Electrotechnical Commission (IEC) provides a global
framework for turbine design, testing and certification
processes [4]. These standards ensure that turbines
developed by manufacturers are evaluated according
to internationally recognized criteria and obtain type
certification from independent certification bodies
(such as DNV, TUV, GL) [5].

Wind turbine blades are among the most fundamental
components of wind energy technology. Due to their
aerodynamic design and composite material structure,
they enable the conversion of wind’s kinetic energy
into mechanical energy and subsequently into
electrical energy. Blade performance has a direct
impact on turbine efficiency, operational lifespan and
maintenance costs. Therefore, blade production and
quality assurance processes are critical for both
manufacturers and investors. This article provides a
comprehensive review of the technical characteristics,
production processes and market dynamics of wind
turbine blades.

2. Wind Turbine Blades and Their History

Wind turbine blades are fundamental to the energy
conversion process. Therefore, they are specifically
designed based on aerodynamic airfoils. The primary
function of these blades is to capture the kinetic energy
of the wind, convert it into the rotational motion of the
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The blades are rotated by the wind -
and make the shaft rotate.
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rotor and transmit the resulting mechanical energy to
the generator [6].

The certification process for wind turbines,
particularly regarding aecrodynamic performance, load
calculations, and reliability requirements, makes
engineering studies that detail the behaviour of the
airfoil critical. Indeed, aerodynamic analyses
performed on small-scale horizontal-axis turbines
demonstrate that differences in parameters such as
airfoil lift, drag ratio, torque generation, and tip speed-
dependent power coefficient significantly impact
turbine performance. A BEM-based comparative
analysis of the NACA 2414 and NACA 6409 airfoils
reveals that the NACA 6409 exhibits a higher lift
coefficient, a more favourable CI/Cd ratio, and a
higher power coefficient, resulting in more efficient
aerodynamic behaviour for small-scale turbines. This
reaffirms the critical importance of air foil selection in
aeroelastic and performance verification tests
conducted for certification [7].

Blades operate on the principle of lift force. This force
is generated by the airflow passing over the blade
surfaces. Lift force arises from a pressure difference.
Specifically, air flows faster over the upper surface
than the lower surface, creating the necessary pressure
difference. To maximize energy capture efficiency,
modern blade designs are acrodynamically optimized.
The goal is to achieve the highest possible lift-to-drag
ratio.
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Figure 1. Wind Turbine Electricity Generation (Author's Simulation Design)
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Figure 1 summarizes the four-stage power generation
and transmission mechanism of the analyzed wind
turbine. The process begins with the rotor blades
capturing wind energy to drive the main shaft. This
mechanical power drives the generator (Step 3), which
results in electricity generation. The process
concludes with the transmission stage (Step 4), where
the electrical output is transmitted to the transformer
and the grid via the tower cabling system.

Structurally, modern wind turbine blades are typically
manufactured from high-strength-to-weight
composite materials, such as glass-fiber-reinforced
polymer (GFRP) and for large-capacity turbines,
carbon-fiber-reinforced polymer (CFRP). The use of
these materials supports critical performance
characteristics of the blades, such as low weight,
durability and resistance to fatigue loads. Because
blade size directly determines the area swept by the
turbine, it significantly affects its energy capture
capacity and consequently, its total -electricity
generation potential [8].

When examining the historical development of wind
energy, windmills were primarily used for mechanical
tasks such as grinding grain, pumping water and
sawing timber. The first designs for windmills
emerged in Babylon around 2000 BC and in the
Iran/Afghanistan region in the 7th century AD. These
were generally vertical-axis, simple sail structures. In
Europe, horizontal-axis windmills became widespread
from the 12th century onwards. These systems
generally consisted of four large blades covered with
cloth or wood. Despite producing low speed and high
torque, they had low and limited efficiency.

With the development of electrical energy worldwide,
wind power began to be used for -electricity
generation. American inventor Charles Brush built a
multi-bladed turbine in Cleveland with a 17-meter
rotor and 144 blades. This turbine provided energy to
his own home, and this design is considered the
precursor to modern wind turbines. However,
although these systems offer a successful approach to
obtaining high torque at low wind speeds, they were
aerodynamically inefficient [9].

The transition to modern design began in the late 19th
century. Danish researcher Poul la Cour conducted
systematic studies on wind turbine aerodynamics.
Poul la Cour demonstrated that designs using fewer,
but more aerodynamics blades were more efficient for
electricity generation than multi-bladed turbines. In
the 1970s, studies conducted by NASA in the United
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States played a critical role. These studies directly led
to the development of modern, large scale turbine
blades. This research formed the basis of three bladed
horizontal axis turbine (HAWT) design, which is the
standard today [10].

In the 1980s, fiberglass composites replaced
traditional materials such as wood and metal in blade
production. The transition to fiberglass composites
provided significant advantages. This change made
the blades lighter, longer and more resistant to fatigue
loads. Most importantly, this development facilitated
the production of the enormous blades required for
modern turbines. Today, wind turbine blades exceed
100 meters in length. These extraordinary lengths are
made possible by advanced composite materials,
including carbon fiber. These materials offer superior
efficiency, durability and reliability.

3. Major Tests and Certification Standards Applied
to Wind Turbine Blades

The certification process for wind turbine blades is
quite comprehensive. It generally begins with
obtaining design approval. Following this process,
comprehensive structural and aerodynamic tests are
conducted on the prototype. The final stage requires
careful quality control during series production. These
complex certification steps are guided by various
standards. Various organisations oversee the rigorous
global implementation of these standards. Most
importantly, these organizations ensure both safety
and high performance across the entire wind energy
sector.

3.1. International Electrotechnical Commission
(IEC) Standards

The International Electrotechnical Commission (IEC)
61400 is the most widely accepted international
standard series for wind turbines. These
comprehensive standards define technical
requirements and performance criteria. Their scope
covers the entire life cycle of the turbine. In Turkey,
these international guidelines are published and
implemented as Turkish Standards (TS). While the
IEC 61400 series establishes fundamental design and
certification requirements, some sub-standards within
the series are of critical importance. This is
particularly true in terms of blade reliability and
structural integrity [11].

The structural integrity, safety, and performance
reliability of wind turbines are strictly governed by
international regulatory frameworks. Table 1 provides
a detailed breakdown of the primary IEC 61400 series
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standards utilized to define these critical parameters.
As outlined in the table, the design requirements (IEC
61400-1) necessitate that turbines demonstrate
sufficient strength under specific wind speed and
turbulence classifications (Class 1, II, III) across
various Design Load Cases (DLCs). In terms of
operational efficiency, Table 1 refers to IEC 61400-12-
1 for the accurate quantification of power curves and
Annual Energy Production (AEP). The table further
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categorizes essential protection and verification
protocols, including the mitigation of high lightning
risks (IEC 61400-24) and the execution of full-scale
structural tests (IEC 61400-23). These structural tests
are particularly vital, as they verify the blade
resistance to extreme static loads and simulate the
fatigue damage accumulated over millions of cycles
during a standard 20-25 year service life.

Table 1. Detailed Analysis of IEC 61400 Series Design Loads and Safety Classification

Standard

Title and Description

IEC 61400-1

IEC 61400-12-1

IEC 61400-24

IEC 61400-23

Design Requirements: These requirements cover rules aimed at ensuring
the structural integrity and safety of large onshore wind turbines in
particular. Turbines are classified according to wind speed and turbulence
level (Class I, II, III) and must demonstrate sufficient strength under all
normal operating, failure and overload scenarios (Design Load Cases —
DLCs) [12].

Power Performance Measurements: These requirements stipulate that the
wind turbine's power curve and annual energy production (AEP) must be
measured using accurate, reliable and repeatable methods [13].
Lightning Protection: These requirements define the protection of wind
turbines against high lightning risk (generally Lightning Protection
System — LPS Level I) and the analysis methods for assessing these risks
[14].

Full-Scale Structural Tests: These tests, which are one of the most critical
stages of the wing certification process, consist of two main components.
The Static Load Test verifies the wing's resistance to the maximum loads
that may occur during the most severe windstorms or the most
unfavourable loading scenarios it may encounter throughout its lifetime;
during this test, the wing is typically loaded to 110% of its design limits.
The Dynamic (Fatigue) Test simulates the millions of load cycles the
blade will be subjected to over the turbine's estimated lifetime (typically
20-25 years), providing a vital assessment of structural integrity and

fatigue resistance [15].

The IEC 61400-1 standard uses Desing Load Cases
(DLCs) as a fundamental tool. These conditions
demonstrate that turbine components have an
adequate safety margin against both overload and
fatigue. DLCs are comprehensive; they cover all
operating conditions. This spectrum ranges from
normal turbine functions to potentially serious events
such as emergency shutdowns and grid failures. The
required safety margin is obtained mathematically by
applying partial safety factors. Structural integrity is
only verified when the final design satisfies the
fundamental inequality:

Rd > Ed (1)

The design parameters Rd and Ed incorporate the
necessary safety margins defined by the standard. Rd

(Design Resistance) is calculated by reducing the
characteristic strength, Rk, using the material factor

(ym):
Rd=Rk/ym )

Conversely Ed (Design Load Effect) is derived from
by increasing the characteristic load, Ek, using the
load factor (yf):

Ed=Ek. yf 3)
This methodology ensures the design remains safe and
robust against failure. It explicitly accounts for all

inherent uncertainties in both the structural loads and
the material properties [16]
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3.2. Quality Management and Manufacturing
Standards

Implementing Quality Management Systems (QMS)
is critical in production facilities. Standards like ISO
9001 ensure robust process control and quality
assurance frameworks. These frameworks mandate
stringent quality control (QC) procedures throughout
the entire production process. Standard practices
include thorough inspections during material
procurement, lamination and curing. Furthermore,
final quality is verified through specific delamination
tests [17].

3.3. Certification Process and Organizations
Compliance with IEC 61400 standards is verified
independently by internationally = recognized
inspection bodies. These bodies include DNV, TUV
and Lloyd’s Register. Verification results in the
issuance of a Type Certificate. This certificate is
granted following a comprehensive process. The
process encompasses design evaluation, rigorous
component testing and full prototype testing.
Critically, the Type Certificate is a fundamental
requirement. It is essential for both international
market acceptance and securing project financing
[18].

3.4. Certification Bodies and Guidelines
Independent Certification Bodies (CBs) operate
within the strict framework of IEC standards. Their
primary role is certifying manufacturers design and
testing processes. Significantly, the guidelines
published by these CBs are frequently adopted as de
facto standards in practical industry applications.
DNV (Det Norske Veritas) guidelines are leading
industry references. They set the most stringent
requirements for the structural integrity and reliability
of offshore wind turbines and blades. For instance, the
DNVGL-ST-0361 guideline (formerly GL) details
specific material selection and testing procedures for
composite blades. Similarly, other major bodies like
UL (Underwriters Laboratories) and TUV SUD verify
blade compliance. They achieve this by conducting
detailed design assessments and factory quality
assurance audits [19].

3.5. Material
Assurance

Certification of turbine blades is a comprehensive
process. It extends beyond testing the finished product
to include continuous monitoring of both the
manufacturing process and raw materials. Materials
testing is essential. This involves evaluating resins,
fiberglass/carbon fiber fabrics and adhesives. Tests
assess moisture absorption, fatigue resistance and

and Manufacturing Quality
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crucial tensile and compressive strength. Process
certification inspects the molds, curing and bonding
used during manufacturing for standard compliance.
The bond line areas, where the blade skins are joined,
require special attention. These areas are among the
most critical failure points. After production, Non-
Destructive Testing (NDT) methods are employed.
Techniques include ultrasonic testing (UT) and
thermography. These detect internal structural defects,
such as voids and delamination, within the finished
blade [20].

3.6. The Relationship Between Standards,
Localization, and Certification in Turkey

Turkey’s energy policy actively encourages the
domestic industry, aligning it with international
standards. The additional domestic-content incentives
provided through the Renewable Energy Resources
Support Mechanism (YEKDEM) offer a concrete
example of this integration.

To qualify for this allowance, manufacturers must
certify the compliance of every component (e.g., blade
or tower) produced domestically. This compliance
must meet the international IEC 61400 standard.
Certification requires a product Certificate or Unit
Verification Certificate. These documents must be
issued by Tiirk Loydu or another internationally
accredited organization.

Within this local certification process, the Turkish
Standard Institution (TSE) plays a key role. TSE
publishes the IEC standards locally as TS EN 61400.
Furthermore, the institution manages the crucial
Domestic Goods Certificate processes.

The Turkish Standards Institute (TSE) determines the
basic technical requirements for wind turbines
domestically. This is achieved by adapting the
international IEC 61400 series standards. By
publishing the series as TS EN 61400, TSE effectively
makes it a national standard.

This adaptation ensures that the design, safety and
performance testing of all components (including
blades) conform to internationally accepted rules. For
instance, structural testing and design requirements
for blades are directly based on the IEC framework.

Mandatory CE Marking applies to the Turkish market.
As Turkey is an EU candidate country, all wind
turbines and their components sold here must bear this
mark. The CE Mark verifies compliance with relevant
EU directives, such as the Machinery Directive. This
confirms compliance with critical health, safety and
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environmental protection standards. Overall, Turkey
implements specific regulations to support both
domestic production and high-technology
contributions within the wind energy sector.

In YEKA tenders and YEKDEM (Renewable Energy
Resources Support Mechanism) applications managed
by the Ministry of Energy and Natural Resources
(ETKB) and the Energy Market Regulatory Authority
(EPDK), incentive payments are made based on the
local content of the wind turbine components used.
For a wind turbine component (such as a blade) to be
considered domestically produced, it must meet
criteria established by the Ministry of Industry and
Technology and receive a Domestic Goods Certificate
approved by the Union of Chambers and Commodity
Exchanges of Turkey (TOBB). This certificate proves
that a certain percentage of the blade’s production
stages and the raw materials used took place in Turkey.
While not a direct technical standard, this certification
is critical for market incentives.

Technical standards exist for the safe and efficient
connection of wind turbines to the electricity grid. The
Turkish Electricity Transmission Company (TEIAS)
sets the technical requirements for connecting Wind
Power Plants (WPPs) to the national grid. These
requirements are outlined in the official Grid
Regulation. They cover crucial parameters such as
frequency voltage and reactive power control.

As part of the certification process for wind turbines,
optimizing generator design in accordance with
international standards is crucial. This process
involves systematically evaluating magnetic intensity,
heat loss, efficiency, and losses, which directly impact
the energy produced. The design criteria recorded for
axial flux permanent magnet generators demonstrate
an electrical approach consistent with standards for
electrical machines [21].

Turbines must possess certificates and test results
proving compliance with these stringent grid
standards. National institutions in Turkey are vital for
ensuring the reliability of all certification and testing
activities.

The Turkish Accreditation Agency (TURKAK) is
central to this. TURKAK ensures the accreditation of
laboratories, test centers and certification bodies
according to international standards. Accreditation
significantly increases the reliability of test results for
all wind turbine components.
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4. Wind Blade Production Volume and Market
Situation

The wind turbine blade market is currently a dynamic
sector characterized by continuous growth. This
expansion is driven primarily by the accelerating
global energy transition. A key factor is the significant
increase in capacity from offshore wind projects.
Ultimately, this strong market growth enables
substantial production volumes, impacting both global
and domestic markets, including Turkey.

4.1. Global Wind Blade Market and Production
Volume

The global wind energy sector is experiencing
significant expansion. A record growth of over 117
GW of new capacity was added in 2023, directly
boosting demand for blade production [22].

The global blade market reflects this trend. It was
estimated to be worth approximately $27.12 billion in
2024 [23]. Furthermore, the sector is expected to grow
steadily between 2025 and 2023, potentially
surpassing $210 billon by 2035 [24].

This impressive market momentum is driven primarily
by two factors: the increasing demand for large-
capacity turbines and longer blades. While fiberglass
currently holds most of the market, the use of carbon
Fiber is rapidly accelerating. This shift is due to the
material’s superior weight and strength advantages
when used increasingly larger blades.

The carbon fiber segment is expected to exceed $142
billion by 2034 [25]. By 2024, the region with the
largest market share in the blade market will be the
Asia-Pacific region (47% market share), thanks in
particular to China’s large installed capacity [26]. The
acceleration of offshore wind projects is driving
demand for longer, higher-performance blades. Global
offshore wind capacity is projected to reach 83 GW
(Gigawatts) by 2024 [27].

4.2. Wind Blade Production Volume and Market
Status in Turkey

Turkey is not only a wind energy consumer but also a
major production and export hub in the global supply
chain. Turkey’s total installed wind energy capacity
approached 13,792.50 MW (Megawatts) by the end of
2024. This makes Turkey the sixth-largest country in
Europe with installed wind energy capacity. New wind
energy capacity added to the system during 2024
reached 1,310.07 MWm (Megawatts-Mechanical).
This represents a strong recovery compared to
previous years [28].
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Turkey is a global player in blade production.
According to 2023 data, facilities in Izmir have the
capacity to produce approximately 4,000 blades
annually. This production generates a turnover
exceeding USD 700 million in the sector (Anadolu
Agency, 2023). Approximately 75% of Turkish wind
industry manufacturers export their components
(including blades) worldwide. The vast majority of
Turkey’s wind turbine blade production is directed
toward export markets. Approximately 75% of the
total volume is shipped abroad [29]. Primary export
destinations include Europe, Asia and the Americas.
This substantial volume places Turkey in a critical and
strategic role within the global blade supply chain.

5. Conclusions

Human efforts to harness wind energy span millennia.
However, the evolution of modern turbine blades truly
gained momentum in the late 19th century. This
acceleration began with Charles Brush’s pioneering
multi-bladed designs. Further critical advancements
occurred in the mid-20th century. NASA developed
aerodynamically optimized, three-bladed horizontal-
axis wind turbine (HAWT) concepts. The
manufacturing of today’s massive, high-performance
blades was enabled by a later shift. This was the
advancement in composite material technologies after
the 1970s.

Global challenges, particularly intensifying climate
change and energy security concerns, necessitate a
rapid shift in energy systems. Countries worldwide are
compelled to transition from fossil fuels toward
sustainable, renewable technologies. In this massive
transformation, wind energy has emerged as a key
pillar of low-carbon electricity generation.

Wind turbine blades are the core components of the
system. They play a central role in converting the
wind’s kinetic energy into mechanical power.
Ultimately, their design, material composition and
structural integrity directly determine the efficiency
and cost-effectiveness of the entire turbine system.

Compliance with international safety and reliability
standards is non-negotiable across all phases of blade
development. The foundation for this global
compliance is the IEC 61400 series. This standard
ensures turbines can reliably withstand harsh
environmental and operational loads throughout their
expected service life.

Technically, IEC 61400-23 defines the crucial
procedures for full-scale static and dynamic structural
testing. These rigorous tests simulate the total loads
experienced by the blades over their service life.
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Passing them is mandatory for demonstrating
structural integrity and achieving international market
acceptance.

Turkey’s localization policies are effectively built
upon these global standards. This strategy represents
an integrated model, blending international norms
with domestic industrial development. For instance,
the local ‘Domestic Product Certificate’, provided by
the Ministry and TOBB, is a crucial mechanism used
to foster local manufacturing.

Ultimately, this unified standardization and
certification framework-from global IEC rules to local
compliance-enhances confidence in wind energy
systems and accelerates the transition toward
sustainable energy.

The global wind turbine blade market was valued at
approximately USD 27.12 billion in 2024. Driven by
the acceleration of offshore wind projects, the sector
is projected for massive growth. It is expected to
exceed USD 210 billion by 2035, maintaining a
growth rate surpassing 20%.

Geographically, the Asia-Pacific region holds most of
the market concentration. Nevertheless, both Europe
and North America are also exhibiting noteworthy
expansion.

Turkey is achieving increasing significance within the
global supply chain. With 13,792.500 MW of installed
wind capacity by the end of 2024, the country has also
emerged as a major blade export hub. Manufacturing
facilities, particularly those located in Izmir and its
surrounding areas, demonstrate high production
capacity. These facilities can produce more than 4,000
blades per year, with approximately 75% being
exported to international markets.

In conclusion, wind turbine blade technology is in a
state of continuous evolution. The primary drivers
remain the pursuit of higher efficiency and reliability.
Currently, the sector addresses logistical challenges
inherent in increasing blade lengths. Furthermore,
developing viable recycling solutions for end-of-life
composite blades is a major focus.

Future research will specifically concentrate on
several key innovations. These include modular blade
designs, thermoplastic resin systems and integrated
smart blade technologies. Due to its strong
manufacturing capacity and supportive localization
policies, Turkey holds substantial potential. The
nation is strategically positioned to become a key
global player in this emerging innovation landscape.
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