Journal of Solar Energy Research VVolume 11 Number 1 Winter (2026) 2867-2890

Journal of Solar Energy Research (JSER)

Journal homepage: www.jser.ut.ac.ir

—

Solar-Wind Complementarity and Vortex Bladeless Turbines: A Review of
VIV-Based Micro-Wind Systems for Distributed Renewable Energy

Nizar Ech-Chargaouy®*, Sidi Salah Ech-Chargaouy?, Abdelkader Boulezhar?,
Amjad Ech-Chargaouy?, Redouane Mihramane?

aDepartment of physics, Faculty of Sciences of Ain Chock, Hassan Il University of Casablanca, Casablanca,

Morocco

ARTICLE INFO

ABSTRACT

Article Type:

Review Article

Received:2025.10.14
Accepted in revised
form:2026.02.12

Keywords:

Vortex Bladeless
Turbines;
Vortex-Induced
Vibrations;
Solar-Wind Hybrid
Systems;

Distributed Renewable
Microgrids;

CFD-FSI Modeling

Vortex bladeless turbines (VBTSs), which extract energy from vortex-induced vibrations
(VIV), represent a promising class of micro-wind generators characterized by low
acoustic impact, simple mechanics, and minimal wake interactions. This review
consolidates advances reported between 2018 and 2025, covering Strouhal-driven
shedding mechanisms, nonlinear lock-in dynamics, and recent developments in CFD-
FSI simulation and reduced-order modeling. The analysis formalizes aerodynamic
forcing and resonance-based power extraction, emphasizing how geometry, damping,
and effective mass govern the stability, bandwidth, and durability of the oscillatory
response. Progress in materials engineering - such as high-modulus composites, hybrid
piezoelectric—electromagnetic converters, and tunable-stiffness architectures -
strengthens fatigue resistance under harsh desert or coastal climates.

Performance evaluation is synthesized using IEC-inspired indicators and compared
with conventional small HAWT and VAWT technologies. Adaptive resonance-tracking
concepts, including sliding-mass systems and semi-active stiffness modules, are
reviewed for maintaining synchronization under transient wind inflows. Owing to their
inherently weak wake, VBTs support compact arrays and Al-assisted optimization
strategies. Finally, the review discusses how the nocturnal wind profile characteristic
of arid regions enables VBTs to complement daytime photovoltaic production,
supporting hybrid microgrids. Key research needs include endurance testing,
standardized certification, and transparent LCOE frameworks for future multi-kilowatt
VBT deployment.
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1. Introduction

The global transition toward low-carbon energy
systems increasingly relies on  renewable
technologies capable of delivering reliable electricity
under spatial, environmental, and infrastructural
constraints. In high-irradiance regions such as North
Africa, annual solar resources frequently exceed
2,000-2,400 kwWh/m2, positioning photovoltaic (PV)
generation as the backbone of decentralized energy
deployment [1], [2], [3]. Despite its technological
maturity, PV output remains inherently intermittent
due to diurnal cycles, temperature-induced efficiency
losses, dust accumulation, and meteorological
variability [4], [5], [6]. These fluctuations highlight
the need for complementary micro-generation
technologies capable of improving supply continuity
and reducing reliance on large-scale storage,
particularly in desert microgrids [7], [8], [9].

Wind energy represents a natural candidate for
such complementarity. However, conventional
horizontal-axis wind turbines (HAWTS), despite their
technological maturity, continue to face deployment
barriers in urban, coastal, and desert environments.
Acoustic  emissions,  intensive  maintenance
requirements, avian-collision risks, and significant
land occupation complicate their integration into sites
where space is primarily dedicated to solar
infrastructure [10], [11]. These constraints limit their
synergy with PV arrays and reduce their suitability
for compact hybrid renewable configurations.

Over the past decade, bladeless wind turbines
(VBTs) based on vortex-induced vibrations (VIV)
have emerged as a promising alternative for
distributed and hybrid solar-wind systems [12], [13],
[14]. Instead of harvesting rotational kinetic energy,
VBTs convert oscillatory motion generated by
periodic vortex shedding around a slender mast.
When the vortex-shedding frequency approaches the
structure’s natural frequency, a lock-in regime is
established, enabling efficient energy extraction at
low to moderate wind speeds, conditions typically
observed during evening and nighttime periods in
arid climates, when PV output declines to zero [15],
[16], [17].

Energy conversion in VBTS is typically achieved
using  piezoelectric  transducers or linear
electromagnetic generators incorporating oscillating
magnets and stationary coils [18], [19], [20]. The
absence of rotating components, bearings, and
gearboxes significantly reduces acoustic emissions
and mechanical wear while improving environmental
compatibility and lowering maintenance
requirements [21], [22], [23]. These characteristics
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make VBTs particularly well suited for desert
environments, where sand abrasion, strong thermal
cycling, and spatial limitations often hinder
conventional wind technologies.

Since the commercialization of the first
prototypes by Vortex Bladeless S.L. in 2018 - with
nominal powers ranging from several tens of watts to
nearly 4 kW - substantial progress has been achieved
in  understanding  VIV-driven  fluid-structure
interactions. Recent research has addressed nonlinear
stiffness behavior, aerodynamic damping
mechanisms, multi-mode vibration dynamics, and
enhanced electromechanical coupling strategies [24],
[25], [26]. Additional innovations - including tunable
resonance mechanisms, guided magnetic oscillators,
multistable architectures, and morphology-optimized
designs - have expanded operational wind-speed
ranges and improved robustness under turbulent and
gusty flow conditions [27], [28], [29].

Although VBTSs generally exhibit lower specific
power density than HAWTS, they provide distinct
advantages in structural simplicity, lightweight
construction, reduced manufacturing cost, and ease of
deployment. These characteristics strengthen their
relevance for hybrid PV-wind microgrids, building-
integrated renewable systems, and land-constrained
energy applications [30], [31], [32]. Their slender
vertical geometry enables installation between PV
module rows without inducing shading, thereby
facilitating co-located electricity generation in high-
irradiance desert regions such as Morocco and the
western Sahara [33], [34].

Despite this strong potential, several scientific and
technological challenges remain. Unlike small
HAWTs governed by the IEC 61400-2 standard,
VBTs currently lack dedicated certification
procedures [20]. Existing modeling approaches vary
significantly across computational fluid dynamics
(CFD), fluid-structure interaction (FSI), and wake-
oscillator formulations [34], [35], [36]. Long-term
durability datasets remain limited [31], and validated
scaling laws enabling transition from small-scale
prototypes to higher-power systems are still under
development [37]. Furthermore, meaningful
comparisons of levelized cost of energy (LCOE)
across PV, HAWTSs, and VVBTs remain difficult due
to heterogeneous methodologies and the absence of
standardized testing protocols [38], [14].

Within this context, the present review provides a
comprehensive and structured synthesis of research
on VIV-based micro-wind harvesters from 2018 to
2025. It examines the underlying physics, modeling
approaches, prototype taxonomies, and design
strategies of modern VBTs; evaluates their
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integration potential within hybrid solar-wind
microgrids; and highlights their suitability for high-
irradiance desert regions. The review further
proposes a roadmap for experimental validation,
standardization, and long-term deployment, with the
objective of bridging the gap between laboratory
advances and  real-world  renewable-energy
implementation.

By combining the perspectives of solar-resource
complementarity and VIV-driven wind harvesting,
VBTs emerge as promising enablers of modular, low-
impact, and climate-resilient renewable-energy
systems across North Africa and other regions
characterized by high solar irradiance and moderate
evening wind regimes [39], [40], [41].

2. Solar-Wind Complementarity Analysis

The integration of Vortex Bladeless Turbines
(VBTS) into solar-dominated microgrids is primarily
motivated by the strong temporal, seasonal, and
geographical complementarity  between solar
irradiance and near-surface wind fields. Numerous
studies confirm that hybrid solar-wind systems
achieve higher reliability, smoother net-load profiles,
and reduced dependence on large-scale storage
compared with single-source configurations [7], [8],
[9], [42], [43]. In North Africa - with the Moroccan
Sahara as a prominent example - this
complementarity arises from stable regional climatic
regimes, where clear-sky solar irradiance peaks
during daytime, while moderate-to-strong winds
intensify from late afternoon through the night [3],
[33], [39], [44]. These conditions align naturally with
the operational envelope of VIV-based bladeless
turbines, whose oscillatory behaviour is well adapted
to turbulent boundary-layer wind regimes
characteristic of desert environments [12], [22].

Recent solar resource assessments show that
Morocco records some of the world’s highest global
horizontal irradiation (GHI) values, frequently
exceeding 2,000 kWh-m~ 2.yr~ 1 in its southern
provinces [3], [4], [6], [44], [45], [46], [47], [48].
Despite this abundance, photovoltaic output remains
constrained by diurnal cycles, temperature-induced
derating effects, cloud transients, and angular losses
[2], [49], [50]. In contrast, Saharan wind regimes tend
to peak several hours after maximum irradiance,
driven by land-sea temperature gradients and late-day
boundary-layer dynamics [39], [51]. This systematic
time shift forms the physical basis of hybridization
strategies: when PV output declines at sunset or
becomes null at night, wind generation - particularly
from devices operating efficiently at low-to-moderate
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wind speeds - can maintain a useful share of
renewable supply.

Because VBTSs operate optimally between 3 and 8
m-s~ 1[12], [19], [23], [52], they are well matched to
evening Saharan winds, which often fall below the
rated speeds of conventional horizontal-axis wind
turbines (HAWTS). Complementarity studies based
on residual-load metrics [51], dedicated indices [39]
and joint probability distributions [40], [53]
consistently report negative correlations between
irradiance and wind speed across arid climates. In
southern Morocco, Hajou et al. [39] observed diurnal
complementarity with SWCI values approaching
—0.7, while Meister et al. [40] demonstrated that
combined PV-wind operation reduces short-term
ramping events and mitigates pressure on storage
systems.

From an engineering perspective, hybridization
further enhances the suitability of VBTs for
microgrid deployment. Their compact and quiet
architecture enables installation within PV fields
without producing shading effects [13], [20], [54].
Their oscillatory structures create minimal wake
interactions, allowing denser layouts than rotating
turbines [17], [26], [27]. Furthermore, their smooth
aerodynamic response contributes to improved
voltage stability in converter-dominated microgrids
[35], [52], [55]. Several hybrid-microgrid studies
report that combined PV-wind operation can reduce
storage requirements by approximately 20-45%,
depending on climatic conditions [8], [9], [56], [57].

Spatial complementarity is also significant. The
Moroccan Sahara combines exceptional solar
potential with coastal and desert wind corridors
shaped by Atlantic trade winds and mesoscale
convection [3], [11], [33], [39]. This overlap
simplifies hybrid system siting and strengthens rural
electrification initiatives, as demonstrated in case
studies from Morocco and analogous regions [34],
[71.

Overall, the complementary behaviour of solar
and wind resources provides a strong conceptual
basis for integrating VBT clusters into decentralized
renewable infrastructures. The synergy between high
daytime irradiance and evening/night-time wind
availability supports smoother renewable generation,
improved voltage stability, and more resilient
microgrid operation under Saharan climatic
constraints.

2.1. Climatic and Temporal Drivers of
Complementarity in the Moroccan Sahara
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The Atlantic Sahara exhibits a pronounced diurnal
anti-correlation between irradiance and wind speed,
which is central to hybrid energy planning. Solar
irradiance follows a well-defined unimodal curve
under clear-sky conditions, with peak GHI occurring
around solar noon. In contrast, wind velocities
typically rise several hours later, reaching their
maximum from late afternoon through midnight.
These atmospheric patterns stem from land—sea
temperature gradients, convective cycles, and desert
boundary-layer dynamics [3], [45], [58], [59].

Such time-shifted behaviour creates highly
favourable conditions for hybrid renewable
operation: photovoltaic systems dominate generation
between 10:00 and 16:00, while winds of
approximately 5-8 m-s™ ! prevail during evening
hours. These wind speeds fall squarely within the
lock-in operating range of VBTs [23], [52], [54],
thereby reinforcing their functional compatibility
with solar-based generation systems.

Complementarity analyses based on correlation
metrics, dedicated indices, and residual-load
modelling consistently classify the Moroccan Sahara
among the regions exhibiting the strongest natural
synergy between solar and wind resources [39], [40],
[51]. These insights form the scientific and
operational foundation for the PV-VBT co-
integration explored in this review, particularly in the
Boujdour case study.

2.2, Hybrid PV-VBT Complementarity:
Semi-Quantitative Energy Assessment

A semi-quantitative analysis was conducted to
translate complementarity patterns into operational
terms using environmental conditions representative
of Boujdour. This evaluation provides an initial
validation layer and establishes a transition toward
the modelling framework introduced in Section 6.4.

Figure 1 presents normalized hourly power
profiles for a 20 kW PV array and a ten-unit VBT
cluster under clear-sky spring conditions. The PV
system peaks near 1.0 p.u. around midday before
declining rapidly after sunset - behaviour consistent
with thermal derating and angle-of-incidence losses
observed in desert PV installations [2], [4]. By
contrast, VBT output increases during late afternoon
and evening, when coastal winds intensify due to
atmospheric pressure gradients. Evening wind speeds
of 6.5 + 1.2 m-s™ 1 yield aggregated VBT outputs of
approximately 0.30-0.38 kW for the micro-turbine
configuration considered.
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Figure 1. Normalized Daily Power Profiles of PV
and VBT Subsystems

Daily energy vyields confirm this trend. Under
standard conditions, the 20 kW PV subsystem
produces approximately 108-122 kWh-day™ ! [3],
[6], [44], [47], [48], [58], while the VBT cluster
provides approximately 3.8-5.2 kWh-night™ L.
Although modest relative to PV generation, this
nighttime  contribution  improves operational
continuity by smoothing the renewable generation
profile and reducing storage usage - effects
consistently reported in hybrid microgrid studies
under comparable climatic conditions [8], [19], [42].

Table 1 compares the key characteristics of both
subsystems. PV generation dominates overall output,
while VBTs provide a strategically timed
complementary contribution during periods of zero
solar availability, thereby supporting continuous
renewable operation in desert microgrids.

Table 1. Comparative Characteristics of the PV

Array and VBT Cluster

Paramet PV VBT Remarks
er Subsys  Cluster (10
tem Units)
(20 kW
Array)
Primary  Solar Near- Distinct
Resource irradian surface climatic
ce wind speed  drivers
(GHI) ensure
temporal
complement
arity
Peak Midday Evening- Negative
Period (12:00-  night correlation
14:00)  (18:00- between
24:00) resources (=
-0.6 to -0.7
in Sahara)
Power Sharp Broad Figure 1
Profile Gaussia turbulent- shows
(p.u.)
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n-like driven normalized
peak plateau profiles
Typical 108- 3.8-5.2 VBT
Output 122 kWh.day?  contribution
kWh.da ~ 3-4% of
yl PV
generation
Sensitivit  Strongl  Weak VBTs
y to y sensitivity benefit from
Environ  affecte to absence of
ment d by temperature  rotating
high and sand blades
temper  abrasion
ature,
dust,
angle-
of-
inciden
ce
Typical Control  Efficient Saharan
Operatin ~ ledby  between 3-  evening
gRange irradian 8m-s™! winds fall
ce within VBT
cycles optimal
zone
Variabilit High Lower Oscillatory
y diurnal  short-term VIV
intermit intermittenc  response
tency y smooths
microgrid
voltage
Maintena Season  Very low Advantageo
nce al (no blades,  us for desert
Profile cleanin  low hybrid
g+ mechanical  microgrids
thermal  wear)
deratin
g
checks
Contribut Domin  Supports Reduces
ion to ant evening/nig  storage
Microgri  daytim  ht cycling
d e renewable depth
Stability  supply  continuity
Spatial High <3% of PV  Co-location
Footprint  land site possible
occupat  footprint without
ion for shading
array
Hybrid High Reinforces  Hybridizati
Benefit energy  nighttime on reduces
yield renewable  storage
availability  needs by
20-45%
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This preliminary assessment constitutes a
structured validation step for PV-VBT co-integration
under Saharan conditions. It supports the expanded
Boujdour case study presented in Section 6.4 and
demonstrates the practical relevance of hybrid
renewable architectures for desert microgrid
applications.

To fully exploit this hybrid potential, a rigorous
understanding of the underlying VIV physics is
required. This naturally motivates the detailed
examination of vortex-induced vibration mechanisms
presented in Section 3.

3. Physics of Vortex-Induced Vibrations
(VIV)

Vortex-induced vibrations (VIV) constitute the
fundamental operating principle of vortex bladeless
turbines (VBTs). When a slender bluff body -
typically a cylindrical or tapered mast - is exposed to
an airstream, alternating Bénard-von Kérman vortices
form on either side of the structure, generating a
transverse fluctuating lift force. This unsteady
aerodynamic loading excites the mast and produces
mechanical  oscillations suitable for energy
harvesting. Maximum efficiency is achieved when
the vortex-shedding frequency f(1 approaches the
structural natural frequency f, , thereby establishing a
lock-in  regime in which oscillations become
synchronized and self-sustained [12], [14], [15], [24],
[60].

The shedding frequency follows the classical
Strouhal relation:

fs=S% )

where V denotes the free-stream velocity, D the
characteristic mast diameter, and S; = 0.18-0.22 for
circular cylinders in the subcritical Reynolds regime.
Numerous experiments confirm the robustness of this
proportionality and its sensitivity to geometric
slenderness, taper ratio, and surface roughness [24],
[34], [37], [60], [61]. Lock-in typically arises when
fO = f10 for Reynolds numbers in the range 10%-105,
where coherent shedding persists despite emerging
three-dimensional instabilities [35], [62].

Extensive CFD-FSI and reduced-order studies
show that lock-in is intrinsically nonlinear, exhibiting
amplitude saturation, hysteresis, and a marked
dependence on structural damping &, mass ratio m",
and effective stiffness [15], [25], [26], [37]. At low
Reynolds numbers, the oscillations remain quasi-
harmonic, whereas higher values trigger vortex
dislocations, mode switching, and increased wake
three-dimensionality [35], [36], [37]. Reduced-order
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wake-oscillator models (e.g., modified Van der Pol
formulations) reliably capture these behaviors by
coupling hydrodynamic forcing with structural
displacement and velocity [10], [15], [34]. Their
predictions are broadly consistent with high-fidelity
CFD-FSI simulations, which provide detailed insight
into stability envelopes and oscillation amplitudes
[63], [64], [65].

3.1. Influence of Geometry, Damping, Mass
Ratio, and Material

From a design perspective, the dynamic response
of a VBT is governed primarily by its geometry,
damping, material stiffness, and mass distribution.
These interdependent parameters control the onset of
lock-in, the achievable amplitude, and the overall
stability of oscillations. Table 2 summarizes their
principal effects based on recent experimental and
optimization studies.

Table 2. Influence of Key Parameters on VBT
Dynamic Response

Design Physical Design Reference
Parameter Effect Implication
for VBTs

Geometry  Sets Determines  [10], [21],
(D, taper Strouhal lock-in [24], [34],
ratio) number bandwidth [66], [67]

(St), wake and

stability, amplitude

and vortex  response

spacing
Damping Controls Must [15], [25],
ratio () energy balance [26]

dissipation  oscillation

and amplitude

stability growth and

margin resonance

sustainment

Mass ratio  Influences Low ( m*) [14], [15],
(m*) fluid— enhances [37]

structure lock-in;

coupling excessively

strength low values

and may induce

sensitivity  instability
Material Define Composite  [15], [21],
properties  stiffness-  materials [24], [68]
(E/p) to-mass can extend

ratio and lock-in to

natural higher

frequency  wind-speed

(fa) regimes
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The balance among these parameters is critical.
Excessive stiffness or damping suppresses oscillatory
amplitude, while overly compliant structures may
develop irregular trajectories or premature fatigue, a
failure mode frequently reported in VIV harvesters
[18].

3.2. Lock-in Dynamics and Phase
Synchronization

Figure 2 illustrates the synchronized evolution of
vortex shedding and structural displacement during
lock-in. Energy transfer efficiency is controlled by
the phase relation between transverse velocity and lift
force: near-perfect synchronization maximizes

extracted mechanical work, whereas phase deviation
reduces effective coupling.
4z

(@)

Fy) Fy()

| Periodic Drag Force | /
; - v

-
¥
|

Transverse Displacement

(b)
Figure 2. (a):Phase-Locked Vortex Shedding
During Lock-In; (b): Phase-Synchronized Structural
Displacement During Lock-In

Across multiple studies, slender or tapered
geometries maintain a mean Strouhal number of
approximately 0.20 + 0.02, supporting stable lock-in

within reduced-velocity ranges: U = fLD ~ 4 —10,
as reported in [24], [35], [37], [62]. Tapféred profiles
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can widen the synchronization bandwidth by up to 25
%, a significant advantage for compact or densely
arranged VBT arrays [28]. Conversely, increasing
structural damping narrows the lock-in window, and
excessive tapering may destabilize the wake.

These effects are particularly important for hybrid
solar-wind microgeneration: achieving reliable lock-
in at low-to-moderate wind speeds (2-9 m-s™ 1)
directly supports evening-nighttime complementarity
with PV systems in desert microgrids [39], [69].

3.3.
Design

Governing Physical Principles for VBT

Table 3 consolidates the dominant physical
mechanisms driving VIV energy harvesting and their
implications for practical VBT design.

Table 3. Summary of Physical Principles
Governing VBT Design

Phenomen Domina Effect on Design
on nt Performa  Guidelin
Paramet nce e
er
Vortex V. Controls Match
shedding S5 lock-in o=t for
frequency initiation broad,
stable
bandwidt
h
Damping Structura  Shapes Maintain
hysteresis 1 stability (=0.01-
envelope 0.05
Mass ratio M*:& Determine  Intermedi
pi S ate values
oscillation  (10-20)
strength give
optimal
coupling
Geometric  Shape Adjusts Positive
taper gradient  vortex taper
spacing, reduces
wake interferen
stability ce and
widens
lock-in

Together, these relationships show that optimal
performance arises from carefully balancing
aerodynamic excitation, structural flexibility, and
wake coherence. A properly tuned turbine maintains
a stable synchronized response across realistic wind
conditions, making VBTSs particularly suitable for
supplementing photovoltaic generation in arid and
semi-arid regions.
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4. Engineering Framework of Vortex
Bladeless Turbines (VBTSs)

A vortex bladeless turbine consists of a slender
cantilevered mast - cylindrical or conical - whose
transverse oscillations are driven by unsteady
aerodynamic forces originating from vortex
shedding. Its operation relies on maintaining
resonance between the structural natural frequency
and the vortex-shedding frequency within the
Strouhal band defined in Eq. (1), while ensuring
structural durability under realistic atmospheric
variability [12], [14], [23], [24], [31]. Unlike
horizontal-axis wind turbines equipped with blades,
hubs and gearboxes, the VBT architecture suppresses
rotating assemblies, resulting in a silent, lightweight
and low-maintenance system suitable for urban sites,
microgrids and hybrid decentralized generation in
regions such as North Africa [13], [20], [61], [70],
[71].

The aerodynamic loads acting on the mast include
both lift and drag contributions. The instantaneous lift
forcing the transverse oscillation is expressed as

Fi(t) = 5 pV2C(t)A @
where A denotes the projected frontal area, while

the mean drag load is
Fy= % pV2CHA @)
with Cp typically ranging from 1.1 to 1.3 for
circular cylinders in subcritical flow [24], [38], [63],
72].
[ ]I'he mast behaves as a damped oscillator
subjected to the unsteady lift:

mi(t) + cx(t) + kx(t) = Ficos(wt)  (4)
with natural frequency and damping ratio

fo= o | ®)
{ =c2km (6)

Resonance (lock-in) is achieved when the
shedding frequency fs approaches f,, enabling stable
large-amplitude oscillations and efficient mechanical
energy extraction [12], [24], [31], [52], [62], [73].

The instantaneous mechanical power harvested
from wind forcing is

Puen(t) = Fi(8) x(t) )

and the average harvested power over a vibration
period is:

Prggh = 3 PACLY 2% (D) (8)

Experimental and CFD-FSI results consistently
show lock-in ranges between 2 and 8 m-s™ ! for
slenderness ratios below 30, defining the practical
scalability limits for VBT deployment [15], [24],
[28], [31], [371, [74].
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4.1. Structural tuning and parametric
influence

The key design parameters - mass m, stiffness k
and damping ¢ - govern the oscillation amplitude,
lock-in bandwidth and vibrational stability. Their
influence is summarized in Table 4.

Table 4. Parametric influence of m, k, and ¢ on
VBT resonance behavior

Paramete  Physical Design Referenc
r Effect Role e
m Inertia, Controls  [24], [25],
frequency  spectral [31], [75]
shift width and
stability
k Structural ~ Tunes f, [23], [24],
stiffness within [60], [66],
Strouhal [76]
band
C Energy Stabilizes  [18], [25],
dissipatio  oscillatio  [54], [77],
n n [78]
amplitude
Maintaining f=fs under fluctuating wind requires
adaptive tuning strategies. Recent prototypes

integrate movable sleeves, variable-stiffness inserts
or tunable inertial masses that modify k and m in real
time, extending the operational lock-in range while
controlling fatigue [21], [23], [27], [29], [76], [79].
Figure 3 illustrates such an adaptive
configuration, where combined stiffness- and mass-
tuning mechanisms achieve resonance across low-to-
moderate winds (2-9 m-s~ 1), a critical requirement
for urban and microgrid applications [23], [29], [76].

P \/Ortex-induced
— vibration

Wind

Mast flow

Stand
Slider Elgctromeﬁhanl_car:
Moving energy conversio
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Figure 3. Adaptive VBT with variable-mass
system

The amplitude-wind response predicted from Eq.
(7), and depicted in Figure 4, confirms that moderate
damping and intermediate stiffness maximize
resonance plateaus, enabling stable operation across
broad wind ranges. Similar results are reported in
numerical and experimental analyses of VBTs and

VIV energy harvesters [17], [31], [37], [73], [74].

18

Low damping, soft stiffness

16 Moderate damping, medium stiffness
—~ =~ High damping, stiff structure

Lock-in range (2-9 m/s)

—
=

-
~

—
=)

™

\
\
/

/

O

Transverse amplitude A (mm)
\

Wind speed (m/s)
Figure 4. Resonance behavior of a vortex
bladeless turbine under varying damping and
stiffness conditions

4.2. Nonlinear dynamics and design-space
considerations

Design-space optimization shows that even
modest adjustments in stiffness or damping may
considerably increase lock-in duty cycles and net
harvested energy under unsteady winds [4], [10],
[17], [73]. Reduced-order models - including
modified Van der Pol oscillators, wake-oscillator
formulations and multi-mode nonlinear systems [24],
[38], [52], [74], [80], accurately reproduce key
nonlinearities such as hysteresis, saturation and
phase-locking. Their predictions agree with high-
fidelity CFD-FSI simulations [21], [36], [72], [81],
[82].

43. Material considerations

Material selection determines stiffness-to-mass

ratios, damping properties, fatigue life and
environmental resistance. Composite structures
(carbon-fiber, epoxy-glass, hybrid laminates,

thermoplastic sandwich skins) are widely adopted in
current VBT prototypes due to their advantageous
mechanical properties [19], [21], [54], [67], [83].
Table 5 consolidates the main design-oriented
material criteria.
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Table 5. Material selection criteria for VBT

structures
Criterion  Design Example Refere
Implicatio Materials nce
n
High E/p  Increases Carbon- [19],
fo without  fiber [21],
mass composites  [83]
penalty
Moderate  Ensures Hybrid [24],
damping  stable laminates [67],
(£=0.02- lock-in [77],
0.05) [21].
High Extends Epoxy- [18],
fatigue life glass [54],
strength beyond 5 [67]
years
Recyclabi  Improves Thermoplas  [22],
lity environme  tics [67]
ntal
metrics
4.4. CFD-FSI modeling and experimental

validation

The aero-structural behavior of VBTSs is governed
by nonlinear fluid-structure interactions. Two-way
CFD-FEM coupling - using URANS, LES, particle-
vortex methods and ALE dynamic meshing - is
widely adopted to capture vortex shedding, wake-
structure  synchronization and  pressure-load
evolution [21], [25], [36], [38], [62], [81], [84].

This self-sustained feedback loop is summarized
in Figure 5 and mirrors the canonical behavior of VIV
harvesters [74], [85], [86], [87].

( ~0 ) ( y
> Aerodynamic
_/\')s Forces
Vortex ~—
%
s ( N MU )
_ Mast <«
Displacement Transverse
(_Oscillations

Figure 5. self-sustained FSI loop

Experimental validations - via wind-tunnel tests,
prototype deployments and multimodal sensing
(accelerometers, optical encoders, high-frequency
DAQ) - confirm the predictive accuracy of these
modeling strategies and validate the performance
gains of stiffness-tuning and resonance-shifting
modules [23], [29], [31], [54], [79], [88].
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4.5. Remaining challenges
Despite these advances, several scientific and
engineering challenges persist:
- modeling of large-amplitude nonlinearities
and multi-mode interactions [38], [74], [75];

- realistic representation of atmospheric
turbulence and desert boundary-layer effects
[89];

- limited long-term datasets on composite-joint
aging and fatigue beyond five years [18],
[54], [67];

- absence of standardized design and
certification frameworks specific to VBTSs
[85], [90], [91].

Progress toward scalable, certifiable VBT
technologies  will require hybrid workflows
combining reduced-order and CFD-FSI models,
standardized testing protocols, and extended
durability studies under real-world conditions [10],
[23], [24], [90].

5. Performance Assessment of VVortex
Bladeless Turbines

The performance of vortex bladeless turbines (VBTS)
results from the coupled aerodynamic, structural, and
electromechanical mechanisms that govern their
vortex-induced vibration (VIV) energy-harvesting
process. Unlike rotational wind machines, VBTS
operate within a resonance-dominated regime,
making their performance metrics highly sensitive to
unsteady inflows and turbulence. To ensure
comparability with conventional small-wind systems,
the power coefficient remains the primary
performance indicator, defined as:

_ Patin
4 EpAV3

)

where Peiecrrical 1S the rectified electrical output,
p\rhop the air density, V the wind speed, and A the
effective frontal area encompassing the vibrating
mast and its near-wake region [12], [14], [10].
Performance characterization typically follows IEC
61400-2 procedures, including cut-in velocity, rated
operating point, acoustic levels, and measurement
uncertainty [90].

Because VBTs operate through oscillatory motion
rather ~ than  continuous  rotation,  several
complementary metrics are required in addition to C,.
These include the cut-in velocity V¢, the lock-in duty

factor (fraction of time spent within the resonance
band), the resonance-tracking efficiency under gusts,
the  electromechanical  conversion  efficiency
(piezoelectric  or  electromagnetic),  acoustic
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emissions, and fatigue-related indicators such as
amplitude-to-diameter ratio and vibration-cycle count
to failure [20], [21], [22], [67].

Although VBTSs generally exhibit lower absolute
Cp values than horizontal- or vertical-axis turbines of
similar scale, they offer advantages in acoustic
performance, mechanical simplicity, and
deployability in dense or constrained environments
[13], [14], [16]. Measurements on representative 3-m
prototypes indicate cut-in speeds of 2-3 m-s™ ! and
peak outputs of 80-120 W at 8-9 m-s~ 1, supported by
wind-tunnel tests and outdoor trials [12], [29], [70].

Scaled laboratory models produced using additive
manufacturing reproduce the essential lock-in
behavior and vortex-synchronization mechanisms.
High-resolution laser vibrometry and instrumented
electromagnetic harvesters provide synchronized
displacement-frequency-voltage measurements that
support  model identification and dynamic
characterization [19], [70].

Performance improvements are closely linked to
adaptive tuning strategies aimed at maintaining the
natural frequency f, within the Strouhal band despite
fluctuating winds. Techniques such as adjustable
stiffness modules, tunable inertial masses, and sliding
sleeves have proved effective in stabilizing
oscillation amplitudes and extending the lock-in
bandwidth [27], [85], [92]. The use of composite or
sandwich materials further enhances stiffness-to-
mass ratios and damping characteristics, improving
resonance stability and fatigue resistance [21], [54],
[67].

Wind-tunnel investigations remain essential for
isolating Reynolds-number and turbulence effects on
VBT response. Numerical and experimental studies -
such as those by Canilho et al. - show strong
agreement between CFD predictions and frequency
responses in elastically mounted cylinders [24].
Additional work confirms that nonlinear stiffness
elements can enlarge the lock-in region and enhance
energy extraction under moderate winds [70].

Field measurements introduce additional
variability due to gustiness, vertical shear, and diurnal
atmospheric stratification. Devices that incorporate
self-calibrating inertial masses or discrete resonance-
shifting mechanisms exhibit improved phase
synchronization under fluctuating inflows, which
reduces output variance and increases cumulative
yield [27], [92]. Outdoor trials in arid and semi-arid
climates further indicate that, once properly
calibrated, deviations between modeled and
measured outputs remain narrow [27], [29], [54].
Recent  techno-economic and  environmental
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assessments also support the feasibility of deploying
VBTSs in hybrid renewable systems [2].

Unlike conventional turbines, where torque
fluctuations propagate through gearboxes and
drivetrains, VBTs follow a damping-dominated
dynamic behavior. High-frequency perturbations are
naturally filtered by structural and electromechanical
damping, which stabilizes power output in the lock-
in plateau and limits fatigue stresses [10], [15], [62].

Figure 6 summarizes the frequency-response and
power-spectrum characteristics, illustrating
synchronization between the vortex-shedding
frequency fs and the structural natural frequency f,.
Combined CFD-FSI simulations and wake-oscillator
models consistently show that moderate damping and
appropriate  stiffness-to-mass  ratios maximize
vibrational energy harvesting under transient wind
conditions [10], [15], [62].
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Figure 6. Frequency-response and power
spectrum of the VBT showing lock-in
synchronization between vortex-shedding and
structural frequencies

Figure 7 presents the time-domain dynamics in the
lock-in  regime, highlighting the synchronized
evolution of tip displacement and lift force. The
strong amplitude-phase correlation characteristic of
stable resonance offers valuable insight for defining
thresholds and control rules for adaptive tuning
mechanisms [34].
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Figure 7. Simulated lock-in regime of a VBT
showing synchronized tip deflection and lift force
(conceptual data from [34])

To complement this analysis, Table 6 provides a
functional benchmarking matrix comparing HAWTS,
VAWTSs, and VBTSs. Rather than relying on nominal
efficiencies, the comparison emphasizes practical
trade-offs involving acoustic compliance, mechanical
complexity, deployment density, and suitability for
hybrid PV-wind microgrids. While VBTs exhibit
modest C,, they provide unique advantages, minimal
noise, simple structure, and effective integration in
densely populated or spatially constrained areas [37],
[49], [50].

Table 6. Comparative functional benchmarking of
small-scale wind technologies.

Criterion HAWT VAWT VBT Updated
(Darri Represent
eus / ative
Savoni Sources
us)

Aerodyna  High Mixed Transvers  [14], [16],

mic lift- lift- e [23], [38]

regime torque;  drag oscillator

yaw- y lift
sensitiv (VIV)
e

Operating  3-25; 2-18 2-9 (lock-  [12], [23],

wind optimal in band) [29], [54].

range (m >6

)

Resonance  Active Passive  Adaptive [27], [29],

/ Control pitch- or stiffness/ [35], [76].

strategy yaw vane- mass
guided  tuning &

resonance
shifting

Mechanic  Rotor, Modera  Very low [12], [10],

al gearbox te (norotor)  [37], [13].

complexit

y bearing

S

Acoustic 45-60 40-55 <35dB; [13], [23],

& dB; dB no [28], [49]

environme  bird- rotating

ntal strike blades

footprint risk

Maintenan  Freque Periodi ~ Minimal [12], [13],

ce nt c (structural  [37]

intensity lubricat check)
ion &
alignme
nt

Spatial Large Modera  Compact [23], [31],

footprint/  spacing te arrays; [37], [50]

areal due to spacing  weak

power strong wakes

density wakes

Typical Utility-  Small Urban [31], [33],

applicatio  scale off-grid  microgrid  [42], [49],

ns farms [ rural S, [50],
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rooftops,
PV-
hybrid
From a system perspective, VBTs align well with
hybrid solar-wind  microgeneration  strategies,
particularly where nocturnal winds complement
daytime solar availability. Their low acoustic impact

and minimal mechanical complexity facilitate
seamless integration into urban and off-grid
microgrids [33], [37]. Nevertheless, rigorous

performance benchmarking still requires LCOE
normalization and uncertainty quantification in
accordance with IEC 61400-2 [14], [31], [90].

Accordingly, a comprehensive evaluation
framework should combine:

- reduced-order models (modified Van der Pol,

wake-oscillator with saturation);

- CFD-FSI simulations (URANS/LES) to
resolve near-wake dynamics;

- instrumented prototypes capturing
synchronized electromechanical and
kinematic data [10], [15], [24], [25], [26],
[62];

- fatigue and depolarization tracking for
piezoelectric systems [22];

- precise assessment of electromagnetic losses
and cogging torque in generator-based
designs [12], [20], [27].

Despite substantial progress, key challenges
remain. Long-term durability data - particularly
beyond five years - are still limited for composite
joints and mast-base assemblies [21], [22], [54], [67].
Scaling laws for transitioning from laboratory devices
to multi-kilowatt units require further validation,
especially for C, , damping behavior, and
electromagnetic characteristics [10], [66]. Moreover,
standardized acoustic qualification and site-specific
validation procedures must be developed to ensure
technological bankability [14], [90].

Because VBT performance is highly sensitive to
atmospheric  conditions, combined numerical-
experimental assessment remains indispensable prior
to deployment, particularly in urban canyons, coastal
locations, and desert sites [28], [30], [31].

In summary, although VBTs exhibit lower
aerodynamic efficiency than classical turbines, their
adaptive resonance behavior, low mechanical
complexity, and minimal acoustic signature position
them as promising low-impact wind harvesters. Their
competitiveness  will increasingly depend on
durability-centered  design, advanced  tuning
strategies, and standardized validation frameworks -
critical enablers for future integration in solar-
dominated hybrid microgrids and decentralized
energy systems.
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6. Control, Deployment Optimization and
Sustainable Integration

The operational reliability of vortex bladeless
turbines (VBTS) depends on maintaining stable
resonance, protecting structural components from
fatigue, and ensuring efficient energy extraction
under  fluctuating wind  conditions.  These
requirements call for coordinated control strategies
spanning the device scale, the cluster scale, and the
system-integration level within hybrid PV-wind
microgrids.

6.1. Adaptive Resonance Control

Modern VBTs incorporate multi-layer control
architectures combining passive, semi-active, and
low-power active mechanisms. Passive elements -
nonlinear elastic supports, orthotropic composite
masts, and guided inertial masses - allow autonomous
adjustments of the stiffness-to-mass ratio, enabling
the system to remain close to its natural frequency
without external energy consumption [12], [27], [85],
[92]. Semi-active damping modules, typically
magneto-rheological or electromagnetic, increase the
effective lock-in bandwidth with minimal power
overhead [76]. When rapid corrections are required
during gusts, lightweight active devices such as
sliding sleeves or piezoelectric micro-adjusters
provide fine real-time tuning, stabilizing oscillation
amplitude and enhancing electromechanical
conversion efficiency [27], [92].

Figure 8 (reproduced from the experimental
architecture developed in this study) illustrates this
layered control logic. Local sensors monitor mast
deflection and vibration frequency; a semi-active
electromagnetic damping stage regulates the
oscillatory envelope; and an adaptive stiffness/mass-
tuning module maintains the convergence between
structural and shedding frequencies. A supervisory
controller integrates these signals and exchanges set-
points with the reinforcement-learning optimization
layer, enabling predictive adjustment of k, ¢, and D/D
ratios and ensuring robust resonance tracking within
hybrid microgrid operation.
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6.2. Cluster-Level Optimization and Wake
Coordination

At the deployment scale, cluster dynamics are
governed by inter-device coupling, wake interactions,
and the spatial distribution of turbulent energy. VBTs
generate compact, low-intensity wakes that dissipate
rapidly relative to those of HAWTs or VAWTS,
enabling dense layouts in confined sites such as
rooftops, peri-urban zones, and PV fields [12], [13],
[23].

To exploit these properties, several optimization
approaches - including Particle Swarm Optimization
(PSO), Ant Colony Optimization (ACO), and hybrid
metaheuristics - have been extended to VBT arrays.
These methods integrate wake-oscillator surrogates
[10], turbulence-induced phase coupling [31],
acoustic-compliance constraints [23], and structural-
stability criteria. Reinforcement-learning controllers
have also demonstrated the ability to adjust spacing,
activation sequences, and tuning parameters in real
time under turbulent inflows [14], [31].

Table 7 summarizes the principal optimization
variables and expected performance improvements.
Typical gains include up to +20% power-per-area
from optimized spacing, +15% increase in lock-in
duty through stiffness tuning, reduced fatigue
amplitude under electromagnetic damping, and
modest but consistent yield improvements through
resonance-tracking control.

AC
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Table 7 summarizes the main control and layout
parameters, along with expected performance gains

Param Object Method Expec  Refer
eter ive ted ence
Gain

Norma Maxim Wake- +20%  [17],

lized ize oscillator  power/ [23],

spacin  areal surrogate  area [26],

g (S/D) power
density

Stiffne  Broade Passive+ +15%  [28],

ss (k) nlock- active lock-in  [52],
in tuning duty [76].
band

Dampi  Stabili  Electroma -30%  [10],

ng (c) ze gnetic fatigue [62],
oscillat feedback  amplit [77]
ions ude

Tracki  Mainta Sliding- +10%  [29],

ng (fn in mass energy  [65],

— f) resona  control yield [23].
nce

6.3. Integration within Hybrid PV-Wind

Microgrids

VBTs complement PV systems by providing
renewable energy during evening and nocturnal
periods when solar output falls to zero. Their rotor-
less architecture eliminates the acoustic and
mechanical constraints associated with rotating
blades and simplifies integration into hybrid
microgrids [12], [13], [49]. Because VBTs deliver
rectified DC power, they interface naturally with
standard droop-controlled converters, SoC-window
algorithms, and low-inertia stabilization schemes
used in remote microgrids [50], [93].

This additional nocturnal contribution reduces
reliance on storage and moderates battery cycling,
particularly in Saharan regions where evening wind
intensification is well documented [2], [13], [23],
[39]. Composite and sandwich-material masts with
high stiffness-to-mass ratios increase durability under
desert winds, while the absence of rotating
components minimizes sand-induced degradation
[21], [54], [67].

6.4. Case Study: Boujdour PV-VBT Hybrid
Microgrid
To validate the hybrid architecture, an

experimental arrangement was deployed at the
Boujdour site. Figure 9 shows the test configuration:
a 330 Wc PV module inclined at 25°, two micro-scale
VBTs of 2 m height spaced at 0.8 m, an irradiance
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sensor delivering G(6,t), a meteorological mast
equipped with cup-anemometers, and two energy
loggers connected to the 48 VV DC microgrid bus.

i Solar Panels

Energy logger
Pv(t)

Microgrid
DCBus 48V

Microturbine VBT - lenght
2m

Figure 9. Hybrid PV-VBT experimental
arrangement

Boujdour, located along the Atlantic facade of the
Moroccan Sahara, combines high solar potential
(GHI > 2000 kWh-m~ 2.yr~ 1) [3], [6], [33], [44],
[45], [47], [48], [58]. with stable evening winds
driven by coastal thermal gradients [11]. These winds
typically reach 5-8 m-s™ t during late-afternoon and
nighttime periods - well aligned with the operational
envelope of VIV-based turbines [12], [23], [28], [52].

The case study considers a 20 kW PV array
coupled with a 10-unit VBT cluster deployed on a
compact 200-300 m? area adjacent to the PV field.
The VBT array uses staggered spacing of
approximately 4-5 diameters, consistent with VBT
wake-attenuation studies [17], [26], [27]. Under
evening winds of 6.5 + 1.2 m-s™ 1, the cluster delivers
approximately 280-380 W, providing a stable
nocturnal input that mitigates short-term variability
and reduces early battery discharge. Similar
configurations have been validated in rural and peri-
urban electrification projects across Morocco and
comparable regions [7], [34], [56].

From a power-quality standpoint, VBTs generate
smoother DC output than conventional small wind
turbines due to their intrinsic damping-moderated
oscillatory response, thereby improving DC-bus
stability in converter-dense microgrids [93], [94].
Their resistance to sand abrasion further enhances
durability in Saharan conditions [5], [89].

Because VBTs occupy < 3% of the PV site
footprint and do not cast significant shadows, they
can be co-located within PV fields without reducing
solar yield. In this configuration, the addition of ten
VBTSs increases annual renewable production by 2.5-
3.0% and reduces diesel runtime, lowering the LCOE
of hybrid installations [105-109], [128].
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6.5. Environmental Robustness and Long-
Term Sustainability

Life-cycle assessments indicate that VBTSs
generally possess lower embodied energy and
greenhouse-gas emissions than small HAWTSs due to
their simplified mechanics and restricted material use
[12], [13], [14]. Composite coatings, sealed housings,
and corrosion-resistant alloys preserve functionality
under harsh desert, coastal, or high-salinity
conditions [21], [54], [67].

Robust techno-economic assessment requires the
adaptation of IEC 61400-2 to VBT-specific
characteristics, including effective-area definition,
turbulence metrics, acoustic compliance,
electromagnetic compatibility, and durability testing
[14], [90]. Although existing prototypes show
encouraging  fatigue performance, long-term
endurance datasets beyond five years remain limited
for composite joints and mast-base interfaces [21],
[22], [54], [67].

6.6. Toward Intelligent,
Micro-Wind Architectures

Self-Regulated

Combining adaptive control, optimal cluster
deployment, and PV-wind hybrid integration leads to
intelligent VBT modules capable of autonomously
sustaining resonance. Figure 8 captures this closed-
loop interaction: aerodynamic forcing, structural
tuning, and power conditioning mutually regulate one
another through local sensing, supervisory control,
and a reinforcement-learning optimization layer.

These characteristics align VBTs with emerging
smart-grid  paradigms emphasizing  distributed
generation, low environmental externalities, and high
resilience in regions dominated by strong solar-wind
complementarity [37], [39], [51], [95]. Continued
progress in structural robustness, adaptive-control
algorithms, and standardized validation frameworks
will play a critical role in transitioning VBTs from
experimental prototypes to fully bankable assets for
decentralized renewable-energy systems.

7. Structural Durability, Optimization, and
Research Roadmap

The long-term sustainability of vortex bladeless
turbines (VBTSs) depends on structural resilience,
dynamic optimization, and standardized deployment
strategies that remain cost-effective at scale [96],
[97], [98], [99], [100]. Because mast mechanics,
composite materials, resonance-tuning subsystems,
power electronics, and hybrid PV-wind coupling
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interact across multiple physical domains, VBT
design must follow a coherent multi-objective
engineering framework [101], [102].

The oscillating mast experiences continuous
vortex-induced vibrations (VIV), which generate
cyclic stresses concentrated near the base and at
structural junctions. Reliable lifetime prediction
therefore requires fatigue models that combine VIV
forcing spectra with multi-axial stress analysis,
ideally supported by instrumented monitoring
campaigns extending beyond five years [21], [34],
[54], [67], [97], [98], [99], [100], [103], [104].
Maintaining modal stability is essential to avoid
uncontrolled resonance growth; several studies show
that precise stiffness tuning significantly limits
fatigue accumulation under turbulent inflows [45],
[98], [100]. Composite and sandwich materials offer
high stiffness-to-mass ratios and intrinsic damping,
helping stabilize vibration amplitudes while delaying
crack initiation and propagation [21], [54], [67], [97],
[99]. For piezoelectric-based designs, long-term
monitoring of depolarization and electromechanical
fatigue is required to preserve conversion efficiency
[22], [105], [106].

At the farm scale, array performance depends on
the interplay between aerodynamic interactions,
installation density, and local turbulence levels.
Multi-objective optimization frameworks therefore
combine turbine-level structural parameters with
cluster-level spacing rules. Approaches based on
ACO, PSO, or reinforcement learning have shown
strong potential for compact deployments,
particularly on rooftops or in dense urban
environments [30], [31], [52], [120]. Wake-oscillator
surrogate models allow rapid exploration of the
design space before refinement using high-fidelity
FSI simulations [10], [25], [26], [124].

Because resonance stability governs energy
extraction, maintaining lock-in across fluctuating
winds remains a core operational requirement.
Adaptive mechanisms such as discrete resonance
shifting, sliding-mass sleeves, guided inertial
modules, and hybrid passive-active stiffness control
can enlarge the effective lock-in range and mitigate
overstress during gusts [17], [27], [35], [76], [101].
When combined with real-time structural health
monitoring, these tuning strategies support predictive
maintenance and enhance fault tolerance [27], [76].

7.1. Hybrid PV-VBT Durability and System-
Level Benefits

In regions where solar production dominates, the
durability of VBTs must also be assessed relative to
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their functional role within PV-wind hybrid systems.
The complementarity between daytime solar
generation and nocturnal wind availability tends to
reduce battery cycling depth, thereby improving
storage lifetime [13], [23], [49], [107], [108], [109],
[110], [111]. Their silent, rotor-less operation also
facilitates co-location with PV fields on rooftops or
facades. Composite coatings and corrosion-resistant
alloys reinforce resilience in desert or marine
environments [12], [13], [21].

Life-cycle assessment (LCA) studies indicate that
VBTs often achieve lower embodied energy and
reduced greenhouse-gas emissions compared to small
HAWTs of equivalent rating due to simpler
mechanics and lighter materials [12], [13], [14].
When integrated into PV-VBT-storage microgrids,
the stable nocturnal contribution of VBTSs improves
the overall capacity factor, reduces PV and battery
oversizing, and enhances system resilience [33], [49],
[83], [112], [113], [114]. Nevertheless, long-term
fatigue datasets - ideally exceeding five years -
remain necessary to validate durability under real
atmospheric conditions [21], [22], [54], [67].

7.2. Standardization and Techno-Economic
Considerations

VBT technology is not yet covered by dedicated
certification routes. Adapting IEC 61400-2 to VBT-
specific physics - definitions of effective area,
turbulence metrics, acoustic thresholds, EMC
compliance, durability tests, and power-curve
procedures - is crucial for reproducibility, warranties,
and bankability [14], [90].

From an economic perspective, competitiveness
remains under evaluation. Reductions in the cost of
magnets, coils, and lightweight composite materials,
coupled with modular and locally manufacturable
designs, may improve affordability [14], [63].
However, LCOE must be normalized using consistent
parameters, including urban capacity factors,
standardized power-curve methods, O&M intervals,
and end-of-life scenarios [14], [90], [115], [116],
[117], [118], [119]. For hybrid PV-VBT microgrids,
nocturnal wind input enhances availability and limits
storage requirements [13], [49]. Scaling VBTs to
multi-kilowatt ratings introduces new challenges
such as stiffness/mass optimization, thermal
dissipation in coils, and dispersion of spring fatigue
behaviour [10], [17], [66]. Offshore prototypes
confirm scalability but require marine-grade
materials and survival strategies [15], [28].
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Table 8. Comparative synthesis of small HAWT,
Darrieus, Savonius, and VBT (unchanged)

Criter Small Darrie Savo VBT
ion HAWT us nius  (VIV)
(VAW (VA
T) WT)
Typica 0.30- 0.25- 0.10- Lower Cp
I Cp 0.45 0.35 0.25  (prototyp
range e stage)
Cut-in  Modera May Excel Operable
/low- tecut-  struggl lent at low
wind in; eto self-  winds if
behavi  needs self- start  lock-in
our yaw start maintaine
d
Yaw High Modera Low  Verylow
sensiti te (quasi-
vity omnidirec
tional)
Acous  Tonal Modera Low  Very low
tic noise te (urban-
profile  possibl compatibl
e e)
Wake  Strong  Modera Weak Very
strengt — large te weak —
h/ spacing high
spacin density
g
O&M  High Modera Low  Very low
compl (rotors, te (no
exity gearbox rotor/gear
) ing)
Grid Standar Standar Stand Simple
interfa  dized d ard DC
ce output
Balanc Large Modera Simpl Lightweig
e of tower te e ht
system anchoring
LCOE Mature Interme Low  Tobe
trend supply  diate CAP  standardiz
chain EX, ed
low
yield
Best- Open, Steady  Rooft Urban
fituse  high- winds ops microgrid
cases  wind s, hybrid
sites PV-wind

Across current studies, small HAWTSs exhibit the
highest C, under favourable winds, Darrieus turbines
show moderate performance but weak self-starting
behaviour, and Savonius rotors excel in low-wind
regions. VBTS, although less efficient in terms of
absolute Cy, offer high simplicity, omnidirectionality,
intrinsic safety, and very low acoustic impact,
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attributes that make them suitable for wurban
microgrids, PV co-location, and compact installations
[12], [14], [16], [35], [38], [60].

7.3. Research Roadmap

A three-horizon roadmap outlines the steps
required to advance VBTs from prototype to
standardized micro-wind solutions:

a) Short term (1-3 years)
Standardized endurance and
campaigns across urban test sites

- Harmonization of acoustic, turbulence, and
power-curve procedures

- Demonstration of PV-VBT microgrids with
synchronized logging instrumentation [107],
[108], [110]

b) Midterm (3-6 years)

Validation of  hybrid
resonance-tuning mechanisms

- Cost-optimized composite structures using
modular manufacturing

- First large-scale rooftop and
demonstration platforms [120], [121]

c) Long term (6-10 years)

Full certification pathways aligned with IEC
61400-2 annexes

- Autonomous  predictive  maintenance
enabled by Al and multi-sensor fusion

- Competitive LCOE for hybrid PV-VBT
microgrids and decentralized smart-grid
applications [115], [118], [119].

Through the combined development of durable
structures, adaptive control systems, efficient hybrid
PV-wind integration, and emerging certification
frameworks, VBTs can progress from experimental
prototypes to  standardized, reliable, and
environmentally responsible micro-wind generators
capable of supporting next-generation distributed
renewable energy systems.

fatigue

passive-active

urban

8. Conclusion and Outlook

If these conditions are met, VBTs may evolve
toward  multi-kilowatt  architectures  offering
competitive areal power density, silent operation, and
natural interoperability with hybrid smart microgrids
[10], [23], [49]. Progress in fluid-structure interaction
modeling, composite materials, fatigue-resistant
design, power electronics, and  Al-driven
optimization is expected to accelerate the emergence
of next-generation VBT systems [10], [25], [26].
Reinforced by standardized validation pathways and
solar-hybrid integration, vortex bladeless turbines
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hold strong potential as reliable, low-impact
contributors  to  distributed  renewable-energy
ecosystems, complementing photovoltaic generation
and strengthening the architecture of decentralized
microgrids.

This review has consolidated the scientific and
technological foundations of vortex bladeless
turbines (VBTS), emphasizing the link between
vortex-induced vibration (VIV) physics and their
potential deployment in emerging renewable-energy
architectures [24], [30], [31], [35], [96], [97], [102].
Their operation is fundamentally shaped by the lock-
in phenomenon, during which the vortex-shedding
frequency synchronizes with the natural frequency of
the mast, enabling sustained oscillations and effective
electromechanical transduction. Techniques based on
stiffness and mass tuning-whether passive, semi-
active, or hybrid-extend this synchronization window
and mitigate the effects of turbulence, improving the
predictability of the harvested power under transient
atmospheric conditions [17], [27], [34], [35], [98],
[100].

Materials science remains central to ensuring
long-term  structural reliability. High-modulus
composites, sandwich configurations, and hybrid
piezoelectric or electromagnetic transducers enhance
stiffness-to-weight ratios, damping characteristics,
and power density. Yet these gains require validation
through multi-year fatigue campaigns, particularly to
characterize adhesive-joint behavior, depolarization
effects, and crack initiation under repeated VIV
loading [21], [22], [54], [67], [97], [99], [103], [104].
At larger deployment scales, the compact wake
generated by VBTSs supports high areal power density
and spatially efficient layouts, offering a viable
alternative to conventional beam-swept turbines in
constrained environments [14], [30], [31].

A key outcome of this review is the confirmed
compatibility between VBTs and solar-dominated
microgrids. Their rectified DC output integrates
naturally with PV inverters and storage units,
enabling hybrid PV-VBT systems where daytime
photovoltaic production is complemented by evening
or nocturnal wind generation [13], [23], [49], [107],
[109]. This temporal synergy improves resilience and
system availability while moderating storage
requirements in regions characterized by strong solar
irradiance and moderate nighttime winds, as observed
in North Africa and the Moroccan Sahara [33], [83].
Silent operation, absence of rotating components, and
minimal maintenance further position VBTs as
suitable candidates for rooftops, coastal sites, and
microgrid environments where acoustic and safety
constraints are critical [13], [14], [23].
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For the technology to reach full maturity, three
structural pillars must be consolidated.
- First, standardized testing and certification-

building on IEC 61400-2, are needed to
harmonize  procedures  for  power-curve
characterization,  turbulence classification,

acoustic limits, mechanical qualification, and

grid interfacing [14], [90].

- Second, long-term endurance datasets (> 5
years) remain essential to validate fatigue
resistance, transducer longevity, and structural
stability across diverse climatic conditions [22],
[21], [54], [67].

- Third, transparent techno-economic
assessments - including harmonized LCOE
metrics, capacity-factor definitions, O&M
schedules, and end-of-life considerations - are
required to benchmark competitiveness relative
to conventional micro-wind technologies [14],
[90], [115], [116], [117], [118], [119].

If these conditions are met, VBTs may evolve
toward  multi-kilowatt  architectures  offering
competitive areal power density, silent operation, and
natural interoperability with hybrid smart microgrids
[10], [23], [49]. Progress in fluid-structure interaction
modeling, composite materials, fatigue-resistant
design, power electronics, and  Al-driven
optimization is expected to accelerate the emergence
of next-generation VBT systems [10], [25], [26],
[101], [122], Reinforced by standardized validation
pathways and solar-hybrid integration, vortex
bladeless turbines hold strong potential as reliable,
low-impact contributors to distributed renewable-
energy ecosystems, complementing photovoltaic
generation and strengthening the architecture of
decentralized microgrids.
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Nomenclature

a) List of Acronyms

Acronym

AC
ACO

Al

CFD
CSM
DC

DC Bus

DEM

DOF
EM
FFT
FS
HAWT

IEC

LCOE
PE

PRISMA

PSO

PV

PV Curve
RL

RMS
ROM

STOA

VAWT
VBT
VIV

Meaning
Alternating Current
Ant Colony Optimization
Artificial Intelligence
Computational Fluid Dynamics
Coupled Structural Model
Direct Current
Direct Current Electrical Bus

Data-Enabled Modeling (if used in

the article)

Degree of Freedom
Electromagnetic

Fast Fourier Transform
Fluid-Structure Interaction
Horizontal-Axis Wind Turbine

International Electrotechnical
Commission

Levelized Cost of Energy
Piezoelectric

Preferred Reporting Items for
Systematic Reviews and Meta-
Analyses

Particle Swarm Optimization
Photovoltaic
Power—Velocity Curve
Reinforcement Learning
Root Mean Square
Reduced-Order Model

Solar—Thermal-Optical Alignment (if

used in the article)
Vertical-Axis Wind Turbine
Vortex Bladeless Turbine
Vortex-Induced Vibrations

b) Nomenclature — Physical Symbols

Symbol Description
A Oscillation amplitude
c Damping coefficient
Co Power coefficient

D Characteristic diameter of mast

Unit
m
N-s/m

m




Ech-Chargaouy et al./ Journal of Solar Energy Research Volume 11 Number 1 Winter (2026) 2867-2890

E ﬁ;gtr)lg’s modulus (composite GPa

f Vibration frequency Hz

Fo Drag force N

FL Lift force N

f Strouhal shedding frequency Hz

GO0 tsigqlz)r irradiance (orientation, W/m2

H Mast height m

k Stiffness coefficient N/m

m Oscillating mass kg

P Instantaneous power generated W

Pavg Average power W

Ppv Photovoltaic output power W

Pver  Turbine output power w

Q Quality factor -

Re Reynolds number -

SOC  State of charge (battery) %

St Strouhal number -

U Free-stream wind velocity m/s

U Cut-in velocity m/s

n Conversion efficiency -

¢ Damping ratio -
Phase angle rad
Air density kg/m3

ot Fatigue stress Pa

w Forced vibration frequency rad/s

Wn Natural angular frequency rad/s
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