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After one century from the original patent of J.M. Darrieus on a lift-driven “turbine having its rotating shaft
transverse to the flow of the current”, vertical-axis wind turbines (VAWTs) are stuck in a dichotomy between
being the most fertile field of research for aerodynamicists and a technology that still fails in turning into an

g‘:r\:]i:us industrial reality, with many companies going in and out of the market. After the research on VAWTs restarted in
Offshore the early 2000s, significant progress was made in understanding their complex aerodynamics and modeling them
Review with simulations of different fidelity, leading in turn to the definition of design guidelines able to reduce the

performance gap with respect to horizontal-axis wind turbines (HAWTs) to less than ten percentage points. This
did not persuade the consolidated HAWT industry to leave the most efficient and reliable horizontal-axis
archetype, especially after the rush towards diffused onshore energy production by VAWT started in the
2010s failed. However, recent discoveries are putting again Darrieus VAWTs in the spotlight as a possible game
changer in offshore wind energy, where their faster wake recovery could bring to farms with unprecedented
energy density in a market where competition for marine space is strong. Different to other reviews made to date,
the present study not only presents the evolution of VAWTSs over the last decades, but also critically analyses the
lessons learnt made along the way and highlights the recent discoveries that are opening after a century new
prospects for VAWT technology.

1. Background and motivation

Vertical-axis wind turbines (VAWTS) are to date one of those cases in
science where the amount of research published does not go hand-in-
hand with investments and interest from industry [1].

Academia has been fascinated for decades by the complexity of the
aerodynamics of airfoils in cycloidal motion, similar to what happened
for helicopters in comparison to planes.

The continuous variation of the angle of attack (AoA) during the
revolution, due to the different relative orientation of the peripheral and
relative speeds, makes in fact VAWT aerodynamics much more complex,
with a massive presence of dynamic stall [2] and other unsteady in-
teractions between the flow structures detached upwind and the blades
passing downwind, and in turn make them have aerodynamic effi-
ciencies lower than those of horizontal-axis wind turbines (HAWTS).
Historically, the performance difference between VAWTs and
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conventional HAWTs was quite large (in the order of 20% less, with a
target power coefficient of 0.40-0.42 for VAWTs vs. 0.48-0.50 for
HATWs) [3]. Recently, the innovations that will be described in this
study have reduced the difference to less than 10% [4], with VAWTs
able to overcome the reference threshold of 0.45. On top of these un-
deniable differences in efficiency, the architecture of lift-driven VAWTSs
also offers some very interesting advantages, including the lack of a
yawing system, lower aerodynamic noise production with respect to
HAWTs [5,6], and, mostly, the possibility to place the generator on the
ground thus massively reducing the weight suspended on top of the
tower, with tremendous advantages in terms of stability [7].

Despite these advantages, industry quite often still looks at VAWTSs
with distrust. On the one hand, this may be due to a sort of “emotional”
diffidence towards a new and unproven technology where consolidated
technology exists. While this is understandable, claimed reasons for not
pursuing VAWT as an alternative technology are often partially
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exacerbated, especially regarding the need for a new supply chain since
basic components could be directly borrowed from existing HAWT in-
dustry. On the other hand, it is acknowledged that VAWTs have not
received the same level of industrialization and applied research as
HAWTs [8], thus lacking experience and benchmarking data in many
aspects. Finally, it is sadly seen by VAWT experts that the wind industry
is still not aware of all the innovations and progress made over the last
20 years, which can potentially shed new light on the future of the
technology.

Moving from this background, the ambition of the present study is to
go beyond the review papers published to date by not only providing a
critical overview on this last century of research and development in
VAWTS, as seen by the authors, who have been among the most active
researchers in the field in the last 20 years, but also examining the very
last discoveries on VAWT technology that emerged in the last two-three
years. More specifically, while the prospects in offshore installations
were already suggested by Ref. [8] as one of the possible key drivers for
future development, very recent studies by TU Delft [9-11] and other
researchers have shown that the known faster wake recovery of Darrieus
VAWT can be further magnified in offshore installations by triggering a
more intense vertical flow advection from the upper layers of the at-
mosphere, giving rise to the so-called regenerative wind farming that
could potentially lead to unprecedented power density for future
offshore wind farms. This possibility is put into context in a particular
moment of wind energy history, in which wake losses in offshore wind
farms are casting a shadow on the actual Levelized Cost of Energy
(LCoE) of offshore wind and on the future maritime planning [12].

It is important to note that this article is structured not as a simple
review study, but mostly as a perspective one. As such, rather than
employing systematic database search protocols, the literature discussed
herein has been critically selected based on the authors’ long-standing,
direct experience in the field to highlight foundational shifts, current
bottlenecks, and future technological trajectories. As such, the refer-
enced studies were selected primarily to exemplify key technological
milestones and broader trends, rather than to serve as subjects for in-
dividual methodological critique.

The study is organized as follows. Section 2 presents an historical
perspective on the development of VAWTs; in particular, we identified
three main phases of VAWT development, i.e., the generation of large,
Troposkien-blade machines in North America, the rush to small VAWTs
in the early 2000s, and the present attempt to develop offshore VAWTs.
Section 3 instead discusses the new discoveries and design paradigms
that have emerged after a significant restart of the research, which took
place at the beginning of the new millennium; particular focus is given to
new perspectives in modeling unsteady flows and their effects on per-
formance. Section 4 is dedicated to new scientific understandings of
vertical flow advection in VAWTs and how these could potentially
represent the true catalyst for the technology in offshore applications.
Conclusions and recommendations are finally proposed in Section 5.

2. VAWTs over history: a retrospective analysis

Both the very first windmill [13] and the first wind turbine from Prof.
James Blyth in 1887 were indeed based on a vertical-axis concept [14],
probably due to the similarity with other devices humans made to
exploit the wind force, such as sails, or with natural elements like trees.
The first patent of a lift-driven “turbine having its rotating shaft transverse
to the flow of the current” [15] was presented for the first time by the
French engineer J.M. Darrieus exactly one century ago in 1925 in France
and was then granted also in the US in 1931. Exploiting the wind
through blades moving around an axis orthogonal to the wind is
therefore neither new nor revolutionary. However, the development of
vertical-axis wind technology parallel to conventional horizontal-axis
one has seen alternate fortune over the years, relegating it often to be
one of the most challenging research areas for aerodynamicists rather
than a real industrial alternative.
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Some very interesting papers/books have been published already
focusing on the evolution of Darrieus VAWTs throughout history [3,8,
16]. They presented in detail the different projects and demonstrators
produced, and the reader is invited to refer to them for this information.
This section instead aspires to present the evolution of Darrieus tech-
nology from a more critical perspective. Three main phases are distin-
guished, for each of which the main lesson learnt, in terms of both
scientific progress and industrialization challenges, are identified and
critically discussed in order to highlight how they could potentially
contribute to the future development of the technology.

2.1. From the first patent to big demonstrators in North America

As most of renewable energy concepts proposed at the beginning of
the 20th century, VAWT technology did not actually progress until the
late 1960s, when engineers at the National Aeronautical Establishment
of the National Research Council of Canada (NRC) started investigating
the concept presented in Darrieus’ patent [17,18], realized the very first
experimental campaign on this type of rotors, shown in the left hand side
of (Fig. 1), and then constructed in 1977 the first grid-connected
large-scale Darrieus turbine (230 kW) in Magdalen Islands (Canada)
[19]. The Canadian research program culminated with the world’s
largest VAWT ever built in 1988, the 110 m tall, 64 m diameter (swept
area of 4000 m?) 3.8 MW Eole at Cap-Chat, Qtiebec [3]. In the years of
the rise of VAWTs, however, the Canadian program was not alone. In
Great Britain, for example, the H-type or Musgrove rotor was introduced
[20], having for the first time straight blades and allowing to be reefed to
provide speed control. In the US, VAWT research was initially under-
taken at the National Aeronautics and Space Administration (NASA) in
the early 1970s [21]. After these pioneering studies, the US Department
of Energy (DOE) funded research programs at Sandia National Labora-
tories (SNL) [22]. The experience of the SNL wind energy research di-
vision represented a milestone in VAWT research up to the end of the
20th century [23] and culminated with the installation of a 34-m 500
kW turbine, show on the right hand side of (Fig. 1) [24,25]. This pro-
totype was heavily instrumented and introduced many technological
innovations, such as tailored airfoils, variable-speed control, and
regenerative braking. Many other relevant examples of this pioneering
phase could be mentioned, both from academia and research in-
stitutions; again, the reader is referred to the detailed historical reviews
presented in Refs. [3] and [8].

Following the spirit of the present study, however, an annotated
analysis of the heritage of this first historic phase is given. It is indeed
undisputed that the pioneering studies in North America marked the
beginning of VAWT technology. Experimental test at full scale not only
proven the feasibility of the technology but also allowed a progressively
increasing understanding of the complex physics past blades in cycloidal
motion. However, the lack of computational fluid dynamics (CFD) re-
sources and the need of relying on engineering methods only prevented
scientists to delve properly into some complex phenomena connected to
unsteady aerodynamics, like flow curvature effects, dynamic stall of
spanwise flow components. This was particularly relevant in some cases
for airfoil aerodynamics, where panel methods were able to provide
partially reliable estimations of the behaviour near stall conditions,
which is, however, of capital importance in VAWT. An iconic case is
represented by the airfoil polars of the NACA0021 airfoil. For more than
30 years, the reference source for all the studies on VAWT was the report
by Sheldahl & Klimas [26], who first tested in the wind tunnel sym-
metric airfoils and proposed extrapolation over the entire range of an-
gles of attack, as needed in VAWT simulation. Several studies used such
a report as a reference for the NACA0021 airfoil, but they all forgot that
only few, low thickness-to-chord ratio airfoils were tested in reality by
Sheldahl & Klimas, while many of the data commonly used (as those of
the NACA0021 airfoil) come from a theoretical extrapolation, which has
recently proven several times to be inaccurate [27] and thus led to
systematic errors in most of the studies.
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Fig. 1. First VAWTs demonstrators. (left) First experimental prototype at NRC; (right) SNL/DOE 34-m test rig. Figures from Ref. [8].

Notwithstanding this, it was not the lack of research interest that
made the emphasis on VAWT beginning to shift in favour of HAWTSs.
First, superior power coefficients (more than 10% higher) made industry
deem HAWTS to be more competitive than VAWTs. In addition, a sort of
“emotional” diffidence also arose from a series of early accidents [28].
Possibly the most famous accident was the crash of the NRC Magdalen
Islands VAWT in 1978, where during unscheduled maintenance the
turbine unexpectedly self-started by itself with no brakes and eventually
corkscrewed into the ground after reaching the run-away condition
[29]. At that time, researchers were indeed convinced that VAWT
technology was inherently not self-starting (hence the decision to
remove the mechanical brakes), while it is now known the VAWT can
self-start if gusty wind conditions exist [30,31]. In these regards, the
attempt to quickly reach large-size applications (prior to a complete
understanding of the underlying physics), while valuable for speeding
up industrial development, can be probably deemed to have also rep-
resented a big risk. This is somehow similar to what happened in the
same years for the large, megawatt-scale, two-blade HAWTs that were
developed in the US [14] and came to a standstill in favour to the lighter,
smaller, three-blade rotors developed in Denmark that did represent the
forefathers of modern HAWTs.

2.2. The urban dream: rushing towards small turbines in the early 2000s

After large-scale VAWT research came to a standstill in the 90s,
leaving the stage to the more efficient HAWT technology, a restart of the
research was seen at the beginning of the new millennium, when a
change of paradigm was hypothesized. Interest was indeed paid by ar-
chitects, project developers, and local governments to understand
whether small wind turbines can effectively be exploited to provide
delocalized power in the built environment [32-34]. In this scenario,
VAWTSs were put again in the spotlight, as they were supposed to work
more effectively in the case of low-speed, turbulent, and gusty flows
[35]. In particular, the ability, proven by experiments and numerical
models [2,36,37], of Darrieus rotors to even enhance their performance
if invested by skewed flows was seen as a possible game changer for
rooftop installations [38]. Moreover, Darrieus turbines have lower noise
emission than HAWTs [39] and can be designed with various architec-
tures [40], some of which are seen as more aesthetically pleasant and
easy to integrate into buildings [41]. As a result, a huge number of in-
dustrial products and prototypes were presented in the early 2000s,

some of them are reported in Fig. 2(b).

Despite the interesting prospects on paper, several factors hampered
the real industrial diffusion of small VAWTSs [42], as illustrated in Fig. 2.

From a tecno-economic point of view, the capital cost per installed
kW was very high [43], as it is known that several cost items do not scale
linearly with rated power [44]. More than this, the actual Annual Energy
Production (AEP) measured in most of the pilot installations was
significantly lower than expected, contributing to a bad reputation for
the technology. The root causes of almost all wind turbines under-
performing in the built environment were indeed many, the most rele-
vant being the discrepancy between numerical predictions and the
actual wind seen by the rotors [45], generally slower and gustier. Ve-
locity variations and turbulence affected the aerodynamic performance
and lead to higher fatigue loading on the components, shortening the
lifespan of both turbines and supporting structures on the rooftops [46].
While these findings were common for both HAWTSs and VAWTs [47],
VAWTs, which were theoretically supposed to be less sensitive to tur-
bulence and flow misalignment, showed poor performance. First, it is
known that Darrieus VAWT may have problems with self-starting,
especially at the low Reynolds numbers typical of Small Wind Tur-
bines (SWTs) [30,31]. The reason for this is twofold. On one hand,
blades can momentarily be in a position with respect to oncoming wind
in which the actual angles of attack are very high and not able to provide
sufficient torque to start spinning the rotor. This problem has been
shown to be quite theoretical, as wind direction changes are likely suf-
ficient to allow for first turbine rotation if the wind is sufficient. On the
other hand, the time needed to accelerate to the design tip-speed ratio is
in the order of minutes for small VAWTs [30], which is particularly
critical for low-speed flows characterized by gusts in the order of few
seconds. This effect is more pronounced in the H-shape configuration
usually employed in small-scale installations; while this blade arrange-
ment maximizes the rotor swept area and aerodynamic performance, it
also increases its moment of inertia, hampering acceleration. Reports
proved that this resulted in poor performance for long periods of time in
the case of low wind speeds [48]. Building upon this experience, more
advanced control strategies have been proposed lately [49,501, without
having, however, the chance to be tested extensively. Even when
self-starting was ensured, actual energy conversion was lower than ex-
pected. Small dimensions and lower wind speeds led to low Reynolds
numbers [51], impacting airfoil performance and, mostly, resistance to
stall, which in turn led to massive dynamic stall effects [52]. Moreover,
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Fig. 2. Overview of the small VAWTs developed in the first 2000s: (a) Schematic illustration of the main issues hampering the industrial diffusion of VAWT in the
early 2000s. Turbines faced a combination of problems ranging from inflow (turbulent and gusty winds in small applications close to the built environment) to lack of
proper design guidelines (like flow curvature effects); (b) Some commercial small turbines available at the time, classified in terms of rotor size and reason of failure.
Underperformance was a main issue for most of the rotors, especially up to 2010. Premature breakdown also affected significantly the first models.

in both H-shaped or Gorlov configurations, the impact of struts’ resistant
torque was massive, cutting up to 30% of the actual torque available
[51]. Finally, small turbines often made use of inverters borrowed from
the solar field (as dedicated ones were not available or very costly to
develop), leading often to suboptimal power control.

Despite the negative results from an industrial point of view, the

experience of small rotors has presented a milestone in VAWT history
from several perspectives:

It prompted the restart of research on VAWTs in many countries,
creating for the first time a global community on the topic, after most
of the research had been conducted in North America only.

Small wind turbines could be tested in the wind tunnel at scale (or
close to it) [53,54], expanding significantly the number of data
available for benchmarking of simulations. Pioneering studies, for
example, provided data for complex phenomena like dynamic stall
(through PIV measurements [55]) or wake dissipation mechanisms
[56,57]. Moreover, inconsistencies found in experiments with
respect to theoretical expectations pushed scientists into studying
more in depth some physical phenomena taking place past blades in
cycloidal motion; these new understandings are now at the basis of
new design choices discussed in Section 3. This was due to the fact
that scaling down turbine dimensions forced designers to increase
the overall solidity of the machines (in order to recover suitable
Reynolds numbers through larger blade chords), resulting in designs
that triggered flow curvature and unsteady flow effects to an un-
precedented magnitude.

The complexity of VAWTSs aerodynamics pushed researchers into
further developing engineering simulation methods and introducing
higher fidelity ones. Regarding the first aspect, the Double Multiple
Streamtubes Model (DMST) developed by Paraschivoiu [58] was
further developed adding sub-models and corrections that made it
able to handle correctly also higher-solidity designs [59]. Regarding
the use of higher-fidelity methods, the increase in computational
resources allowed for the first time the use of Computational Fluid

Dynamics (CFD) to VAWTs. This has led to the definition of reference
guidelines for CFD applied to VAWTs (e.g., Refs. [60,61]), as well as
to unprecedented studies on three-dimensional flow structures [62].
While the accuracy of some CFD studies is still a topic of discussion
(due to the scarcity of experimental benchmarking, mostly referring
to small-scale models, as well as to the very high demanding calcu-
lation cost of three-dimensional models), the advent of
blade-resolved studies marked a cornerstone in VAWT development.
More broadly, studies on VAWTSs in this period have triggered further
investigation into airfoil unsteady aerodynamics after the relevant
experience made on helicopters.

2.3. Large-size offshore designs

After a period of absence from industrial research agendas, which

was, however, characterized by an impressive scientific production [8]
(whose main outcomes are better discussed in the following Section 3),
VAWTs emerged again in the last 10 years with a completely new
perspective, i.e., the idea of going towards very large rotors [63],
especially for offshore applications [64]. In particular, in Ref. [61] Prof.
Paraschivoiu and others claimed that large VAWTs might be able in
theory to recover the performance gap with respect to HAWTs,
providing on the other hand system architectures that are theoretically
cheaper and simpler. The industrialization of the technology is, how-
ever, not sufficient to verify these prospects yet.

Focusing particularly on offshore applications, if small rotors failed

in exploiting some of intrinsic advantages of VAWT architecture like
omni-directionality or better handling of turbulent flows, another
advantage, i.e., the possibility of lowering the center of gravity of the
turbine by putting the generator at the bottom of the tower, could
represent a game-changer in the new floating wind industry. Upscaling
conventional HAWTs in the floating configuration is indeed hindered by
the fact that most of the turbine weight is concentrated in the rotor-
nacelle assembly: increasing tower height and generator weight along
with the turbine’s rated power indeed increases inertial and
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gravitational loads, and thus the overall loads that must be compensated
with the floating foundation [65]. Moreover, an additional underlying
assumption is that the oscillating aerodynamic loads of VAWTs could
have a less constrained scaling compared to those affecting HAWT
blades [66]. Finally, operation and maintenance could be less critical
[67]. As a result, many have been the proposals done so far both at in-
dustrial and research level [8], including Troposkien, H-type, or Gorlov
turbines, e.g., Refs. [68-70]. Focusing on offshore applications, also
twin-VAWT concepts were proposed (Fig. 3) [71]. The vast majority of
such designs unfortunately remained at conceptual or pre-design level,
facing resistance from investors, often motivated by the fact that the
offshore supply chain for HAWT technology is already at a level of
maturity that discourages radical changes. Moreover, the unfavorable
economic situation, which started after the end of the restrictions con-
nected to the Covid19 pandemics in 2021 and drove up prices for
rare-earth materials, steel, and other key components of the offshore
industry, is currently somehow pushing toward consolidation of existing
technologies rather than to the introduction of new ones. A partial
exception to this at the time of writing is the Swedish company SeaTwirl
[72], which received a massive funding from the European Commission
to push forward the development of a H-type Darrieus turbine on a spar
floater (right hand side of Fig. 3). Section 4 will discuss, however, some
limitations in the design of large offshore VAWTSs that currently seem
underestimated by analysts and designers.

3. New discoveries and design paradigms

Research on small scale prototypes described in Section 2 had the
major merit of giving new impulse to research in VAWTSs. In particular,
the advent of CFD analyses allowed investigating phenomena not
explored so far or shedding new light into some of those who were hy-
pothesized in the first phase of big Troposkien turbines but not proven or
completely characterized. Innovations were indeed many, and some
review studies have been published already, especially on power
augmentation devices described in Section 3.3. Again, the present study
does not intend to repeat such reviews, but instead to critically analyze
which was the impact that these innovations had on VAWT technology
in terms of technical advancement, increase in technology readiness,
and economic viability. Such innovations are suggested as key enablers
for the attempt to design the new generation of offshore rotors described
in Section 2.3.

To enable a more effective discussion, three main areas of innovation
are proposed in the following.

3.1. Flow curvature effects

The functioning principle of Darrieus VAWTs implies that the airfoils

@
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rotate around an axis orthogonal to the flow direction, while immersed
into a linear main flow stream. This condition is sometimes referred to as
“cycloidal motion” and is known by aerodynamicists for long. The
macro-effect of such a combination of motions is the continuous varia-
tion of the angle of attack and the resulting dynamic effects that will be
discussed in Section 3.2. However, additional complex phenomena are
triggered, among which a series of “flow curvature effects” which
impact the aerodynamic performance of the airfoils. In particular,
whenever the chord length of the airfoil is large in comparison to the
revolution radius of its trajectory (i.e., the turbine radius), the airfoil
itself cannot be assimilated anymore to a point in the space to which
lumped quantities can be referred to, such as in conventional 1D aero-
dynamics. More specifically, the points along the airfoil surface are
characterized by a different peripheral speed (both in direction and in
modulus, since the local revolution radius is different), which in turn
makes the local velocity triangle different (see Fig. 4). As a result, the
pressure profile that is generated around the airfoil, and in turn the
aerodynamic forces that are produced, are different from those expected
for the same airfoil in the case it is exposed to a straight flow field having
the same relative speed and incidence referred to its aerodynamic cen-
ter. The first who theorized and mathematically demonstrated flow
curvature effects were Migliore et al. [73]. They proposed modeling
them as the superposition of a virtual camber [74] and a virtual incidence
[75]. To model the first effect, one should consider that an airfoil in
cycloidal motion behaves aerodynamically as if it is conformally trans-
formed into a virtually cambered one having the same thickness distri-
bution along the chord, but the camber line curved along the revolution
trajectory [76]. Moreover, this virtual airfoil is expected to work with an
average incidence different from the one calculated with conventional
velocity triangles (Fig. 4).

After the first theorization by Migliore, who only made theoretical
analyses based on panel methods, combined experimental and numeri-
cal studies by Bianchini et al. [74,75] have quantified more in detail
such effects and have shown the actual dependency on the tip-speed
ratio, the turbine chord-to-radius ratio (c/R), and the azimuthal posi-
tion. In particular, the use of CFD allowed analyzing also high angle of
attack that are not captured well by panel methods. These studies also
confirmed that, while flow curvature effects are theoretically present in
every cycloidal motion, they become relevant for the design only when
¢/R > 0.1. More interestingly, this new phase of the research led to three
important design guidelines:

o If one wants to simulate correctly Darrieus VAWTs using engineering
methods, such as the BEM or lifting line one, it is mandatory to use as
an input the polars of the virtual airfoil [59,77,78], including also a
virtual incidence that can be treated as a virtual pitch [75];

=

e

/‘f‘/m,
e

(b)

Fig. 3. (a) Concept design of the Nenuphar TwinFloat turbine (render openly available in the web); (b) Render of the SeaTwirl floating turbine concept [72].
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geometric airfoil

virtual
incidence

virtual airfoil

Fig. 4. Flow curvature effects. (a) Variation of the local angle of attack along the airfoil; (b) Virtually transformed airfoil subject to virtual incidence.

e Looking at the problem from a different perspective, if one wants to
reproduce with the physical model the target performance defined at
simulation level, the turbine should be made with physical airfoils
different from those used during the design, i.e., the virtually-
transformed ones mounted with the additional camber point out-
wards as shown in Fig. 4.

Overall, the suggested guideline for the design is to use symmetric
airfoils at the design level, which show overall the best performance
[79]. In practice, the turbine will be constructed with virtually
cambered ones. These airfoils will perform at rated speed (high TSR,
when flow curvature effects are prominent) as symmetric ones, while
they will work as cambered airfoils (which they physically are) at
low TSR, i.e., during start-up and acceleration phases, maximizing
the benefits of such airfoils as lower Reynolds numbers and larger
AoAs [31,80-82].

As a corollary of the above, it can be also observed that high-solidity
wind turbine design, which are known to help in the case of small rotors
and to provide lower revolution speed beneficial for centrifugal stresses,
are subject to massive flow curvature effects, whose impact must be
carefully assessed during the design phase. These studies on flow cur-
vature effects have impacted significantly the research on VAWTs with
high solidity and are now at the basis of all relevant studies involving
high-solidity rotors, e.g., Refs. [83-85].

Another important design aspect connected to the cycloidal motion,
and often neglected in the past, is the impact of airfoil pitching moment
[86] and its impact on performance in relationship to the blade-spoke
connection [87]. In particular, in Ref. [88] it was shown that, due to
variation of the aerodynamic center of the airfoils at the different inci-
dence angles experienced in VAWT motion, a mismatch is created be-
tween the aerodynamic center and the blade-spoke connection point,
which in turn generates a moment that directly contribute to torque
(Fig. 5).

In particular, it was demonstrated that at very low revolution speeds,
the contribution of such moment becomes significant due to the very
high angles of attack experienced by the blade. In case of a straight-

camber or an inward-concavity airfoil, the effect of the pitching
moment is to reduce the starting torque upwind, increasing on the other
side the downwind performance. This is of particular importance for
airfoils compensated for virtual camber (with respect to a symmetric
one), whose increased torque output and flatter torque profile could
improve their starting characteristics with respect to common literature
indications. Then, the influence of the pitching moment was studied in
combination with the selection of the blade-spoke connection point. In
particular, it was shown that, when the blade is attached far from its
aerodynamic center (e.g., at middle chord), the contribution of the
pitching moment to torque can become extremely relevant. By doing so,
however, alternate loads on the connection point also become larger,
making the structural design of the rotor more challenging. As a final
design guideline, it is suggested that the selected airfoil must be con-
nected at quarter chord, or as close as possible to its aerodynamic center,
in order to limit the stresses on the connection, and only then properly
pitched to achieve maximum efficiency.

3.2. Dynamic effects on airfoil performance

Due to their cycloidal motion, VAWT blades operate in a highly
unsteady environment characterized by large oscillations in both angle
of attack and relative inflow velocity. These unsteady effects influence
blade performance and loads not only in limited the post-stall region,
where dynamic stall dominates, but also under nominal operating con-
ditions at relatively high tip-speed ratios. In such conditions, rapid
inflow variations alter the temporal response of aerodynamic forces and
introduce additional loads associated with local flow acceleration
around the blade (impulsive loads) [89]. Unsteadiness is therefore
intrinsic to all VAWT configurations to a much larger extent with respect
to what previously hypothesized [58]. Fig. 6 revisits VAWT historical
evolution focusing on the relationship between rotor design and un-
steady operation. To the purpose, the definition of reduced frequency
proposed by Laneville and Villecoq [90] is adopted, as in Eq. (1):
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Fig. 5. Some examples of small VAWTs developed in the first 2000s.
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Fig. 6. Average reduced frequency as a function of the turbine design and tip-
speed ratio. Adapted from Ref. [91].

Clmax

S = 30R Ay m
where c is the chord length, Q the rotational speed, R the rotor radius,
and a the instantaneous angle of attack. This formulation conveniently
links unsteadiness to rotor geometry, specifically the chord-to-radius
ratio ¢/R, and its nominal tip-speed ratio (TSR). The quasi-steady
limit, below which unsteady effects are negligible, is established at
f =0.05.

According to this map, early large-scale demonstrators developed in
North America (see Section 2.1), designed for high-speed operation at
low angles of attack, with small chords (0.05< c¢/R < 0.1) and high
TSRs (4 < TSR < 6), still operated near the quasi-steady limit, thus
experiencing moderate unsteady effects. Theoretically, the same applies
to recent offshore concepts (see Section 2.3), although their more flex-
ible composite blades exhibit lower natural frequencies, often
approaching the rotor blade-passing frequency.

This amplifies vibration amplitudes and increases the effective
reduced frequency, introducing aeroelastic stability concerns that
remain an active research frontier [92].

Downscaling for urban applications (see Section 2.2) led to higher ¢/
R and lower TSRs, driven by the need to maintain higher Reynolds
numbers on smaller rotors. This shift moved the nominal operating point
to a region with high unsteadiness (0.1 < f < 0.2) and larger angles of
attack, where unsteady boundary layer evolution and separation
dominate blade aerodynamics and determines both performance and
load fluctuations. Depending on airfoil selection and operating param-
eters, dynamic stall might also occur. Recently, researchers have tried to
exploit, rather than mitigate, these unsteady effects. “Stall-driven”
VAWTSs employ large chords (up to ¢/R ~ 0.4) to intentionally promote
unsteady flow and take advantage of the transient lift enhancement
given by unsteady boundary layer growth and roll-up, without incurring
in the drag penalty given by vortex shedding and unsteady separation
[93]. Due to the limitations of current Unsteady Aerodynamic Models
(UAMs), most of these studies rely on experiments or high-fidelity
simulations.

Despite the intrinsic relationship between VAWT operation and un-
steady aerodynamics, the development of UAMs for turbine design and
verification has remained stagnant for decades. The main models,
developed in the ‘80s by Strickland [89] and Berg [94], only accounted
for the observed stall delay during boundary-layer growth and roll-up
via a lag in the effective angle of attack. At the time, the influence of
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other unsteady phenomena (attached flow dynamics, vortex convection
and detachment) on VAWT performance was not yet understood. Since
then, only limited progress has been achieved. Attempts to adapt the
Beddoes-Leishman dynamic stall model (e.g., Ref. [95]), still one of the
most comprehensive physics-based formulation, faced challenges in
calibration and adaptation to VAWT kinematics. This is also the reason
why many small-scale commercial prototypes (see Section 2.2) suffered
from accelerated fatigue and poor aerodynamic performance under
turbulent flow.

To enable the successful deployment of VAWTs in the future, it is
therefore essential to identify the key phenomena governing their un-
steady behaviour and include them into a robust UAM. Fig. 7 summa-
rizes recent research efforts in this direction [96,97], mapping the main
flow regimes to their dominant unsteady mechanisms and correspond-
ing turbine operating conditions. and the turbine operating points where
they have the most relevance. Following Le Fouest et al. [96], four flow
regimes can be distinguished:

e Attached flow: unsteady effects under attached flow conditions are
relevant for very small turbines, operating at high reduced fre-
quencies, and large offshore rotors, where aero-elastic coupling
might arise. Current understanding of wake lag and impulsive
loading remains limited, though both significantly affect load
phasing at moderate to high TSRs (see Fig. 7). Pirrung and Gaunaa
[98] made an early attempt to include these effects, but it never went
beyond theoretical considerations. Among quasi-steady effects, flow
curvature has received the most attention. Studies by Strickland [89]
and later Ferreira [99] pointed out that this is a quasi-steady effect
and can be thus handled in a UAM framework. Current formulations,
nonetheless, are still based on the virtual transformations or
simplified models described in Section 3.1;

Shear layer growth: unsteady boundary layer development and roll-up

virtually affect all VAWT designs, as flow separation is rarely absent.

The main open question concerns the boundary layer dynamics of

thick airfoils used on modern designs. Kim et al. [100] highlighted

that the progressive trailing edge stall characterizing these airfoils
does not follow the classical assumptions behind dynamic stall
modelling, which originated from observations on leading edge stall.

In this case, there is no significant difference between an airfoil in

pitching and VAWT motion, provided that the pitch rate in the stall

region is consistent [97];

e Dynamic stall: dynamic stall, i.e., the formation and shedding of a
leading-edge vortex (LEV) and sometimes a trailing edge vortex
(TEV), dominates blade aerodynamics at low TSRs and high angles of
attack, leading to severe load fluctuations after LEV detachment. In
VAWTs, LEV-blade interaction is more complex than in the pitching
airfoil case because of the mismatch between the circular blade
trajectory and the LEV path in the freestream (see Fig. 7). More in
detail, the phasing between LEV detachment and the start of the
blade pitch-down motion, strongly influences magnitude and fre-
quency of the following load fluctuations [97];

e Flow re-attachment: at the angle of attack ranges and reduced fre-
quencies typical of VAWT operation (see Fig. 6), deep stall and flow
re-attachment play a central role in determining cyclic load varia-
tions. A phenomenon which still requires extensive investigation is
the interaction between the passing blade and the LEV shed by a
preceding blade [97]. Implementing this interaction within
low-order UAM frameworks remains a major challenge, as it related
to the flow field at the rotor level.

The discussion above focuses on the upwind region for brevity, but
similar mechanisms occur also in the downwind one, where lower
inflow velocities, and thus higher reduced frequencies, amplify unsteady
effects.
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Fig. 7. Main dynamic effects on VAWTSs requiring investigation. Load curves are adapted from Ref. [52].

3.3. Variable pitch and performance augmentation devices

Research on Power Augmentation Devices (PADs), i.e., passive or
active devices to enhance turbine performance, emerged alongside the
rush towards small VAWTs for urban applications in the 2000s [101,
102]. These devices were and, to some extent still are, considered
promising solutions VAWTSs core problems: poor self-starting capability,
low-efficiency, and load fluctuations (see Section 2.2). Their deploy-
ment, however, has faced obstacles similar to those that hindered small
VAWTs themselves.

Passive devices, e.g., Gurney Flaps [103-106], Vortex Generators
[107-109], or even a combination of the two [110] gained attention due
to their simplicity, ease of implementation, and potential for retrofitting
existing machines. Numerical studies reported efficiency increase of
20%-50% and torque fluctuations reductions up to 20% [111,112]. Yet,
these benefits were typically confined to the design point. Off-design,
passive devices often fail to cope with the complex aerodynamics of
VAWTs, leading to significant performance degradation.

Moreover, as shown in Fig. 8 for the Gurney Flap case, the aero-
dynamic coupling between the upwind and downwind halves of the rotor
further limits their effectiveness: unloading the blades upwind tends to
increase loading downwind, and vice versa, making it difficult to

Gurney F;'Iap (GF)

normalized tangential force [-]

0.5

0.4

0.3
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achieve a net gain in overall performance. This is a key concept in
VAWTS, too often overlooked or not completely captured by theoretical
studies and needs special consideration whenever the performance of an
airfoil for a specific range of angles of attack is changed (either with
passive or active devices). Moreover, combined with their limited
technological maturity (most remain at Technology Readiness Levels
(TRL) 3-5 [111]) and uncertainty regarding their effectiveness under
highly turbulent conditions, these factors have so far prevented spread
commercial adoption of PADs.

Active devices, in particular active pitch [114-118] and intracycle
rotational speed control [119], face the opposite issue. In principle, they
can improve performance across the entire operating envelope, but their
feasibility is limited by the complexity of the actuation and control
systems [111]. On top of that, they struggle with rapid directional
changes typical of real wind environments, undermining one of the key
advantages of VAWTs: omni-directionality. For large, offshore machines
(see Section 2.3), implementation of active PADs, especially variable
pitch, is complicated by the large high structural loads and large lever
arms involved.

A notable exception is found in hydrokinetic turbines. Operating in
controlled water channels or similar environments, they experience
relatively steady inflows with constant direction and low turbulence.

GF increases blade load |

0 90 180 270
blade azimuthal position 6 [°]

360

Fig. 8. Example of Gurney Flaps application to a small VAWT and effect on the load profile. Adapted from Ref. [113].
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This removes the main barrier to PAD deployment, allowing for device
optimization around one or two operating conditions. Numerical and
experimental studies have demonstrated that Gurney flaps [113], vortex
generators [120], variable pitch [121], and intracycle speed control
[119] can significantly enhance the performance and mechanical sta-
bility of prototype and commercial hydrokinetic turbines, thus showing
the potential of PADs for this application.

3.4. Power augmentation in closely-spaced rotors

On top of individual turbine design studies, a number of theoretical
[122,123] and experimental [124,125] studies have recently demon-
strated that the aero/hydrodynamic efficiency of Darrieus turbines can
be improved if two or more rotors are deployed in close proximity. Such
multi-rotor configurations can provide a higher power generation
compared to a standalone turbine. In particular, the recent study from
Mohamed et al. [122] identified the different mechanisms taking place
when two counter-rotating Darrieus rotors are deployed in a
closely-spaced inline configuration (Fig. 9). This layout indeed creates a
blockage region in the area between the rotors, straightening the local
inflow and suppressing streamtube expansion. In turn, this allows more
momentum flux to enter the rotor domain. The change in the inflow
direction creates a favorable increase in the angle of attack in the region
of interaction, enhancing lift and thus torque generation. The azimuthal
sector where this happens depends on the specific rotor arrangement
[126].

While this effect is extremely attractive for all applications having a
constant inflow direction, e.g., hydrokinetic VAWTs in rivers or chan-
nels, its application to VAWT-based farms is more critical. In fact, the
power augmentation effect is strongly dependent on the alignment of the
array with the wind. When the inflow deviates beyond a critical
misalignment angle, which depends on rotor spacing (approximately
60° for typical layouts), the two rotors start operating in each other
wake, lowering efficiency way below that of an isolated rotor [127].
However, recent analyses suggest that, under favorable alignment con-
ditions, the potential performance gains in array configurations could be
massive [128].

On the other hand, the concept of pairs of Darrieus rotors may find
interesting application in the design of single units for floating appli-
cations, as proposed by the former French company Nenuphar in 2006
(Fig. 3) [71]. In these conditions, innovative mooring systems could be
studies so as to self-orientate the entire floating unit towards the wind
and thus constantly exploit the power augmentation effect. However, no
such concept is currently in a phase of industrial development.

4. New prospects: the game changer for offshore applications?

Upon examination of Sections 2 and 3, a critical observer not
involved in VAWT research directly would likely draw two main con-
clusions: 1) the levels of efficiency and industrialization reached by
HAWTs likely do not leave room for another technology to compete; 2)

isolated rotor streamline

normalized tangential force [-]
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VAWTs may have potential in some niche applications due to ancillary
benefits like lower noise or more pleasant aesthetic apparel, especially
when integrated with existing structures. However, recent theoretical
investigations and experimental evidence at laboratory scale suggested
that — if proven true — VAWTSs could represent an interesting alternative
to HAWTSs in offshore installations. Such evidence came as the culmi-
nation of both the improved understanding of inner physics past blades
in cycloidal motion and the enhanced simulation capabilities presented
in previous sections; indeed, it is only once a more detailed aerodynamic
modeling (especially for flow curvature effects and dynamic aero-
dynamic properties) and reliable CFD methods (to explicitly model
turbulence and complex, three-dimensional flows) become available
that VAWTSs have been looked from a different perspective, i.e., not only
as competitors with HAWTs at individual turbine level, but rather as an
interesting solution for more efficient wind farm clustering. This new
research scenario will be described in this Section 4.

4.1. HAWTs’ benefits and drawbacks in offshore conditions

While HAWTs are and will remain irreplaceable in onshore appli-
cations, thanks to better energy conversion and cost-effectiveness,
doubts have been raised recently on the possible negative impacts
(ranging from higher LCOE, to excessive use of marine space, impact on
sea life, visual impact, and other detrimental effects on human activities)
of massive HAWT-based offshore deployment into multi-GW offshore
wind farms [129]. These impacts are intrinsic to HAWT architecture.
Indeed, it is known that, for a single wind turbine, energy is harvested
directly from the oncoming wind at hub height. However, within
extensive wind farms or clusters, the energy available in the horizontal
airflow is rapidly exhausted by the front rows of turbines, necessitating
the vertical entrainment of wind from above the farm to maintain energy
production. As shown in Fig. 10(a), in HAWTs such exchange of mo-
mentum between the wind flow and the turbine occurs primarily in the
direction of the wind, and it is achieved only by using turbulent mixing
at the wake boundaries as the mechanism to draw the fresh air required
for wake dissipation from the upper layers of the Atmospheric Boundary
Layer (ABL) [130]. As a result, it is necessary to increase the spacing
between turbines to allow for a sufficient recovery of the wake, limiting
in turn the achievable power density of current installations to 5-7
MW/km? [129]. To address power losses caused by wake interference in
HAWTS, various solutions are being explored, shifting the perspective
from individual turbines to the wind farm as a whole [131-133]. One of
the most used and effective approaches is “wake steering”, which in-
volves operating rotors at high yaw angles (greater than 20°) to redirect
their wakes away from downstream turbines [131]. This strategy
effectively increases the energy density of the wind farm, also by acti-
vating, although at small scale, the generation of counter-rotating vor-
texes able to draw fresh air from outside the wake [134,135]. Moreover,
this control technology has been efficiently complemented with
farm-level management, actually improving the overall energy conver-
sion of modern farms. On the other hand, its potential is limited by
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Fig. 9. Power augmentation mechanism in closely-spaced VAWTs. Adapted from Ref. [122].
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Fig. 10. Underlying physics of wake recovery in HAWTSs (left) or VAWTSs (right). In HAWTSs wake dissipation is achieved only by using turbulent mixing at the wake
boundaries. VAWTSs are instead able to provide forces also in a plane perpendicular to the wind direction, thus can in theory create vertical flow structures that could
bring “fresh” air from the upper levels of the ABL down to wind farm level, thus promoting mixing and wake dissipation.

efficiency losses and increased loads experienced by individual HAWTSs
when operated in yaw [136]. Other proposals have been made about
tilting the turbines to advect the wake vertically [137,138], but they are
even more critical in terms of increased loads. In addition, modern
horizontal-axis rotors are generally very large and mounted on tall
towers, thus exploiting higher and more energized section of the wind
shear profile and generating complex interaction with the atmospheric
boundary layer. Overall, it should be noted that discussed limitations are
architectural for HAWTSs and not technological failures, with these ma-
chines often nearly reaching the aerodynamic efficiency limits. Despite
all challenges, however, wake losses are seen today as the main obstacle
tothe economic competitiveness of future offshore wind farms
[139-141]. As suitable offshore locations for wind farms become scarce,
there is a growing push towards higher power densities, potentially
exceeding 10 MW/km?2. This trend risks reducing wind farm efficiencies
to below 60% relative to isolated wind turbines as per [142,143]. The
expected large-scale expansion of offshore wind energy, if reliant on
current HAWT-based farms, could lead to intensive marine space usage
with possible adverse environmental and societal impacts.

4.2. Vertical flow advection in VAWTs for increased energy density: the
concept

From a large-scale aerodynamic perspective, the only way to reduce
wake losses, i.e., to have a more energized flow within dense farms, is to
achieve a higher vertical entrainment of energy and momentum from
the upper layers of the ABL into the farm [144], which has been recently
called “regenerative wind farming” [10]. This cannot be accomplished
solely through turbulent mixing at the wake boundaries, as in HAWTs,
but would require actively promoting the exchange of momentum by
generating rotor forces perpendicular to the wind stream without
compromising the axial thrust. Recent studies have tried therefore to
determine if a different turbine architecture, namely the VAWT concept,
can enable such a mechanism.

What is proven to date? - Recent studies [10,11,145,146], in fact,
have proven that the only architecture able to intrinsically promote this
force system is the vertical-axis turbine [147], while the concept of
“regenerative wind farming” can be addressed also with additional
appendices like proposed for example by Refs. [148,149]. As qualita-
tively shown in Fig. 10(b), VAWT rotors indeed act as a 3D actuator
cylinder that simultaneously generates thrust aligned and perpendicular
to the wind, extracts energy, and creates a pressure field and a trailing
vorticity system that advect the wake vertically within the wind farm.
Several mechanisms intrinsic to VAWT aerodynamics can be exploited
to achieve this enhanced mixing.

A first mechanism consists in the generation of a crosswise/radial
force, which triggers the formation of a counter-rotating vortex pair
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(CRVP) in the turbine near-wake (x/D < 5). This force naturally arises
from the blade-flow interaction in the plane perpendicular to the axis of
rotation and can be magnified by applying a positive collective pitch to
the rotor blades. The presence of CRVPs, experimentally demonstrated
for the first time at TU Delft [11], induces vertical momentum entrain-
ment from the undisturbed flow above the rotor as well as deflection of
the wake in the lateral direction, due to the combined effect of the rotor
crosswise force and CRVP roll-up. A theoretical interpretation of the
process is illustrated by Fig. 11. A following experimental study [145]
quantified the advantage in wake recovery given by the CRVP structure,
reporting a +55% increase in the momentum available to a second
turbine placed 5D downstream of the first one. The same work also
revealed that the CRVPs generated by the two closely aligned turbines
merge downstream, creating a stronger turbulent mixing region that
further accelerates wake recovery and re-energizes the flow further
downstream.

Evidence described above has been corroborated by laboratory-scale
experiments and this actually represented a big step forward with
respect to mere theoretical speculations. On the other hand, it should be
acknowledged that the reduced scale of the models and the necessarily

Experiments

wU,_ 0 0.1020304050.60.70.809 1 1.1

Theoretical
interpretation

Avg. radial force around LN
the Actuator Cylinder )
Counter-rotating vortex pair

Fig. 11. Experimental demonstration of vertical flow advection in VAWTSs
wake [11] (top) and its theoretical interpretation (bottom).
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simplified inflows reproduced in the tunnel require additional work
before the magnitude of these effects can be claimed also for VAWT
turbines in real-life working conditions.

A second mechanism, proposed by Mendoza and Goude [146]
through numerical simulation, involves pitching the struts connecting
the rotor blades to the tower to generate a vertical force and deflect the
wake in the vertical direction. Their simulations showed authors that
full wake recovery could be achieved within 5D downstream of the
turbine, although this concept has not yet been extended to the wind
farm scale. Similar results have been also presented by Ribeiro et al.
[150]. Similar principles are also at the basis of different turbine ar-
chitectures, like for example the X-Rotor [151-153].

Farm scale effects have instead been investigated for the CRVP-based
mechanism. Measurements on a 3 x 3 layout (small scale turbines) by
Bensason et al. [10] confirmed the existence of CRVPs and their super-
position across multiple turbines, consistent with the single rotor ob-
servations. The progressive accumulation of these vortices throughout
the array generates persistent, large-scale entrainment cells that
continuously draw high-momentum air from the atmospheric layers
above the turbine canopy. Collectively, the turbine array thus acts as a
momentum mixing region rather than a momentum sink, achieving
wake recovery rates in the central region of the farm up to six times
larger than the baseline case.

The concept of regenerative wind farming is so interesting that — at
the time of writing of this study - is being further expanded by incor-
porating the concept of “multi-rotor” systems, in which static wings are
also introduced to maximize the vertical exchange of momentum
[154-156].

What still requires demonstration? — The latest results about the
theoretical ability of the VAWT architecture to advect fresh air from the
upper levels of the atmospheric boundary layer down to the wind far
level are undeniably interesting. However, it should be remembered that
to date significant uncertainties are still present: a) the impact of real-
istic inflows: inflows for wind tunnel small-scale turbines cannot
reproduce the complexity of a real atmospheric flows; b) turbulence:
atmospheric turbulence has scales and spectra that cannot be repro-
duced exactly in the tunnel; c) scales: to date, as proven in Section 2,
only few VAWT demonstrators of relevant size have been produced.
Actual performance at scale has then to be proven yet, alongside with
the magnitude that flow advection can have in reality. On the other
hand, in the ideal case in which such magnitude was in real life similar to
the one argued from preliminary analyses, the new technology (VAWTs
for vertical flow advection + improved wind farm layouts) could be
entitled of achieving power densities up to 15 MW/km?, compared to
the 3.6-6.0 MW/km? typical of HAWT-based farms. This would corre-
spond to potential capacity factors around 56%, comparable with cur-
rent HAWT installations, but with far more efficient use of marine space.
Alternatively, given the same power density, the capacity factor of
HAWT-based farms would go down to 45-47% due to wake losses.

4.3. Challenges in designing large VAWTs for offshore applications

Although the prospects highlighted in Sect. 4.1 suggest that the
Darrieus architecture could in theory represent a potentially disruptive
technology, it is true that not only such a scenario has to be proven at
utility scale and with realistic inflows, but also that designing large
offshore VAWT rotors could be a task much more complicated than
preliminary theoretical studies hypothesized.

The first limitation regards maximum physical dimensions. In fact,
while some literature has identified a limit around 30 MW for the rated
power of offshore VAWTSs [66], some practical design calculations sug-
gest that such limit is quite unrealistic. Indeed, if one assumes a realistic
power coefficient of 0.45 (quite high for VAWTs, but at hand for a
H-VAWT based on the innovations discussed in Sect. 3) and a rated wind
speed of 10 m/s (comparable to state-of-the-art offshore HAWTSs for
windy installations), this would led to a swept area of about 109,000 mz;
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assuming again a turbine height-over-diameter ratio of 2 and the H-type
configuration (for the sake of simplicity, but also to be compliant with
the hypothesized power coefficient), turbine’s blades would span for
more than 460 m, i.e., a value that is out of any reasonable range at the
moment in terms of blade manufacturability, transportation, and
installation. Repeating again this very simple pre-design exercise, fixing
now the blade tip height to 300 m, i.e., a value in line with current
cutting-edge offshore HAWT designs (especially in terms of installation
constraints), one will find that a rated power of approximately 10 MW is
currently a reasonable maximum figure for offshore VAWTs.

Even if these dimensions are met, they will impose additional design
constraints in terms of relative inflow that are unprecedented for VAWT
technology. The first element of discussion is turbine architecture. Some
studies pointed out that the Troposkien shape is the most favorable one
for upscaling VAWTSs [69]. While this is perfectly understandable from a
load perspective, since the Troposkien blades allow for the best load
distribution spanwise [157,158] and the resistant torque of the struts is
minimized, the efficiency of such concept would likely be lower than the
reference power coefficient value of 0.45 that was hypothesized before,
leading to even worse specific power values. This is due to the fact that
the revolution radius is not constant, and thus the operating conditions
of large portions of the blade. Moving to the H-type configuration brings
notable increases in efficiency [70], at the cost of increased loads,
especially gravitational ones on the struts, which becomes not only long
(as long as the revolution radius), but also thick enough to ensure a good
resistance area; this in turn increases the parasitic drag, penalizing ef-
ficiency [51].

Assuming now that an H-type configuration is in fact selected, a
problem that has been strongly underestimated to date is the impact of
wind shear on VAWTs. As apparent from Fig. 12, when VAWT di-
mensions reach the multi-MW scales discussed before, the wind shear
profile, although favorable in offshore conditions, creates a non-
negligible variation in the actual tip-speed ratio at different span
heights, and in turn different ranges of the angle of attack and resulting
efficiency.

It should be remembered in fact that, while the effect of wind shear
can potentially be compensated in HAWTSs with variable pitch actuation
along the revolution [159], in VAWTs the only way to correct the effects
of wind shear would be to act with blade design. This concept was one of
the those at the basis of recent innovative rotor designs such as the
X-Rotor [160], but has not been quantified so far in more conventional
designs. In particular, assuming that a Darrieus turbine is optimized for
the TSR at midspan, the upper half of the rotor would work with an
equivalent tip-speed ratio that reduced progressively toward the tip (see
Fig. 11). However, the variation is likely to be small, as large rotors will
exploit a portion of the wind profile in which vertical gradients are
moderate. On the other hand, in the lower part of the revolution, the
tip-speed ratio will progressively increase, leading potentially to per-
formance reduction in virtue of a narrowing of the optimal range of
angles of attack. In the future, optimized designs could be developed to
account for these effects, either with blades with curved blades or with
local blade twisting. In both cases, however, the manufacturing of the
blade would be more complex and costly, hampering one of the main
benefits of the H-Darrieus configuration.

These are only high-level design problems, but they already give a
hint of how far the current VAWT industry is in comparison to the level
of maturity of the HAWT one. Additional aspects would include opti-
mized control [161,162], moorings (if floating) [67], and — most
importantly — the maximization of vertical flow advection introduced in
Section 4.1. Moreover, experimental data about the actual reliability
and failure rates of large VAWTs are extremely scarce, since very few
test models (especially in the H-type configurations) have been pro-
duced and tested for a significant time. Only few simulations have been
provided to date (e.g., Ref. [163]). Notwithstanding this, the opportu-
nities presented earlier in this study still clearly point out at least big
room for research to prove if VAWTSs could represent an alternative with
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Fig. 12. Effect of wind shear on the local angle of attack along the blade span in a large size VAWT.

respect to HAWTSs in offshore conditions.

4.4. HAWTs vs. VAWTS: in offshore applications: a critical comparison

Despite the theoretical possibility outlined in Section 4.2 of poten-
tially having faster wake recovery and then allow for high energy den-
sity wind farm layouts, it is undisputed that VAWTs still lag behind their
horizontal-axis counterparts in terms of technological development and
readiness for industrial-scale deployment [67,164]. As discussed, while
part of this gap can be attributed to the limited interest from both in-
dustry and academia over recent decades, technological challenges are

inherently associated with the VAWT architecture, which become even
more pronounced in offshore applications [4]. In such an environment,
where potential benefits could be maxima, the relatively low Technol-
ogy Readiness Level of VAWT technology represents a major barrier to
investment, as offshore wind projects already involve high capital ex-
penditures and financial risk [164].

To provide the reader with a broader overview of the aspects dis-
cussed so far, Table 1 presents a concise comparison between VAWTSs
and HAWTs in offshore conditions. It is evident from the comparison
how one of the primary obstacles preventing VAWTs from competing
with HAWTs is the absence of a mature industrial ecosystem comparable

Table 1
VAWTSs potential advantages and open challenges for offshore applications in comparison with HAWTs.
KPI VAWT HAWT
potential advantage open challenge current advantage open challenge
Scalability - cost-effective blade scaling due to - current prototypes limited to 10 - scalability to 15-22 MW [166] - further scaling constrained by

Wake recovery

Fatigue life

Farm-scale
operation

Farm-scale power

reduced gravitational loading [66]

- faster wake recovery (~5D spacing)
[145,168]

- fatigue benefits due to reduced
loading from yaw and platform
motion” [164]

- easier maintenance and lower
downtime due to simplified
drivetrain and absence of yaw
system [164]

- higher farm power density (up to

MW

- limited industrial experience
with large-scale designs [164]

- need for massive support
structures when dimensions
increase

- limited validation data

- lack of mature wake interaction
models [169]

— 2x cycle loading”
- fatigue-critical components (e.
g., struts) [172]

- lack of operational VAWT wind

farms limits operational data and
maintenance experience

- farm-level performance to be

density ~15 MW km’2) [10] demonstrated at commercial
- reduced marine footprint scale
- lack of established layout
optimization tools [169]
Certification - simplified drivetrain and lack of - absence of dedicated standards
yaw system may streamline and DLCs®
certification pathways - uncertain load prediction due to
complex aerodynamics [167]
Bankability - LCOE reductions through rotor - limited operational and
scaling and increased farm density performance data increase
- reduced platform mass and cost” investment risk
[175]
Technology - rapid development due to simpler - current TRL ~ 4-5, limited to
Readiness Level prototyping and modular concepts isolated demonstrators [67,164]
(TRL) - no supply chain

- mature supply chain

- extensive reference datasets [170]
- validated tools for wake interaction
prediction [171]

- lower cyclic loading in normal
operation

- mature aeroelastic modelling tools
[166]

- established monitoring, maintenance
procedures, and operational expertise

- farm power density well characterized
for conventional layouts

- comprehensive certification standards
and DLC frameworks widely accepted
by industry and financial institutions

- long operational track record and well-

established financing framework

- TRL 9 for fixed-bottom turbines
- TRL 7-8 for floating applications

gravitational loads and
installation constraints

- larger turbine spacing
(7-10D) due to slow wake
recovery [129]

- mitigation strategies provide
limited improvements [136]

- fatigue prediction for frontier
applications” remains
uncertain

- offshore drivetrain and
nacelle maintenance remain
costly

- farm costs scale with inter-
array cabling [173]

- lower power density (3-6 MW
km~2) [129]

- large spatial footprint,
especially for floating [174]

- certification procedures may
require adaptation for
emerging applications”

- financing costs increase for
higher-risk or first-of-a-kind
projects”

? Floating applications.

b H-rotor.

¢ Design Load Cases.
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to that which has developed around HAWTs after decades of techno-
logical development and operational experience [165]. This long
development history has also enabled the creation of the advanced
aeroelastic tools currently used for HAWT design and certification
[166]. In contrast, the complex aerodynamics of VAWTs (see Section
3.2) make the prediction of unsteady loads and the rigorous definition of
certification Design Load Cases (DLCs) a particularly challenging task
[167].

5. Conclusions and future perspectives

The history of wind turbines has been to a large extent a history of
success. From the forefather Vestas V10 up to the 20 MW and larger
rotors under study today, horizontal axis wind turbines have been
providing an increased amount of clean and affordable energy. HAWTs
have proven to be efficient, reliable, and environmentally friendly in the
installations made to date. On the other hand, the history of VAWTs has
known alternate fortune, oscillating between some first attempts of
industrialization and sound claims from academia. Upon examination of
the critical review provided in this paper, it is apparent that, despite the
significant amount of research done over the last twenty years that has
reduced the efficiency gap with respect to HAWTs to less than 10%,
VAWTs cannot compete with HAWTSs in onshore installations or when-
ever the turbines can operate in a sufficiently free flow, since HAWTSs
represent a technologically mature, reliable, and simply more efficient
technology; under these preconditions, industry has not have interest in
try filling the gap in terms of industrialization of VAWT technology.
Borrowing an image presented by Prof. Ferreira during the WESC Con-
ference 2023, HAWTs are the “Formula 1 cars” of renewables and have
no rivals when racing on track, i.e., with good wind resource, low tur-
bulence, and no obstacles. However, when we need to go off track, rally
cars are much better suited. Theoretically speaking, this could be the
case of new offshore installations, in which the needs of reducing use of
marine space, cost of cables and infrastructures, and the request for
massive installed power are pushing towards farms so dense that HAWTs
are unable to exploit their potential completely. Under this perspective,
the unique possibility provided by VAWT architecture to create forces
perpendicular to the wind direction without penalizing thrust (apparent
from a theoretical point of view, and recently proven at laboratory scale)
could be exploited to entrain momentum and energy from the higher
levels of the ABL down to the farm level, so to achieve faster wake
dissipation and then more energy-dense wind farms. To achieve this,
however, significant effort is needed first from scientists to demonstrate
if this technology is actually able to provide such a positive interaction
with the atmosphere in real-life cases (actual scales, realistic inflow,
turbulence, etc.); to this end, financed projects at low technology
readiness level could represent a key catalyst of research in a phase
where many unknowns still exist, especially providing support for the
realization of demonstration prototypes at larger scales, which could
provide the experimental benchmark that is mandatory to validate
theoretical speculations and simulation models. If proven feasible, in-
dustry could then need to leave the diffused aversion to VAWTs and
invest money to re-adapt the existing supply chain to promote VAWTs in
offshore applications. Only in this scenario, vertical-axis wind turbines
could turn from a “scientific mirage” to a significant contributor to
future wind energy conversion.
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