Wind turbine noise: A review of measurement,
modelling, and mitigation strategies

Abstract

This review provides a structured and comprehensive analysis of wind tur-
bine noise, covering the full chain from sound generation to measurement,
modeling, and mitigation. Aerodynamic and mechanical noise sources are
examined alongside their spectral and temporal characteristics and their im-
plications for human perception. Standardized acoustic metrics and mea-
surement procedures, including IEC 61400-11 and ISO 9613-2, are discussed
in the context of field and wind-tunnel methodologies. The paper further re-
views experimental and computational approaches, including semi-empirical
models and high-fidelity simulations based on computational fluid dynam-
ics (CFD) and computational acroacoustics (CAA), highlighting their capa-
bilities and limitations for noise prediction. Existing mitigation strategies
are analyzed, with emphasis on passive solutions such as aerodynamic blade
modifications, porous materials, and vibration-damping systems. Despite
significant progress, current approaches remain predominantly passive and
often involve trade-offs with aerodynamic performance. A critical gap is
identified in the limited development of active noise mitigation strategies,
particularly for small and micro wind turbines operating in proximity to
residential environments. While active control systems are widely used for

power optimization, their application to aeroacoustic noise reduction remains



largely unexplored. This review highlights the need for integrated method-
ologies combining measurement, modeling, and control, and outlines future
directions toward adaptive, multidisciplinary solutions aimed at improving
acoustic performance, social acceptance, and sustainable deployment of wind
energy systems.
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Nomenclature

AM Amplitude Modulation

ANN Artificial Neural Network

CAA Computational Aeroacoustics
CFD Computational Fluid Dynamics
DDES Delayed Detached-Eddy Simulation
DNS Direct Numerical Simulation

FWH Ffowes Williams—Hall

IEC International Electrotechnical Commission
ISO International Organization for Standardization
LES Large Eddy Simulation

MBS Multi-body Simulation



OAM Other Amplitude Modulation
RANS Reynolds-Averaged Navier Stokes

PWL Sound power level

SPL Sound pressure level
SST Shear Stress Transport
SVR Support Vector Regression

TBL-TE Turbulent-boundary-layer Trailing Edge
TLCD Tuned Liquid Column Damper

TMD Tuned Mass Damper

URANS Unsteady Reynolds-Averaged Navier-Stokes

WHO World Health Organization

WTs Wind turbines

Laeq A-weighted equivalent continuous sound pressure level
Lpeg B-weighted equivalent continuous sound pressure level
Lceg C-weighted equivalent continuous sound pressure level
Lgeq G-weighted equivalent continuous sound pressure level
Lz, Z-weighted equivalent continuous sound pressure level
L, Minimum sound level reached
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L, Equivalent continuous sound pressure level

Lox Maximum sound level reached

1. Introduction

Wind energy is a low-emission renewable source with the potential to
complement or replace fossil-based energy systems. It exhibits one of the
lowest carbon footprints in the energy sector, with kgCO,/kWh values even
lower than those of solar energy [1]. Its rapid consolidation within the global
energy transition is reflected in an installed capacity of 1,174 GW in 2024
[2], as shown in Fig. 1. This sustained growth highlights the increasing need
to diversify the energy mix and reduce greenhouse gas emissions through
both large-scale wind farms and distributed generation systems closer to

consumption centers.
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Figure 1: Progress in worldwide installed wind energy capacity since 2016 [2].

The increasing population and urbanization have led to the construction
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of residential areas with high energy demand, encouraging the installation
of wind turbines (WTs) near human settlements [3] and their integration
into self-generation systems in single-family houses [4] and marine vessels
[5]. However, this proximity has revealed one of the main drawbacks of
wind power: aerodynamic and mechanical noise emissions, which can affect
nearby residents’ quality of life [6], limit social acceptance [7], and hinder the
deployment of new projects [8]. Therefore, assessing and mitigating noise
levels prior to turbine installation is essential [9].

Several studies have addressed wind turbine noise from different perspec-
tives. Doolan et al. [10] provided a systematic review of experimental and
numerical investigations on trailing-edge noise, while Saavedra & Samanta
[11] examined noise and vibration sources, their effects, and relevant interna-
tional regulations. Xu et al. [12] analyzed vibration and noise in drivetrain
systems, emphasizing the importance of mechanical contributions.

Another major research line concerns noise mitigation strategies. Ahmed
et al. [13] and Doolan [14] identify passive methods as the predominant ap-
proach, particularly through aerodynamic modifications that alter boundary-
layer behavior and reduce turbulent fluctuations near the trailing edge. Ac-
tive methods, such as Active Noise Control (ANC) [13] and blade-rotation
coordination [14], have also been explored, although to a much lesser extent.

Despite these advances, the literature remains fragmented, often address-
ing noise generation, measurement, modeling, and mitigation separately. In
addition, limited attention has been given to small wind turbines, which
are typically installed closer to populated areas and are subject to stricter

acoustic constraints.
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In general, existing studies underline the multidisciplinary nature of wind
turbine noise, involving aerodynamic, structural, acoustic, and perceptual as-
pects, and highlight the need for integrated reviews that consolidate advances
across these domains.

This paper focuses exclusively on acoustic noise generated by wind tur-
bines, specifically aerodynamic and mechanical sources, while excluding elec-
trical noise due to its comparatively minor contribution [15, 16]. The review
covers noise generation mechanisms, spectral and temporal characterization,
and key acoustic metrics, as well as their relationship with human perception
and annoyance. Furthermore, it analyzes experimental and computational
measurement techniques—including standardized procedures, semi-empirical
models, and numerical simulations—and evaluates current mitigation strate-
gies based on aerodynamic design and mechanical isolation.

The aim of this work is to provide a structured and comprehensive synthe-
sis of the current state of knowledge, identify key limitations, and highlight
research opportunities, particularly in the application of active control meth-
ods for noise reduction.

Unlike existing review studies, which typically address isolated aspects
such as noise generation mechanisms [17], numerical modeling, or mitiga-
tion strategies [18], this work integrates these perspectives within a unified
framework. In particular, it establishes connections between aerodynamic
phenomena, acoustic emissions, and engineering design considerations, offer-
ing a cross-disciplinary perspective that is often lacking in the literature.

Furthermore, this review provides an updated and critical assessment of

recent advances, including emerging approaches such as biomimetic blade
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design and hybrid computational methods, thereby enhancing its relevance
for current research. By consolidating dispersed knowledge and identifying
key research gaps, this work aims to serve as a valuable reference for both
researchers and engineers involved in wind turbine design, noise prediction,
and mitigation.

The paper is structured as follows: Section 2 describes the characteri-
zation of wind turbine noise, including its sources, underlying mechanisms,
and relevant acoustic metrics. Section 3 examines the impact of wind turbine
noise on humans, covering perception, potential health effects, and implica-
tions for regulation and social acceptance. Section 4 presents experimental
and numerical methods for noise measurement and simulation, together with
an overview of the international regulatory framework. Section 5 analyzes
noise mitigation strategies, with a focus on aerodynamic design and acoustic
control approaches. Section 6 discusses the main research gaps and out-
lines future directions in the field. Finally, Section 7 summarizes the main

conclusions of this review.

2. Characterization of wind turbine noise

Characterizing wind turbine noise enables assessment of environmental
and social impact, especially in communities near wind farms [19]. This sec-
tion first addresses noise generation (mechanical and aerodynamic sources),
then radiation patterns and propagation by source directivity, followed by
acoustic classification (by origin and physical traits). Finally, it presents key
metrics quantifying intensity, frequency content, and perception, providing a

technical basis for analysis and mitigation.
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2.1. Noise generation mechanisms

Sound is a pressure disturbance that propagates through an elastic medium
as a longitudinal wave and is perceived by the human auditory system [20].
Noise, i.e., unwanted sound, is a major environmental concern for wind en-
ergy.

In wind turbines (WTS), noise arises from multiple physical processes
associated with the operation of mechanical components and the interaction
between airflow and turbine blades. These processes generate sound over
a broad frequency range, including both tonal and broadband components,
which contribute differently to overall noise perception.

Accordingly, wind turbine noise is commonly classified into two main
categories: mechanical and aerodynamic sources. The relative contribution
of each depends on turbine design and operating conditions, making wind

turbine acoustics intrinsically complex.

2.1.1. Mechanical noise

Mechanical noise primarily originates from drivetrain components (gear-
box, couplings, bearings, generator), braking, and yaw systems. Vibrations
from moving parts transmit through the nacelle and tower [21| and may be
amplified by structural resonance. Although typically smaller than aerody-
namic noise, mechanical emissions can be significant depending on design
and operating conditions. Noise magnitude depends on maintenance, cou-
pling design, and material quality. Gear defects, bearing imbalances, or other
faults substantially increase vibration transmission [22], while generator cool-
ing and ventilation can add steady background noise. While these effects

are often studied in large-scale wind turbines, similar mechanisms apply to
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smaller systems. In the case of microturbines installed on building rooftops,
structure-borne vibrations transmitted to the building can become one of
the main sources of annoyance for occupants, often exceeding the impact of

aerodynamic noise [9].

2.1.2. Aerodynamic noise

The acoustic emission of WTs is primarily aerodynamic in origin, arising
from air-blade interaction during rotation. These aeroacoustic mechanisms
are distributed along the blade profile and depend on flow conditions as well
as the blade surface state. Inflow turbulence at the leading edge induces
pressure fluctuations that radiate as sound, predominantly at low frequen-
cies and potentially including infrasonic components [23|. At high angles of
attack, flow separation generates turbulent structures that produce irregular
broadband noise. Under laminar conditions, periodic vortex shedding within
the boundary layer gives rise to tonal components [24].

As the boundary layer transitions to turbulence, its interaction with the
sharp trailing edge becomes a dominant broadband noise source, typically
within the range of approximately 250 to 1000 Hz and characterized by
a cardioid radiation pattern. Surface degradation or trailing-edge blunt-
ness further increases shedding instability, thereby enhancing acoustic ra-
diation. Additionally, tip vortex formation contributes to noise generation,
although at a comparatively lower magnitude [25]. Impulsive noise, associ-
ated with pronounced amplitude modulation (“thumping”), may occur under
certain conditions and is particularly perceptible and disturbing. Overall,
the trailing—edge and blade-tip regions dominate acoustic radiation under

normal operating conditions, while wind speed, angle of attack, and surface



s roughness are key parameters governing noise intensity.

137 The Figure 2 summarizes the main aeroacoustic sources distributed along
s the blade, highlighting how different flow regimes and geometric features
139 contribute to distinct noise generation mechanisms. In particular, it illus-
uo trates the spatial localization of leading—edge, trailing—edge, and tip—related
1 sources, as well as their dependence on boundary layer behavior and vor-
12 tex dynamics. This distribution explains why trailing-edge noise is typically
13 dominant, while other mechanisms contribute under specific operating con-

144 ditions.

Tip trailling vortex

Blade tip
Blade trailling edge

Boundary layer
becomes turbulent

0 Air turbulence ahead
of leading edge
Figure 2: Aerodynamic noise sources along a wind turbine blade, adapted from [26].

145 Finally, the interaction between the rotating blades and the tower should
us also be considered within this group of aerodynamic sources, as it generates a

17 periodic noise component associated with blade passing events. This blade—
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tower interaction produces fluctuations in the local flow field and pressure
distribution, leading to amplitude-modulated sound that can enhance the

characteristic “swishing” or “thumping” perceived in wind turbine noise.

2.2. Noise radiation and propagation

Following the identification of the main noise generation mechanisms, it
is necessary to analyze how acoustic energy is radiated from the source and
subsequently propagates through the environment. These two aspects involve
different physical processes: while radiation is governed by the nature of the
source and its interaction with the surrounding flow, propagation depends on
atmospheric conditions, terrain characteristics, and distance from the source.

In wind turbines, both processes play a crucial role in determining the
spatial distribution and perceived levels of noise. The following subsections
therefore distinguish between source radiation mechanisms, which define the
directionality and strength of acoustic emission, and propagation effects,
which control how sound is transmitted and modified before reaching the

receliver.

2.2.1. Source radiation patterns

The acoustic radiation of wind turbine noise sources can be described us-
ing simplified source models based on their directivity and underlying physi-
cal mechanisms. In aeroacoustics, sound generation is commonly represented
in terms of equivalent monopole, dipole, and quadrupole sources [27, 28|,
which provide a conceptual framework for interpreting radiation patterns

rather than a direct description of propagation.

11
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A monopole source radiates sound uniformly in all directions and is typ-
ically associated with mass fluctuations. A dipole source, formed by two
out-of-phase monopoles, exhibits directional radiation and is linked to un-
steady forces acting on solid surfaces. Quadrupole sources, composed of two
opposing dipoles, are associated with turbulence-induced stress fluctuations
within the flow. These idealized source types are widely used to describe the
directionality and scaling of aerodynamic noise [14].

In wind turbines, aerodynamic noise is predominantly dipolar in na-
ture [29], as it originates from unsteady pressure loads acting on the blade
surfaces. Two primary mechanisms can be identified: leading-edge noise,
generated by the interaction between incoming atmospheric turbulence and
the blade, and trailing-edge noise, produced by the scattering of turbulent
boundary-layer fluctuations at the sharp trailing edge. The latter is gener-
ally considered the dominant broadband noise source in horizontal-axis wind
turbines.

Additional sources such as blade-tower interaction noise, tip-vortex noise,
and tonal components associated with periodic flow phenomena may also
contribute to the overall acoustic signature, although their impact is generally
more case-dependent.

Quadrupole sources, associated with turbulence within the flow field, typ-
ically contribute less to the overall acoustic emission of wind turbines due
to their lower radiation efficiency compared to dipole sources [30]. Conse-
quently, their impact is typically secondary in aeroacoustic analyses, where

surface-generated dipole noise remains dominant.
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2.2.2. Sound propagation and environmental effects

Once generated, turbine noise propagates through the atmosphere, mod-
ified by environmental conditions, geometric spreading, and ground inter-
action [31, 32|. Atmospheric absorption attenuates high frequencies due to
molecular relaxation processes [33], while geometric spreading reduces sound
levels with distance, following spherical or cylindrical divergence depending
on source configuration.

Atmospheric stratification and wind gradients bend sound waves, enhanc-
ing or reducing levels at the receiver [31, 34]. Downwind or stable conditions
tend to increase noise exposure, whereas upwind or convective conditions
decrease perceived levels. Turbulence and obstacles introduce scattering,
further modifying local SPL and spectral content [35].

Ground properties strongly influence propagation. Direct and reflected
waves interfere according to surface impedance [36]. Porous or soft surfaces
enhance attenuation, while hard, reflective surfaces amplify levels. Standard
engineering models, such as ISO 9613-2 [37], account for atmospheric absorp-
tion, ground effects, and meteorology, providing practical SPL predictions
but not fully capturing complex wake and refraction phenomena.

High-fidelity studies illustrate these limitations. Sun et al. [38| sim-
ulated a 10 MW turbine with large-eddy simulations for rotor, tower, and
nacelle wakes, combined with a wide-angle Parabolic Equation solver. Wake-
induced velocity gradients and asymmetric refraction amplify near-ground
noise, while upward atmospheric bending reduces exposure. Standard PE or
ISO 9613-2 predictions can underestimate SPL by up to 5 dB at 500-1000 m,

highlighting the need to integrate wake and atmospheric effects for accurate

13
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assessment and farm layout optimization.

2.3. Acoustic classification of wind turbine noise

Wind turbine noise exhibits complex features depending on frequency
distribution and time-based behavior [39]. Considering both domains yields

a complete description that links measurable physics with perception.

2.3.1. Spectral classification

Wind turbine noise spans infrasound, low, mid, and high frequencies [40],
each possibly tonal or broadband. Infrasound (0.1-20 Hz) arises mainly from
airflow leaving the blades and interacting with the tower; it is weak and of
low audibility, even nearby, and poses no significant acoustic risk [41, 42].
Low-frequency noise (20-200 Hz), perceived more as vibration, is associated
with mechanical components and local flow disturbances near the tower [43,
44] and can propagate long distances. Mid (200-1000 Hz) and high (1-
16 kHz) frequencies relate to structural resonances, mechanical vibrations,
and aerodynamic turbulence.

Tonal noise yields discrete spectral peaks from rotating components (gear-
box, generator, cooling fans), mechanical imbalance, or small aerodynamic
instabilities [45]. Broadband noise is continuous, mainly due to turbulent

inflow, trailing-edge interactions, vortex shedding, and flow separation [46].

2.3.2. Time-based classification
The time-based classification of noise generated by WTs focuses on how
acoustic emissions vary according to operating conditions and wind charac-

teristics.
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e Continuous noise from WTs originates mainly from the constant ro-

tation of the blades and internal mechanical operation, such as the
gearbox and generator. It is perceived as a steady hum or murmur
whose intensity varies with wind speed. Its constant nature makes it

easier to distinguish from other environmental noises.

Intermittent or impulsive noise arises from sudden variations in aero-
dynamic loading (blade interaction with the disturbed airflow around
the tower) [47], wind gusts (when the turbine is misaligned during
changes in wind direction), or specific mechanical events. These are
short acoustic impulses or dull sounds whose amplitude fluctuates over

time.

The Amplitude Modulation (AM) of wind turbine noise is a phenomenon
that produces periodic fluctuations in sound intensity (slowly changing
its amplitude over time), increasing the perceived annoyance [11, 48|.
The “swish” or “thump” sounds heard near wind farms are the result
of AM. This is considered the most annoying aspect of wind turbine

noise for residents living near such installations.

The spectral and temporal classification presented above is complemented
by a spatial characterization of noise sources in the wind turbine. As illus-
trated in Fig. 3, acoustic emissions are distributed across different compo-
nents, with a dominant contribution from aerodynamic interactions along the
blades and mechanical sources within the nacelle. In particular, turbulent
trailing-edge noise and blade-tip noise are primarily associated with mid- to

high-frequency ranges, whereas phenomena such as blade-tower interaction

15
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and airflow in the near—field region contribute to low-frequency and infrasonic
components.

Furthermore, the figure highlights how specific mechanisms, such as yaw
operation and the periodic passage of the blades in front of the tower, intro-
duce amplitude modulation, thereby reinforcing the non-stationary nature of
the noise. This representation enables a direct correlation between frequency
bands and the underlying physical mechanisms, facilitating an integrated

interpretation of the spectral and temporal classifications.
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Figure 3: Distribution of the main noise sources in a wind turbine as a function of frequency

and their temporal behavior.

2.4. Key acoustic metrics

Assessing wind turbine noise requires metrics that quantify magnitude,
spectral content, and time-based variability. Basic levels provide global in-

tensity; frequency weightings adjust for human sensitivity; spectral analy-

16



279

280

281

282

283

284

287

288

289

290

291

292

293

294

295

296

297

298

299

300

sis identifies dominant bands; time-based metrics capture variability. To-
gether, these enable comprehensive characterization, objective comparison

across studies [49], and compliance assessment [50].

2.4.1. Basic measurement levels

Human hearing typically spans 20 Hz to 20 kHz, with upper limits de-
creasing with age (presbycusis). Sound power is total acoustic energy emitted
per unit time (W), distance-independent; sound pressure is the local pressure
fluctuation (Pa) at a point.

In practice, Sound power level (PWL) and SPL are expressed in decibels
(dB) to match the wide dynamic range of hearing [51]:

P
PWL = 101logy, (F) (1)
0

SPL = 20log,, (3) (2)
Po

where Py = 1072 W and py = 2 x 10~° Pa.

2.4.2. Acoustic weightings

Equal-loudness contours, also known as isophonic curves, represent the
human ear’s perception of different frequencies when the perceived SPL is
kept constant. These contours are expressed in phons, a psychoacoustic
unit that quantifies loudness relative to a 1 kHz pure tone as a reference.
These curves show that auditory sensitivity is not uniform across the entire
frequency spectrum, but varies depending on the listening level.

From these curves, the International Electrotechnical Commission (IEC)
defined the A, B, and C weightings, which simulate human sound perception

across different ranges: low, medium, and high SPL, respectively [52]. These
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weightings are applied in measurement instruments such as sound level me-
ters, allowing sound pressure readings to more accurately reflect how people
perceive noise, in accordance with IEC 61672-1 [53].

The A-weighted equivalent continuous sound pressure level (L.,) corre-
sponds approximately to the 40-phon equal-loudness contour and applies to
the human ear’s response to low to medium sound levels. It is the current
acoustic standard for sound and noise measurements. The B-weighted equiv-
alent continuous sound pressure level (Lpg.,) corresponds approximately to
the 70-phon contour and applies to medium sound levels. The C-weighted
equivalent continuous sound pressure level (L¢e,) corresponds approximately
to the 100-phon contour and applies to relatively high sound levels. For
all these reasons, L., and L¢e, are the most commonly used when per-
forming measurements related to wind turbine noise [54, 55]. In addition
to these, other weightings exist, such as G-weighted equivalent continuous
sound pressure level (Lg,,), used for infrasound applications (below 20 Hz),
and Z-weighted equivalent continuous sound pressure level (Lz.,), which ap-

plies when no frequency weighting is used.

2.4.3. Temporal metrics

The equivalent continuous sound pressure level (L.,) is one of the most
relevant metrics in wind turbine noise studies, as it integrates the variable
acoustic energy over a given period into a single value, widely used in reg-
ulations [56, 43]. Unlike instantaneous measurements, L., captures natural
fluctuations in noise caused by blade rotation and atmospheric conditions,
providing a representative measure of overall sound impact. It enables com-

parison between studies and supports consistent regulatory assessment of
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community exposure over extended periods (e.g., daily, seasonal, or annual
timescales), reflecting cumulative acoustic energy.

Complementarily, maximum sound level reached (L,,.;) and minimum
sound level reached (L,,;,) describe the dynamic range of wind noise. Ly,
identifies sound peaks that may cause immediate annoyance or attract at-
tention [57|, while L,,;, indicates moments of minimal emission, useful for
assessing acoustic variability. In WTs, where noise is intermittent and mod-
ulated by blade passage, these metrics complement L.,, enabling a more
comprehensive noise characterization that includes both average energy and
extreme variations.

Acoustic percentiles (e.g., Lo, Lsg, Lgg) describe the sound pressure level
exceeded during a specific percentage of the measurement time [58, 59]. Lgg
is typically associated with stable background noise, while L;q represents
higher-intensity events [60]. In wind turbine applications, these indicators
help distinguish between steady environmental noise and fluctuating turbine
noise. Combined with L.,, they provide insight into temporal variability and

perceived annoyance in nearby communities.

2.4.4. Spectral analysis

Sound measurement in octave and one-third octave bands is one of the
most widely used techniques in acoustics (standard IEC 61260-1) for charac-
terizing the spectral distribution of noise in detail [61]. An octave band spans
a frequency range in which the upper frequency is twice the lower one, group-
ing acoustic energy into broad and interpretable frequency ranges. One-third
octave analysis further divides each octave into three narrower sub-bands, of-

fering higher spectral resolution and improved accuracy in identifying tonal
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components or specific peaks [62].

Octave and one-third octave band analysis is essential for understand-
ing the spectral distribution of acoustic components, as it represents noise
behavior in a manner consistent with human auditory perception, which is
also organized into non-uniform frequency bands [63]. Figure 4 presents a
representative one-third octave band spectrum of wind turbine noise mea-
sured near residential areas, including statistical descriptors (10th-90th and
median levels) and the human hearing threshold. The figure highlights that
most spectral components lie above the hearing threshold within the audible
range, while infrasonic contributions remain below it, despite their physical
presence.

Wind turbine noise includes low-frequency contributions such as infra-
sound and tonal noise from blades, along with mid- and high-frequency com-
ponents related to turbulence and aerodynamic effects [64]. This analysis en-
ables identification of the most perceptible or annoying frequency bands for
nearby communities, supports cross-study comparison, and aids in defining
regulatory criteria. Thus, frequency band analysis is a key tool for objectively

assessing the acoustic impact of WTs.

20



369

370

371

372

373

374

375

376

377

130

110 \ M 10th - 90th percentile
\ —— 50th percentile
0 \ — Hearing threshold level —

Sound pressure level [dB]

1/3-octave band frequency [Hz]

Figure 4: 1/3-octave band spectrum of wind turbine noise measured near residential areas,
showing median (50th percentile) and variability range (10th-90th percentiles), together
with the human hearing threshold. The figure illustrates the spectral distribution of noise
across infrasonic and audible frequencies and highlights the relationship between measured

levels and auditory perception. Reproduced from [65].

The spectral distribution highlights a dominance of low- to mid-frequency
components, with sound pressure levels generally decreasing at higher fre-
quencies. In addition to its spectral representation, the figure incorporates
statistical descriptors (e.g., percentile ranges), which capture the temporal
variability of wind turbine noise arising from atmospheric and operational
fluctuations. It also includes perceptual references, such as the human hear-
ing threshold, enabling a direct comparison between measured sound levels
and auditory sensitivity. Consequently, this representation provides a com-

prehensive view that integrates spectral content, variability, and perceptual
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relevance, rather than a purely frequency-based description. In this context,
Table 1 summarizes the key acoustic metrics discussed in this subsection, out-
lining their respective roles and practical applications in the characterization

and assessment of wind turbine noise.

3. Impact of wind turbine noise on humans

The assessment of wind turbine noise (WTN) extends beyond its physi-
cal characterization, encompassing its perception by individuals, its potential
effects on health and well-being, and its implications for regulation and so-
cial acceptance. Unlike conventional environmental noise sources, WTN is
characterized by specific temporal and spectral features that influence how it
is experienced by nearby populations. Consequently, understanding its im-
pact requires an interdisciplinary approach that integrates psychoacoustics,
epidemiology, and policy considerations. The following sections review cur-
rent knowledge on human perception, associated health outcomes, and the

regulatory and societal challenges linked to wind turbine noise.

3.1. Human perception and psychoacoustic characteristics

WTN exhibits distinctive acoustic features that shape human perception,
differentiating it from other industrial or transportation noise sources [66].
In this context, perception refers not only to the physical detection of sound,
but also to the way acoustic stimuli are interpreted by the auditory system
and cognitive processes, including attention, expectations, and prior experi-
ence. As a result, sounds with similar sound pressure levels may be perceived

differently depending on their temporal and spectral characteristics.
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Its dominant component is aerodynamic noise generated by blade-air
interaction, commonly described as a rhythmic “swishing” or “whooshing”
sound similar to that of a helicopter [67]. A key psychoacoustic characteris-
tic is amplitude modulation (AM), involving periodic fluctuations in sound
pressure levels as blades pass the tower, which can enhance annoyance and
hinder habituation [68].

WTN also contains low-frequency noise (LFN) and infrasound (IS), which
propagate over longer distances and penetrate building structures more ef-
fectively than higher frequencies [69]. From a perceptual standpoint, low-
frequency components may be experienced not only as audible sound but
also as a sensation of pressure or vibration, contributing to discomfort even
when levels are close to or below audibility thresholds. Although infrasound
levels from modern turbines are typically below human perception thresh-
olds and lower than those from natural or urban sources [6], WTN is often
perceived as more annoying than road traffic noise at equivalent levels. This
is largely attributed to its temporal variability and persistence during night-

time.

3.2. Health effects and annoyance

The effects of WTN are generally classified into subjective annoyance
and potential impacts on physical and mental health. Annoyance remains
the most robust and consistently reported outcome, increasing significantly
when outdoor levels exceed 35-40 dB(A) |70, 71]. Reported symptoms among
exposed populations include headaches, dizziness, nausea, and fatigue; how-
ever, large-scale epidemiological studies have not found statistically signifi-

cant associations with cardiovascular diseases, hypertension, or diabetes [72].
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Sleep disturbance is another key concern. While self-reported data in-
dicate a clear association between WTN and reduced sleep quality |70, 71],
objective measurements using polysomnography (PSG) and actigraphy yield
more variable results |73]. Experimental studies suggest minor changes, such
as reduced REM sleep and increased latency under modulated noise exposure,
without major alterations to overall sleep structure [74]. Moreover, controlled
double-blind studies indicate that infrasound alone does not significantly af-
fect sleep physiology nor support the existence of “wind turbine syndrome”
[6]. These discrepancies highlight limitations such as self-reporting bias and

the difficulty of reproducing realistic exposure conditions [75].

3.8. Implications for requlation and community acceptance

The documented impact of WTN has led to the development of specific
regulatory frameworks, although many countries still rely on general envi-
ronmental noise limits [66]. Typical guidelines recommend outdoor limits
between 35 and 45 dB(A), consistent with World Health Organization recom-
mendations for nighttime exposure [69]. A value of approximately 43 dB(A),
based on annoyance indicators such as %HA, has been proposed as a bal-
anced planning criterion. Setback distances are also widely implemented,
ranging from about 550 m to 1.5 km depending on regional policies [71].

Beyond acoustic levels, social acceptance is strongly influenced by non-
acoustic factors [72]. Visual impact, in particular, can amplify perceived
annoyance, whereas economic benefits and community participation tend to
improve acceptance. These findings indicate that WTN perception is not
solely a physical phenomenon but also a socio-environmental one. Conse-

quently, combining technical mitigation measures—such as low-noise blade
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designs and building insulation—with participatory planning strategies is es-
sential to enhance coexistence between wind farms and local communities.
Overall, the impact of wind turbine noise on humans is driven not only
by physical sound levels but also by its temporal and spectral characteristics,
as well as contextual and perceptual factors. Current evidence consistently
identifies annoyance as the primary effect, while direct health impacts remain
inconclusive. This highlights the need for improved assessment frameworks
that integrate psychoacoustic metrics and better represent real exposure con-
ditions. Future research should focus on bridging the gap between objective
measurements and subjective perception, as well as supporting more holistic

approaches to wind farm planning and community engagement.

4. Noise measurement and simulation techniques

Accurate assessment of wind turbine noise requires a combination of ex-
perimental measurements and computational modeling approaches to char-
acterize both source generation and sound propagation. While standardized
measurement procedures ensure consistency and comparability, each method-
ology presents inherent limitations related to environmental variability, scal-
ing effects, or modeling assumptions. Therefore, a comprehensive evaluation
of wind turbine noise relies on the complementary use of field measurements,
controlled experiments, and predictive simulations, each contributing differ-

ent levels of accuracy, control, and applicability.

4.1. Regulatory framework and international standards

International standards-primarily IEC 61400-11 [76]-define procedures to

measure and report wind-turbine noise [11|. They specify microphone place-
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ment, reference distances, atmospheric corrections, and logging of overall
sound pressure levels, third-octave spectra, and operating parameters (wind
speed /direction, rotor speed, pressure, temperature). Recommended instru-
mentation includes microphones, digital recorders, calibrators, sensors, and
data acquisition systems to ensure precise, repeatable, and comparable mea-
surements across turbines and sites.

Beyond IEC 61400-11 for direct turbine noise measurement, ISO stan-
dards complement environmental assessment and propagation. ISO 96132
[77] provides outdoor sound attenuation methods (ground and atmospheric
absorption), while ISO 1996-1 78] and 19962 [79] define procedures to de-
scribe, measure, and evaluate environmental noise. These allow extrapo-
lating IEC data to estimate acoustic impact in residential /industrial areas,
enabling comprehensive evaluations. However, these standardized methods
are typically based on simplified assumptions regarding atmospheric condi-
tions and terrain homogeneity, which may limit their accuracy under complex
real-world scenarios. In particular, effects such as atmospheric stratification,
turbulence, and wake interactions are not fully captured, potentially leading
to discrepancies between predicted and measured sound levels.

Several studies, e.g., Davy et al. [80], compare national noise limits
for WTs and propose evidence-based recommendations regarding annoyance.
Their review highlights discrepancies between legal limits and observed ef-
fects, underscoring the need to align standards with human perception and
to promote harmonized, evidence-based criteria for wind farm planning and
operation.

From a regulatory perspective, these standards are closely linked to en-
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vironmental noise limits and land-use planning criteria. In wind farm sit-
ing, adequate setback distances from residential areas are essential to en-
sure compliance with recommended sound levels and to minimize annoyance.
Many national guidelines are informed by World Health Organization (World
Health Organization (WHQO)) recommendations, which suggest that night-
time environmental noise levels should remain around or below 40 dB to
avoid significant disturbance [40, 81]. Nevertheless, the applicability of such
thresholds to wind turbine noise remains under discussion, given its distinct
temporal and spectral characteristics compared to conventional environmen-

tal noise sources.

4.2. Ezxperimental acoustic measurement techniques

Wind turbine noise assessment relies on a combination of standardized
measurement procedures and experimental methodologies aimed at charac-
terizing both sound generation and propagation mechanisms. These ap-
proaches are implemented under either real operating conditions or controlled
laboratory environments, enabling the analysis of acoustic emissions across
different spatial and operational scales. While field measurements provide
direct insight into turbine noise under realistic atmospheric and environmen-
tal conditions, controlled experiments allow for systematic investigation of
specific aerodynamic noise sources. The integration of these complementary
approaches is essential for improving the reliability of acoustic characteriza-
tion and supporting the validation of predictive models and noise mitigation

strategies.
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4.2.1. Measurement setup and data acquisition procedures

Standardized measurement of wind turbine noise is primarily conducted
according to IEC 61400-11 [76], which defines procedures to ensure con-
sistency and comparability of acoustic data, including microphone position-
ing, operating conditions, and validation criteria. Complementary standards,
such as ISO 3744 [82], ISO 3745 [83], and IEC 61672-1 |84], are also applied
to ensure measurement accuracy, calibration, and traceability.

In field measurements, IEC 61400-11 specifies a ground-based configu-
ration in which microphones are mounted on a reflective board to reduce
ground effects. The horizontal distance to the turbine is defined relative
to hub height, typically ranging from one to several hub heights depending
on the measurement objective. Microphones are positioned to avoid obsta-
cles and ensure representative propagation conditions, and are equipped with
windshields to minimize flow-induced noise.

Although this setup is standard, alternative microphone heights (e.g., 1.2—
1.5 m) are sometimes used in environmental or perceptual studies, potentially
affecting measured sound levels due to propagation effects. The standardized
measurement arrangement is illustrated in Fig. 5, showing both the geomet-
ric definition of the measurement distance and the spatial distribution of

microphone positions around the turbine.
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Figure 5: Schematic representation of wind turbine noise measurement configuration based
on TEC 61400-11. (A) Side view showing hub height (H), rotor diameter (D), and mea-
surement distance (R) with a ground-mounted microphone. (B) Top view illustrating the
angular distribution of microphone positions around the turbine, including reference and

optional measurement locations relative to wind direction.

Data acquisition includes continuous recording of L4, and one-third oc-
tave spectra, together with operational and meteorological parameters such
as wind speed at hub height, rotor speed, and power output. Background
noise is evaluated and filtered using reference measurements or statistical
methods to isolate turbine-related contributions.

In contrast, wind-tunnel experiments are not governed by a single stan-
dardized procedure, but instead rely on general acoustic standards (ISO 3744,
ISO 3745), instrumentation requirements (IEC 61672-1), and experiment-
specific methodologies adapted to the research objective and scaling condi-

tions, enabling controlled investigation of aerodynamic noise sources.
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4.2.2. Field and wind-tunnel measurement approaches

Field and wind-tunnel measurements constitute the two main experimen-
tal approaches for wind turbine noise assessment, providing complementary
perspectives in terms of environmental representativeness and experimental
control. Table 2 summarizes the key differences between both methodologies.

The comparison reveals a fundamental trade-off between environmental
realism and experimental control in wind turbine noise assessment. Field
measurements provide representative data under real operating conditions
but are affected by atmospheric variability and limited reproducibility. In
contrast, wind-tunnel experiments enable controlled and repeatable condi-
tions for isolating noise-generation mechanisms, although their results require
careful interpretation.

The main discrepancies between both approaches arise from three factors:
inflow turbulence, acoustic propagation, and geometric scaling. In wind tun-
nels, the lower and more homogeneous turbulence intensity can lead to an un-
derestimation of inflow-induced noise [85]. Sound propagation is also altered
by the confined test section, where wall reflections and limited measurement
angles deviate from free-field conditions. Additionally, reduced-scale models
modify Reynolds and Strouhal numbers [86], affecting both the amplitude
and frequency content of the emitted noise.

To address these limitations, correction strategies and signal-processing
techniques are applied, including background-noise filtering, spectral anal-
ysis, and time-frequency methods such as short-time Fourier transforms
(STFT) and wavelet analysis [87]. Consequently, combining field and wind-

tunnel measurements remains essential to achieve a comprehensive and reli-
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able characterization of wind turbine noise.
These differences are illustrated in Fig. 6, which contrasts in situ mea-

surements with controlled wind-tunnel experiments.

Figure 6: Noise measurement and logging: (a) wind turbine in field [88] and (b) in wind

tunnel [89].

Beyond this general comparison, the literature reflects a wide range of
experimental methodologies and acoustic descriptors. Table 3 synthesizes
representative studies, highlighting instrumentation, evaluated parameters,
and measurement approaches used in wind turbine noise characterization.

The diversity of instrumentation and evaluated parameters reflects the
multidisciplinary nature of wind turbine noise assessment. While sound pres-
sure level and spectral analysis remain the primary descriptors, additional
parameters such as tonality, infrasound, and turbulence-induced fluctuations

are increasingly considered to better characterize perceived noise. This vari-
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ability also highlights the lack of full standardization in certain measure-
ment practices, particularly for low-frequency noise and perceptually relevant
acoustic features, indicating the need for further harmonization to improve

comparability and reproducibility.

4.3. Modeling and simulation

Modeling and simulation enable prediction of acoustic emissions under
varying operating conditions without relying solely on costly measurements.
Widely used approaches include semzi-empirical models, which combine exper-
imental data and theory to estimate noise levels, and CFD-based simulations

to analyze detailed flow—blade interactions.

4.3.1. Semi-empirical modeling

Semi-empirical modeling provides a computationally efficient approach
for predicting wind turbine noise by combining simplified physical formula-
tions with empirical correlations obtained from experimental measurements.
In general, these models estimate acoustic emission by relating key aerody-
namic variables—such as inflow velocity, blade geometry, Reynolds number,
and boundary-layer properties—to sound pressure levels. Because they avoid
resolving the full turbulent flow field, semi-empirical models require signif-
icantly fewer computational resources than high-fidelity CFD-based aeroa-
coustic simulations, making them particularly suitable for preliminary design
studies and comparative blade assessments.

Most semi-empirical formulations rely on several simplifying assumptions.
Typically, the aerodynamic noise sources are modeled as statistically sta-

tionary processes associated with boundary-layer turbulence, flow separa-
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tion, or vortex shedding. The blade sections are often approximated as two-
dimensional airfoils, and the surrounding flow is assumed to be locally uni-
form. Additionally, these models generally treat different noise-generation
mechanisms independently—such as turbulent-boundary-layer trailing-edge
noise, separation noise, or tip-vortex noise—and then combine their contri-
butions to estimate the overall acoustic emission.

The most widely adopted framework is the model developed by Brooks
et al. [86], which was derived by applying the Ffowcs Williams-Hall (FWH)
acoustic analogy to wind-tunnel measurements of two-dimensional NACA0012
airfoils [96]. This model provides empirical relations for several acrodynamic
noise mechanisms and has become a reference methodology for predicting
airfoil self-noise in many wind turbine studies.

Applications of semi-empirical models to wind turbines have been re-
ported in several studies. Mollerstrom et al. [91] assessed the noise from
a 200 kW vertical-axis wind turbine using measurements combined with
a turbulent-boundary-layer trailing-edge (TBL-TE) semi-empirical model.
Their results indicated that additional phenomena such as inflow turbulence
and dynamic stall also influence acoustic generation, leading the model to un-
derestimate field levels by approximately 15-20 dB. Zhu et al. [97] combined
semi-empirical noise prediction with advanced simulation tools (WindSTAR-
Gen and WindSTAR-Pro) to analyze sound propagation and support turbine
design optimization. Similarly, Oerlemans [98| reported that wind shear can
influence other amplitude modulation (OAM), increasing the variability and

low-frequency content of the radiated noise.
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4.3.2. Computational modeling and simulation

Computational approaches to wind turbine aeroacoustics aim to predict
noise generation and propagation through physics-based numerical meth-
ods. Within this framework, two main approaches are commonly distin-
guished: computational fluid dynamics (CFD) and computational aeroacous-
tics (CAA) [99]. CFD is primarily used to resolve the aerodynamic flow
field around the blades, capturing unsteady pressure fluctuations and flow—
structure interactions that act as noise sources. In contrast, CAA focuses on
the propagation of acoustic waves from these sources to the far field, often
using simplified acoustic equations.

Rather than being independent methodologies, CFD and CAA are typ-
ically combined in hybrid frameworks. In such approaches, CFD provides
detailed flow and source information, while acoustic analogies, such as the
Ffowes Williams—Hawkings (FW-H) formulation, are employed to predict
far-field noise. This hybrid strategy enables a balance between physical fi-
delity and computational efficiency in aeroacoustic simulations.

A key aspect in CFD-based aeroacoustics is the turbulence modelling
strategy, which directly determines the accuracy of noise prediction and the
associated computational cost. CFD-based aeroacoustic analyses typically
rely on turbulence modelling approaches such as RANS, URANS, LES, and
DES.

From an aeroacoustic perspective, the main differences between these
methods arise from their ability to resolve turbulence-driven sound gener-
ation. As summarized in Table 4, RANS-based approaches are unable to

capture broadband noise due to the absence of resolved turbulent fluctu-
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ations, and are therefore mainly used in conjunction with semi-empirical
models. This limitation is evident in studies such as Khaled et al. [100],
where RANS-based CFD was primarily employed for aerodynamic optimiza-
tion, and Hansen & Hansen [101], where aerodynamic noise predictions relied
on simplified turbulence representations.

URANS improves tonal noise prediction by resolving large-scale unsteady
structures, but still exhibits significant limitations in broadband noise pre-
diction due to the lack of small-scale turbulence resolution, leading to at-
tenuation of high-frequency content. For instance, Mohamed [102] applied
URANS with a k—w SST model coupled with FWH equations, demonstrat-
ing its capability for aerodynamic noise prediction while still constrained in
capturing broadband components.

High-fidelity approaches such as LES enable a more accurate representa-
tion of broadband noise by resolving the dominant turbulent structures re-
sponsible for acoustic generation. However, their applicability is constrained
by the high computational cost and resolution requirements. LES-based
studies [103] have shown improved broadband noise prediction, although of-
ten limited in frequency range (<500 Hz) and lacking full tonal characteri-
zation or experimental validation, which can lead to discrepancies with field
measurements.

Hybrid methods such as DES or DDES provide a compromise between
accuracy and cost, capturing large-scale turbulent structures while mod-
elling near-wall regions. As indicated in Table 4, these approaches offer
improved broadband noise prediction compared to URANS, although their

performance may depend on grid resolution and model-switching strategies.
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Ma et al. [104] demonstrated that DDES combined with FWH can achieve
good agreement with experimental data while maintaining feasible compu-
tational cost in wind turbine simulations.

In general, a trade-off between computational cost and acoustic accuracy
can be identified. While LES and DES provide improved broadband noise
prediction, their applicability is often limited by computational resources,
whereas RANS and URANS remain attractive for large-scale or industrial
applications despite their acoustic limitations.

To further quantify this trade-off, several studies report typical deviations
in noise prediction depending on the turbulence modelling approach. RANS-
based methods can underestimate broadband noise levels by more than 5-
10 dB due to the absence of resolved turbulent fluctuations [105]. URANS
improves the prediction of tonal components and low-frequency unsteadiness,
but still exhibits deviations on the order of 3-8 dB in broadband noise,
particularly at higher frequencies [106].

Hybrid approaches such as DES and DDES generally provide improved
agreement with experimental data, with reported discrepancies typically
within 3-5 dB, depending on grid resolution and model configuration. In
contrast, LES-based simulations can achieve higher accuracy [107]|, with de-
viations often reduced to within 2-5 dB when sufficient spatial and temporal
resolution is ensured. However, this level of accuracy requires significantly
higher computational resources, often increasing computational cost by one
to two orders of magnitude compared to RANS-based approaches.

These quantitative differences highlight the importance of selecting an

appropriate modelling strategy based on the specific objectives of the study,
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whether focused on preliminary design, detailed aeroacoustic analysis, or
high-fidelity validation.

Beyond turbulence modelling, accurate noise prediction requires careful
consideration of numerical aspects. Low-dissipation and low-dispersion nu-
merical schemes are essential to avoid artificial attenuation or distortion of
acoustic waves. Furthermore, appropriate boundary conditions must be im-
plemented to prevent non-physical reflections, including non-reflecting bound-
ary conditions, buffer zones, or perfectly matched layers (PML). The compu-
tational domain must also be sufficiently large to capture wake development
and acoustic propagation without contamination from boundary effects.

Recent studies also highlight the integration of CFD with data-driven
and design-oriented approaches. Kim & Cheong [44] used CFD combined
with FWH-based acoustic prediction to design low-noise Savonius turbine
configurations. Anicic et al. [108] coupled CFD with support vector re-
gression (SVR) to predict noise as a function of wind speed and frequency.
Similarly, Merino et al. [109] investigated noise reduction strategies through
trailing-edge modifications, such as serrations and porous treatments, using
CFD/CAA frameworks to assess perceived annoyance.

At a larger scale, Kongprasit et al. [62] simulated a 90 MW wind farm,
reporting noise levels between 35 and 45 dB(A), demonstrating the applica-
bility of CFD-based approaches to wind farm-scale assessments.

Despite these advances, several limitations remain in computational aeroa-
coustic modeling. Most approaches rely on simplified inflow conditions and
may not fully capture the effects of atmospheric turbulence, wind shear,

and stability, which significantly influence noise generation and propagation
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in real environments. In particular, the accurate prediction of broadband
noise remains challenging due to the complex interaction between turbulent
structures and blade geometry. Furthermore, although high-fidelity methods
such as LES and hybrid approaches improve prediction accuracy, their high
computational cost limits their applicability in industrial design processes.
Consequently, there is a need for reduced-order and hybrid modeling strate-
gies that can provide a better balance between computational efficiency and

predictive capability.

5. Noise mitigation strategies and techniques

Noise mitigation in wind turbines represents a complex optimization prob-
lem that necessitates a strategic balance between acoustic performance, aero-
dynamic efficiency, and structural integrity. While noise characterization
identifies sources and propagation pathways, mitigation strategies focus on
suppressing emissions at the source without compromising energy yield or
economic viability.

A key difficulty lies in the inherent trade-offs between noise reduction
and turbine performance. Measures that effectively attenuate aerodynamic
or mechanical noise may introduce penalties in terms of power output, struc-
tural complexity, or maintenance requirements. Consequently, the selection
of mitigation strategies must be guided by the specific operating conditions,
turbine design, and regulatory constraints.

The following subsections examine the main approaches to noise reduc-
tion, focusing on aerodynamic and mechanical strategies, and discuss their

effectiveness, limitations, and practical implications.
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5.1. Aerodynamic blade design

Blade aerodynamics plays a dominant role in wind turbine noise genera-
tion, as unsteady flow features such as boundary-layer turbulence, separation,
and vortex shedding directly determine the intensity and spectral character-
istics of aerodynamic noise. Consequently, mitigation strategies focus on
modifying the blade geometry to alter flow structures and reduce acoustic
source strength.

Among the most widely investigated approaches are trailing-edge serra-
tions, airfoil optimization, add-on flaps, and bio-inspired geometries. These
techniques primarily act by weakening coherent turbulent structures and
smoothing pressure fluctuations at the trailing edge, thereby reducing broad-
band noise and, in some cases, tonal components. In particular, serrated
trailing edges have been shown to mitigate both vortex shedding noise and
laminar separation bubble noise across a broad frequency range [110]. This
reduction is associated with a decrease in the power spectral density of tur-
bulent velocity fluctuations in the wake, as serrations disrupt large-scale co-
herent vortices and promote faster turbulence breakdown. As a result, the
acoustic source strength is reduced without significantly altering far-field di-
rectivity patterns, although the effectiveness remains sensitive to angle of
attack and airfoil geometry.

However, their effectiveness is strongly dependent on operating conditions
and involves trade-offs with aerodynamic performance. While serrations can
achieve noise reductions of up to 10 dB [111, 112], their impact on lift-to-drag
ratio and power coefficient (Cp) varies significantly depending on geometry,

Reynolds number, and inflow conditions. Recent experimental and numerical
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studies indicate that optimized serrated configurations can achieve substan-
tial broadband noise attenuation while maintaining or even slightly improv-
ing aerodynamic performance [113]. Nevertheless, other configurations may
induce performance penalties or modify wake structures [114], leading to in-
creased low-frequency noise or altered directivity. These discrepancies high-
light the strong coupling between aeroacoustic behavior and flow conditions,
which remains a key challenge for design optimization.

Similarly, trailing-edge flaps can enhance aerodynamic efficiency (up to
+8.79% in Cp [100]) while reducing noise levels, but their effectiveness de-
pends on control strategy and structural integration. Hybrid configurations
combining serrations and flaps have shown improved attenuation of both
broadband and tonal noise, although their complexity may increase manu-
facturing and maintenance costs.

Beyond conventional rigid serration designs, recent investigations have
also focused on the influence of geometry and structural adaptability on
noise reduction performance. Flexible serrations have been shown to provide
additional broadband noise attenuation (up to 2-3 dB at high frequencies)
compared to rigid configurations [115], as they can better align with the local
flow and reduce crossflow intensity near the serration roots. This behavior is
particularly relevant for high-frequency noise attenuation, which is strongly
influenced by small-scale turbulent structures that are not adequately con-
trolled by conventional rigid serrations. Furthermore, these studies reveal
that current analytical and semi-empirical models tend to overpredict the
acoustic benefits of serrations, as they often neglect the complex, non-frozen

turbulent interactions occurring near the trailing edge. This limitation un-
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derscores the need for improved predictive models that accurately capture
the coupling between turbulence dynamics and acoustic emission.

In addition to conventional engineering solutions, bio-inspired designs, in-
cluding owl-inspired leading and trailing edges, have demonstrated potential
for noise reduction by disrupting coherent vortex formation. Nevertheless,
these designs may introduce aerodynamic penalties, such as reductions in
power coefficient (e.g., —2.13% [116]), highlighting the need for optimization
between acoustic and aerodynamic performance.

More recent studies have further advanced biomimetic approaches to aero-
dynamic noise reduction, moving beyond owl-inspired concepts toward multi-
scale and functionally integrated surface designs. For instance, fish scale-
inspired trailing-edge and tip structures have demonstrated significant noise
reduction by suppressing tip vortex formation and accelerating vortex dissi-
pation in the near wake [117|. High-fidelity simulations indicate that such
configurations can reduce both broadband and tonal noise components while
maintaining competitive aerodynamic performance. These findings suggest
that biomimetic concepts can achieve synergistic improvements by simul-
taneously targeting multiple noise-generation mechanisms. However, their
practical implementation remains constrained by manufacturing complexity,
scalability, and durability under real operating conditions.

Complementing geometric modifications, material-based solutions have
also been proposed to mitigate wind turbine noise through both acoustic
and structural mechanisms. In particular, bio-inspired porous materials,
mimicking the microstructure of owl wings, have been shown to attenuate

vortex shedding noise and smooth pressure gradients by equalizing surface
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impedance [118]. These materials are especially effective in reducing low-
frequency broadband noise; however, under certain operating conditions,
they may introduce additional high-frequency noise components [119]. This
trade-off highlights the importance of optimizing material properties and flow
conditions simultaneously to achieve robust aeroacoustic performance.

At a more integrated level, acoustic treatments combining micro-perforated
casings with porous media have shown substantial acoustic attenuation. For
instance, Jiang et al. [120] reported reductions of up to 12 dB in the mid-
frequency range (1.5-6 kHz), highlighting the potential of integrated structural-
acoustic solutions for airfoil noise control. However, despite these benefits,
challenges related to durability, structural integrity, manufacturability, and
cost-effectiveness remain critical for large-scale implementation.

A comparative summary of these approaches, including their acoustic
benefits and impact on turbine performance, is provided in Table 5. The data
highlight that, although significant noise reductions are achievable, no single
solution universally optimizes both acoustic and aerodynamic performance,
and design choices must be tailored to specific operational conditions and
constraints.

From an engineering perspective, the implementation of aerodynamic
noise reduction strategies involves several practical trade-offs that are not
always fully addressed in the literature. Modifications such as trailing-edge
serrations, porous materials, or biomimetic geometries can increase manu-
facturing complexity, requiring advanced fabrication techniques and tighter
tolerances. This may lead to higher production costs, particularly for large-

scale blades.
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In addition, durability represents a critical concern. Noise-reduction fea-
tures are often located at the blade trailing edge, where they are exposed to
erosion, environmental degradation, and cyclic loading. This can reduce their
effectiveness over time and increase the need for maintenance or replacement.

Maintenance requirements also play a key role in the overall feasibility of
these solutions. More complex geometries or add-on devices may complicate
inspection and repair operations, particularly in offshore environments where
access is limited and operational costs are high.

Despite the wide range of aerodynamic noise mitigation strategies pro-
posed in the literature, their practical implementation remains constrained by
several factors. In particular, the trade-off between noise reduction and aero-
dynamic performance is not yet fully optimized, and results obtained under
controlled conditions do not always translate to full-scale turbines operating
under realistic atmospheric conditions. Additionally, aspects such as long-
term durability, manufacturing complexity, maintenance requirements, and
economic viability remain insufficiently addressed. Quantitative assessments
of lifecycle costs and long-term performance degradation are still scarce,
highlighting the need for integrated experimental, numerical, and techno-

economic studies to support the large-scale deployment of these solutions.

5.2. Mechanical isolation and damping

Mechanical and structural vibrations, particularly those originating from
the drivetrain, gearbox, and nacelle, are a major source of low-frequency and
tonal noise in wind turbines. These vibrations are transmitted through the
structure and radiated as sound (structure-borne noise), making vibration

control a key strategy for noise mitigation. In addition to reducing acoustic

43



887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

emissions, isolation and damping techniques contribute to improved struc-
tural reliability and component lifetime.

Passive mitigation solutions such as anti-vibration mounts, acoustic en-
closures, and sound-absorbing materials are widely implemented due to their
robustness and low maintenance requirements. However, their effectiveness
is often limited to specific frequency ranges and may introduce additional
mass or design constraints. Improvements at the source, such as high-
precision gear design [124], can significantly reduce excitation mechanisms,
while direct-drive turbines eliminate gearbox-related noise sources entirely,
at the expense of increased generator size, weight, and cost.

Advanced damping systems have been proposed to enhance vibration at-
tenuation without compromising structural efficiency. Kapasakalis et al. [125]
demonstrated that KDamper configurations can increase the effective damp-
ing ratio up to 9.8% with minimal added mass (0.1%), outperforming con-
ventional tuned mass dampers (TMD, 2.7%) and nacelle isolation systems
(7.8%). This results in a significant reduction in structural loads and vibra-
tion amplitudes. Similarly, control-based strategies such as generator torque
modulation have proven effective in reducing drivetrain-induced excitation.
Windisch et al. [126] showed, through multi-body simulation (MBS), that op-
timized torque oscillations can reduce bearing forces by up to 60%, thereby
mitigating gear-mesh excitation and associated radiated noise.

Active and semi-active damping approaches provide additional flexibility
under variable operating conditions. Rahman et al. [127] reported that de-
vices such as TMD and tuned liquid column dampers (TLCD) can effectively

reduce vibration amplitudes under stochastic loading, although their perfor-
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mance depends on tuning and control strategy. Compared to passive systems,
active solutions offer improved adaptability but at the cost of increased sys-
tem complexity, energy consumption, and maintenance requirements.

In general, mechanical isolation and damping techniques can effectively
reduce tonal and low-frequency noise emissions. However, their performance
depends on the complex interaction between structural dynamics, excitation
mechanisms, and control strategies. Therefore, effective noise mitigation
requires an integrated approach combining passive, active, and design—based
solutions, while balancing acoustic performance, structural constraints, and

economic feasibility.

6. Future research directions and challenges

Despite the significant progress achieved in the characterization, model-
ing, and mitigation of wind turbine noise, several key issues remain open.
These limitations point to the need for a more integrated and multidisci-
plinary framework to address aerodynamic noise under realistic operating
conditions. In particular, shortcomings persist in predictive modeling accu-
racy, the practical implementation of mitigation strategies, and the effective
incorporation of noise reduction within the overall turbine design process.

This section synthesizes the main research gaps identified in the literature
and outlines key directions for future work, with particular emphasis on
improving predictive capabilities, enhancing the effectiveness and feasibility
of mitigation strategies, and advancing emerging approaches such as active

noise control.
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6.1. Modeling and prediction challenges

One of the main limitations in wind turbine aeroacoustics is the accu-
rate prediction of noise under realistic atmospheric conditions. Most current
computational approaches rely on simplified inflow assumptions and do not
fully capture the effects of atmospheric turbulence, wind shear, and stability,
all of which play a critical role in noise generation and propagation.

In particular, the prediction of broadband noise remains a major diffi-
culty due to the complex interaction between turbulent flow structures and
blade geometry. Although high-fidelity numerical methods such as LES and
hybrid approaches provide improved accuracy, their high computational cost
restricts their applicability in industrial design and optimization processes.

Future efforts should therefore focus on the development of reduced-order
and hybrid modeling strategies that achieve a better balance between com-
putational efficiency and predictive capability. In parallel, the availability
of high-quality experimental datasets under realistic operating conditions is

essential for the validation and improvement of existing models.

6.2. Aerodynamic and passive noise control limitations

A wide range of passive noise mitigation strategies has been proposed,
particularly in the context of aerodynamic blade design. These include
trailing-edge modifications, serrations, and biomimetic geometries inspired
by natural flyers. While these approaches have demonstrated noise reduc-
tion potential under controlled conditions, their performance in real operating
environments remains uncertain.

A key limitation lies in the trade-off between noise reduction and aero-

dynamic efficiency. In many cases, improvements in acoustic performance
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may result in penalties in power output or increased structural complexity.
Moreover, practical aspects such as manufacturing feasibility, material dura-
bility, and maintenance requirements are often insufficiently addressed in the
literature.

Future research should aim to incorporate noise reduction as a primary
objective within multi-objective design frameworks, while also integrating
techno-economic considerations. In addition, large-scale experimental vali-
dation is required to assess the long-term performance and feasibility of these

solutions under realistic conditions.

6.3. Active noise control and emerging strategies

Active noise and vibration control methods, based on real-time sensing
and actuation, have received comparatively less attention than passive mit-
igation strategies in wind turbine applications. Existing studies mainly ad-
dress specific approaches, such as active noise control (ANC) [13] and aeroa-
coustic concepts proposed by [14], with limited integration into comprehen-
sive noise-mitigation frameworks.

Although active methods can adapt to varying operating conditions and
target both tonal and broadband noise, as well as structure-borne vibrations,
their implementation remains constrained by system complexity, energy de-
mand, and scalability.

Recent work by Moska et al. [128] shows that active control in wind
turbines is primarily applied to operational optimization, such as yaw control
to maximize power output and adapt to wind conditions, rather than to noise
reduction. Similarly, active control strategies in wind energy systems have

been extensively developed for power and grid management. For example,

47



985

986

987

988

989

990

991

992

993

994

995

996

997

998

1000

1001

1002

1003

1004

1005

1006

1007

1008

Saki et al. [129] propose a hierarchical control scheme for microgrids, while
Khosroshahi et al. [130] focus on voltage and frequency regulation using
power electronics.

Despite these advances, active control remains largely disconnected from
aeroacoustic applications. Noise mitigation continues to be primarily ad-
dressed through turbine design choices, such as the use of VAWTs [131] and
BIWTs [132] in urban environments, or through aeroacoustic considerations
during the design phase.

This situation reveals a clear research gap in the development of ac-
tive control strategies specifically aimed at noise reduction. Future work
should explore the integration of active and passive approaches, particularly
in small-scale and microturbine systems, to improve acoustic performance
and enhance the social acceptance of wind energy.

Furthermore, the lack of experimental validation and large-scale imple-
mentation highlights a significant gap between theoretical developments and
practical application. Addressing this gap will require interdisciplinary efforts
combining control theory, aeroacoustics, and system integration, as well as
the development of robust and energy-efficient actuation mechanisms suitable

for real operating conditions.

7. Conclusion

This review has provided a comprehensive synthesis of wind turbine noise,
integrating its generation mechanisms, characterization methods, measure-
ment techniques, numerical modeling, and mitigation strategies within a uni-

fied framework. The analysis highlights the multidisciplinary nature of the
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problem and the need for coordinated approaches that link aerodynamic,
acoustic, structural, and perceptual aspects.

First, wind turbine noise is governed by complex interactions between
aerodynamic and mechanical sources, with trailing-edge turbulence, blade—
tower interaction, and drivetrain components identified as dominant contrib-
utors. Accurate characterization requires the combined use of spectral, tem-
poral, and psychoacoustic metrics, supported by standardized measurement
procedures to ensure consistency and comparability across studies.

Second, experimental and computational approaches provide complemen-
tary capabilities for noise assessment. While wind-tunnel measurements en-
able validation under controlled conditions, numerical methods such as CFD
and CAA allow detailed analysis of flow—acoustic interactions. However,
challenges remain in bridging the gap between the results of these experi-
ments/model predictions and real operating conditions, particularly in rela-
tion to turbulence representation, scaling effects, and acoustic propagation.

Third, current mitigation strategies are predominantly based on passive
approaches, including aerodynamic blade design (trailing-edge serrations,
winglets, and bio-inspired designs) and structural damping techniques. Al-
though effective, these solutions often involve trade-offs with aerodynamic
performance and energy efficiency. In contrast, active control systems are
widely used in wind energy for operational optimization but are rarely ap-
plied to noise mitigation.

This disparity reveals a critical research gap in the development of active
noise-control strategies, especially for small and micro wind turbines operat-

ing in proximity to residential environments. Future research should focus on
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integrating active and passive approaches, advancing hybrid modeling tech-
niques, and incorporating adaptive control systems capable of responding to
variable operating and environmental conditions.

Addressing these challenges is essential to improve acoustic performance,
enhance social acceptance, and support the sustainable expansion of wind

energy in both large-scale and distributed applications.
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Table 1: Acoustic indicators and their application in the analysis of environmental noise

generated by wind turbines.

Acoustic metric

What it measures / How

it is interpreted

Application

SPL

LAeqa LBeq) LCeq

Lmaza Lmzn

L1o, Lso, Loo

Octave and 1/3-

octave bands

Sound Pressure Level as an
absolute physical quantity
Weighted levels adjusted for

human hearing sensitivity

Equivalent continuous level;
average acoustic energy over a
period

Instantaneous maximum and
minimum levels; salient values
from the measurement
Acoustic percentiles; sound
pressure level exceeded for a
given percentage of the mea-
surement time

Spectral distribution by fre-
quency; it allows for the iden-

tification of dominant or tonal

frequencies

Foundation for all other
metrics
Environmental impact
regulations and percep-
tion

Comparison of exposure

over time

Identification of discrete

noise events

To assess fluctuations
and background noise at
installation sites

Diagnosis of aerody-
namic and mechanical

components
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Table 2: Comparison between field and wind-tunnel acoustic measurements.

Criterion

Field measurements

Wind-tunnel tests

Flow generation

Experiment scale

Acoustic environ-

ment

Experimental ob-

jective

Experimental

control

Representativeness

Primary applica-

tion

Main limitations

Natural wind: uncontrolled
speed /direction, atmospheric
turbulence

Full-scale turbine

Open: propagation effects,
ground reflections, meteorol-
ogy

Characterize overall acoustic
behavior and real environmen-
tal impact
Limited:

non-replicable due

to environmental variability

High: real operating environ-

ment

Assessment of overall noise
emission and environmental
impact

Uncontrolled external influ-

ences; weather dependence

Artificial flow: controlled
speed, direction, and tur-
bulence

Scaled models; acoustic
scaling required

Closed:

acoustically

treated; tunnel back-
ground noise

Analyze local generation
mechanisms; validate

predictive models

High: reproducible and
parameterizable  condi-
tions

Limited: requires
scale/condition cor-
rections

Investigation of specific
noise-generation mecha-
nisms and model valida-
tion

Results may differ from

real field behavior
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Table 3: Comparison of experimental techniques and evaluated parameters in wind-turbine

noise studies.

Setting Measurement instru- Evaluated parameters Author(s),
ments year, ref.
Field SVAN 958 analyzer and SPL, perception and annoyance; Pawlaczyk et
SV22L microphone distance effects al., 2018 [71]
GRAS Type 40PH micro- Turbulent inflow noise; overall Buck et al.,
phone, B&K 4231 calibra- spectra; IEC 61400-11 compliance 2016 [90]
tor
BSWA MP201 microphone, Trailing-edge turbulence noise; Mollerstrom
B&K 4231 calibrator IEC 61672-1 compliance et al., 2015
91)
SVAN 912AE analyzer, SV  Infrasound and acoustic noise; Zagubien &
02/C4L microphone background at microphone and Wolniewicz,
nacelle 2019 [40]
Prepolarized B&K 4189 mi- SPL, 1/3-octave bands; IEC Ryi et al.,
crophone, 2250 analyzer, 61400-11; background analysis 2014 [88]
windshield
Wind GRAS 46AE microphone, SPL, acoustic spectra; peri- Li et al,
tunnel NI PXIe-1082 system odogram method; tunnel back- 2022 [92]
ground check
1/2”  capacitive micro- Airfoil trailing-edge noise; Solis et al.,
phone, windshield background-noise subtraction 2018 [93]
Panasonic WM-61A micro- SPL; source analysis by blade ge- Ocker et al.,
phone, PXI-1042Q with ometry 2021 [89]
PXI-4472, optical camera
GRAS 40PH microphone SPL, tonality, broadband levels, Zhang et al.,
tonal peak shifts 2023 [94]
Field B&K 4006 microphone Measurement vs. simulation com- Merino et
and parison; IEC 61400-11 compliance al., 2019 [95]
tunnel
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Table 4: Comparison of turbulence modelling approaches for aeroacoustic applications in

wind turbines.

Criterion RANS URANS LES DES

Turbulence Fully mod- Large scales Large scales Hybrid

treatment eled resolved resolved (SGS (RANS/LES)

modeled)

Flow unsteadi- No Partial Full Partial

ness

Computational Low Moderate Very high High

cost

Broadband Poor Limited High accuracy Good

noise

Tonal noise Poor Moderate High Good

Typical use Aerodynamics Unsteady High-fidelity Full-scale

flows CAA compromise

Main limita- No tur- Missing High cost Model-

tion bulence small scales (wall-resolved switch sensi-
resolution (high- requirements)  tivity (grid-
(no broad- frequency dependent)
band noise)  loss)
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Table 5: Summary of aerodynamic blade modifications for wind-turbine noise mitigation

and performance optimization.

Modification Feature Main findings Author(s),
type year, ref.
Geometry J-shape profile Increased low-frequency Mohamed, 2019
change noise; reduced high- [102]
frequency noise
Solid vs. hollow —1.9 dB (53%) noise; Pourrajabian et
—1.6% power al., 2023 [112]
Serrations Triangular; —2.4 dBA (serration); Merino et al.,
porous material —1.2 dBA (porous) 2019 [95]
Trailing edge —10 dB noise; CP up to Sadeghimalekabadi
+72% et al., 2024 [121]
Toothed geome- Lower noise and power Volkmer et al.,
try output 2021 [111]
Triangular teeth ~ 4+0.7% annual energy Zhou et al., 2022
production [114]
Flaps Trailing-edge CP  increase (max. Khaled et al.,
add-on 8.79%) 2019 [100]
Addition and —10.2 dB noise Ye et al., 2023
modification [122]
Serrations + Trailing-edge —2.7 dB (low frequen- Khalaf &
flaps add-ons cies); —9.1 dB tonal Kennedy, 2025
components [123]
Bio-inspired Leading/trailing +6.9 dB at mid/high Feng et al., 2023
edges frequencies; —2.13% CP  [116]
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