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Technical challenges and trends in upscaling wind turbines
A review

Philipp Volkmer ∗

FH Münster, Stegerwaldstraße 39, 48565 Steinfurt

Abstract

The upscaling of wind turbines has been increasing in
recent years and will continue to play a significant role
in the future, as it allows for the reduction of electric-
ity generation costs. Various challenges arise when it
comes to upscaling. This article summarizes the tech-
nical challenges associated with upscaling wind tur-
bines and presenting their problem-solving approaches
and research trends based on other reviews. It was
found that the most frequently cited challenges are
related to individual components, such as rotor blades,
drive train, generator, tower, and noise impact.

For rotor blades, the challenges are increased flex-
ibility, more aeroelastic vibrations, increased wear,
interferences with radar and transportation difficul-
ties. Proposed solutions include the use of carbon-fiber
blades, prebending, novel paints, and for transporta-
tion, segmented rotor blades and on-site manufac-
turing. In the gearbox, torque increases, leading to
higher weight and susceptibility to errors. As a result,
the trend is moving towards gearless systems with
permanent magnet synchronous generators. Trans-
portation is the major issue with towers, which can
be resolved with on-site manufacturing. In terms of
noise emission, reducing aerodynamic noise plays the
most significant role.

Keywords: upscaling wind turbines, large wind turbines,
trends and challenges wind turbines, wind turbine enlarge-
ment

1 Introduction

The goal of European climate and energy policy by
2030 is an increased proportion of renewable energy to
45%. To achieve this goal, among others the expansion
of wind power in Europe is continuously progressing.
In addition to more wind parks, the capacity of indi-
vidual turbines is increasing which can be achieved
by upscaling the turbines. It is still an ongoing trend
for both onshore and offshore wind turbines because
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a higher-power wind turbine system leads to a lower
levelized cost of energy (LCOE) [1]. Current devel-
opments range from 6 to 8 MW for onshore wind
turbines [2]. Offshore wind turbines aim for capacities
of 10 to 15 MW [2]. The largest onshore turbines
reach heights of 200 m with a rotor diameter of 150
m, while the largest offshore turbines reach heights of
250 m with a diameter of 200 m [3]. The enlargement
of wind turbines presents a range of challenges. This
paper summarizes the challenges, problem-solving ap-
proaches and trends associated with the upscaling of
wind turbines.

Fig. 1: Size evolution of wind turbines [Source: Au-
thor]

2 Methods

This paper is written as a systematic review, as the
challenges associated with upscaling are multifaceted
and manifest in multiple domains. The research for
the cited articles was conducted using Google Scholar
with the assistance of ChatGPT. Specifically, Chat-
GPT generated search terms that were then put into
Google Scholar. Literature maps were created using
Researchrabbit, but they proved unhelpful, as they
included articles unrelated to the topic and many
sources were outdated. Initially, more general articles
on wind power were read to identify articles related to
upscaling and extract relevant articles. Subsequently,
information on the challenges, solving approaches and
trends associated with upscaling gathered from the
relevant articles were compiled.
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3 Challenges and Trends

3.1 Rotor blades

When enlarging the rotor, a challenge arises in that the
flexibility of the rotor blades increases. This results in
a reduction in the distance between rotor blades and
the tower under heavy loads. Methods to increase this
distance include pre-bending the blades, which leads
to difficulties in manufacturing and transportation as
the blade size increases. Another option is the use
of carbon fiber instead of commonly used glass fiber,
which has a higher specific stiffness, but carbon fiber
is more expensive than glass fiber [3].

Additionally, there is an increased occurrence of har-
monic and aeroelastic vibrations with blade enlarge-
ment. One approach to address this is improved
damping, which can be passive (structural and aero-
dynamic) or active through the turbine controller [3].

Another problem is the wear (fouling) caused by insect
impacts and icing. Increasing erosion due to abrasive
particles is also a concern. These problems increase
especially in regions with higher wind speeds, and lead
to poorer aerodynamic performance. Novel paints
with nano-composites can provide a solution [4].

Moreover there are concerns regarding the interference
with radar. For this, the employment of anti-reflection
or stealth rotor blades has been explored, but requires
further research [4, 5].

Fig. 2: Segmented rotor blade of an Enercon E115
with mechanical joints [6]

A further challenge related to enlarged rotor blades
is their transportation. Transportation can occur by
road, rail, water, or air. On the road, there are limits
regarding width, height, and weight. On rail, trains
must travel at slower speeds. Shipping requires the
use of expensive fixtures to prevent twisting of the
ship. In the air, helicopters are considered risky, so
research is being conducted on blimp-like air lifting
devices [7]. There are suggestions to improve trans-
portation methods, such as rotatable rotor blades on

truck to pass bridges [8], or floating sealed rotor blades
via waterways [9]. The production in small on-site
factories with prepared material kits from the main
factory is also suggested [10].

Furthermore, there is the possibility of segmented
rotor blades. This leads to smaller lengths, heights,
widths, and weights and therefore easier transporta-
tion. To attach the segmented blades, there are op-
tions for adhesive joints or mechanical joints [7]. Fig.
2 shows a segmented blade with a mechanical joint.

3.2 Gearbox

The drive trains can be distinguished into systems
with and without gearboxes. With the increase in
rotor diameter and consequently its weight, higher
torques occur in the drive train. This increases the
susceptibility to errors in the bearings and, if present,
in the gearbox, thereby raising the requirements. The
most powerful gearboxes for wind turbines can support
up to 15 MW, with torque densities of 200 Nm/kg
and gear ratios of up to 200 [2].

The trend for larger wind turbines is increasingly mov-
ing towards systems without gearboxes due to size,
efficiency and availability [11]. There are several ad-
vantages of direct-drive systems. While the error rate
is highest in blades/pitch, electric, and control sys-
tems, errors in the gearbox, bearings, and hydraulic
system have the most significant impact on downtime,
especially in hard-to-reach offshore environments [4,
11]. The global efficiency increases due to reduced fric-
tion losses. Furthermore less oil needs to be changed.
The reduction in moving parts enhances reliability,
thereby reducing maintenance costs. Additionally,
the elimination of the gearbox leads to a decrease in
noise emissions and vibrations [11]. Advantages of
indirect-drive systems are reliability, simplicity and
low cost, but the advantages of direct-drive systems
outweigh the disadvantages for large systems [11].

Fig. 3: Direct-drive turbine [6]
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3.3 Generator

For larger wind turbines without gearboxes (low-
speed direct-drive systems), electrically excited syn-
chronous generators (EESG) and permanent magnet
synchronous generators (PMSG) have gained popular-
ity among manufacturers [11]. The trend is moving
towards PMSG because EESG involves higher mainte-
nance requirements for brushes and more heat losses
due to current in the excitation windings, leading to
increased complexity in the cooling system. In con-
trast, PMSG eliminates the excitation current and
the need for brush maintenance. The electrical prop-
erties, such as copper losses, are improved, and the
overall weight is reduced. In PMSG, the energy yield
and efficiency increase overall [11]. A disadvantage
of PMSG is that they require expensive rare-earth
elements like neodymium, praseodymium, and dyspro-
sium. To reduce the demand for rare-earth elements,
new technologies are under development, including
high-temperature superconducting generators, which
could become commercially viable in the next decade
[3]. These promise higher efficiency and lower weight
compared to conventional generators [11]. The power
converters in systems exceeding 10 MW are duplicated
to prevent excessive current loading per converter [2].

3.4 Tower

The most commonly used types of towers are steel
towers and hybrid towers made of both steel and con-
crete. With increasing tower height, either the tower
base must become wider or the wall thickness must
be increased while keeping the diameter constant due
to the statics. It is cost-effective to keep the wall
thickness constant to minimize material costs. How-
ever, since prefabricated tower segments made of steel
or concrete are limited in diameter for transporta-
tion reasons, reinforcing the wall thickness remains
the option for prefabricated tower segments [12, 13].
In addition to prefabricated steel or concrete tower
segments, there is the opportunity of large diameter
steel towers, which are additionally segmented length-
ways to reduce diameter during transportation with
an on-site assembly after transportation [12].

On-site manufacturing to avoid transportation is an-
other option. For this purpose, the tower must be at
least partially made of concrete to be cast on-site [4].
There is also a proposal to cast the entire tower on-site
(Full-Concrete Field-Cast Towers). Advantages of this
technology include a reduction in primary material
costs and independence from steel prices. A disad-
vantage is the higher labor costs on-site. Another
mentioned alternative is lattice towers, which facili-
tate transportation, but the labor costs are also high
due to the relatively challenging construction process
[13].

Fig. 4: Lengthways segmented tower segment (front
view) [Source: Author]

3.5 Noise emissions

Noise emissions from wind turbines require an in-
creased distance from settlements and/or residential
houses. With larger turbines, the noise emissions
are amplified. The noise emitted by a wind turbine
can be categorized into mechanical and aerodynamic
noise. Mechanical noise is generated by moving com-
ponents such as the gearbox, electrical generator, and
bearings. Mechanical noise can be reduced through
design measures and acoustic insulation. Aerody-
namic noise results from the airflow over and around
the turbine blades. It increases with the blade tip
speed. This is why the aerodynamical noises are dom-
inant in larger systems, while the mechanical noises
dominate in smaller ones [4, 11]. Individuals may
experience headaches and other health issues due to
aerodynamical noises [14]. They can be mitigated
through blade design improvements such as trailing
edge serrations [15, 16]. Additionally, reduction is
possible through lower angles of attack, higher stall
angles, and automatic blade pitching [4]. It is also
feasible to place obstacles in the propagation path to
alleviate aerodynamic noises [14].

Fig. 5: Trailing edge serrations for mitigating noise
emissions [6]
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Tab. 1: Summarized Challenges and their problem-solving approaches and trends [Source: Author]
Component Challenges Problem-solving approaches

& Trends

Rotor blades Flexibility Pre-bending
Carbonfiber blades

Vibrations Active and passive damping

Erosion & Fouling Novel paints

Radar interference Stealth blades
Anti-reflection blades

Transportation Segmented blades
On-site manufacturing
Concepts like floating sealed
blades or blimp-like air lifting de-
vices

Gearbox Higher requirements More powerful gears
Trend: direct-drive (gearless) sys-
tems

Generator Less maintenance, more reliabil-
ity & heat losses

Permanent Magnet Synchronous
Generators (PMSG)

PMSG: reducing rare-earth ele-
ments & weight

Superconducting generators

High current in Power Converter Duplicated Power Converters
Tower Transportation Pre-fabricated: Thicker walls due

to width-limit or lengthways seg-
mented segments
On-site manufacturing: Partial
concrete or Full-Concrete Field-
Cast Towers
Lattice towers

Noise emissions Mechanical noises Direct-drive systems
Acoustical insulation

Aerodynamical noises Blade design improvements
Lower angles of attack
Higher stall angles
Automatic blade pitching
Obstacles in propagation path

4 Summary

In this review, the technical challenges and trends
in upscaling wind turbines which are mentioned in
other reviews have been compiled. Onshore turbines
are currently being upscaled to 6-8 MW, and offshore
turbines to 10-15 MW, as this can lead to a reduc-
tion in the cost of electricity generation. The main
focus areas in this article are rotor blades, gearbox,
generator, tower and noise emissions. Tab. 1 lists the
challenges and their problem-solving approaches and
trends for each of these components.

In the case of rotor blades, one issue is an increase

in flexibility, which can be addressed by employing
pre-bending or rotor blades made of carbon fiber with
a higher specific stiffness than glass fiber. Increased
vibrations can be reduced through active or passive
damping. Additionally, fouling due to insect impacts,
icing and erosion is a concern. Countermeasures may
include novel paints. For interference with radar,
anti-reflection and stealth blades are under research.
Another important aspect is the transportation of
rotor blades, which becomes more challenging with
upscaling. In addition to segmented rotor blades,
which are assembled during installation, there are
proposals like floating sealed blades or blimp-like air
lifting devices. On-site manufacturing, eliminating
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the need for transportation, is also suggested.

With upscaling, higher demands arise for the gear-
box. As the gearbox is one of the components which
is responsible for the longest downtime, the trend is
clearly moving towards direct-drive systems without
a gearbox. For the generator, there is a shift towards
permanent magnet synchronous generators, as heat
losses and maintenance can be minimized by elimi-
nating brushes and exciting current. However, the
use of expensive rare-earth elements is necessary in
this case. Superconducting generators are under re-
search and could become market-ready in the next
decade. Regarding the power converter, a dual design
is necessary due to high current.

For the tower, the most crucial aspect is transporta-
tion. As the facilities become larger, either the di-
ameter or the wall thickness must increase for pre-
fabricated tower segments. Due to road restrictions,
the options here are to reinforce the wall thickness
or to segment the segments additionally lengthways.
On-site manufacturing can also provide a solution.
For this purpose, the towers must be at least par-
tially made of concrete. There is also the proposal of
the Full-Concrete Field Cast Towers, which consists
entirely of concrete. Another option are lattice towers.

Concerning noise emissions, either the distances to
homes and settlements must be increased, or the noises
must be reduced, as excessive noise levels can lead to
health issues. In wind turbines, there are mechanical
noises caused by moving parts, and more importantly
for larger turbines, aerodynamic noises caused by the
flow of air over and past the blades. Aerodynamic
noises can be reduced through constructive blade de-
sign, lower angles of attack, higher stall angles, and
automatic blade pitching. Placing obstacles in the
propagation path is also an option.

5 Conclusion and Outlook

This review deals with the challenges and trends in
upscaling wind turbines. The relevance of this topic is
high because manufacturers are increasingly moving
towards upscaling wind turbines due to levelized costs
of energy. The most frequently mentioned challenges
and trends were summarized from current literature.
It can be said that upscaling extends to all areas of
a wind turbine from a technical point of view. In
some cases, there are already solutions for the men-
tioned challenges, which then have to be dimensioned
according to size, such as reducing noise, while in
other cases new technologies such as superconducting
generators or stealth blades are being developed or
tested. There are also problems that only arise with
an increase in size, such as transportation, where one
solution is on-site manufacturing, for example. This
paper can be used to gain an initial overview of the
technical problems associated with upscaling wind

turbines. It should be noted that the challenges and
trends illustrated here do not reflect the full spectrum,
and that there are certainly other technical challenges
as well as challenges relating to the environment, the
legal situation and the economic aspects of upscaling
wind turbines. This could be points for future work
in order to obtain a more interdisciplinary overview
of the topic.

References

[1] G. Sieros, P. Chaviaropoulos, J. D. Sørensen,
B. H. Bulder, and P. Jamieson. “Upscaling wind
turbines: theoretical and practical aspects and
their impact on the cost of energy”.Wind energy
15.1 (2012), pp. 3–17. doi: 10.1002/we.527.

[2] A. R. Nejad, J. Keller, Y. Guo, S. Sheng,
H. Polinder, S. Watson, J. Dong, Z. Qin, A.
Ebrahimi, R. Schelenz, et al.. “Wind turbine
drivetrains: state-of-the-art technologies and fu-
ture development trends”. Wind Energy Science
Discussions 2021 (2021), pp. 1–35. url: https:
//wes.copernicus.org/articles/7/387/

2022/.

[3] P. Veers, C. Bottasso, L. Manuel, J. Naughton, L.
Pao, J. Paquette, A. Robertson, M. Robinson, S.
Ananthan, A. Barlas, et al.. “Grand challenges
in the design, manufacture, and operation of
future wind turbine systems”. Wind Energy Sci-
ence Discussions 2022 (2022), pp. 1–102. url:
https://wes.copernicus.org/articles/8/

1071/2023/.

[4] R. McKenna, P. O. vd Leye, and W. Ficht-
ner. “Key challenges and prospects for large
wind turbines”. Renewable and Sustainable
Energy Reviews 53 (2016), pp. 1212–1221.
url: https : / / www . sciencedirect . com /

science/article/pii/S1364032115010503?

casa _ token = EfQR6dhpY4AAAAAA :

G8nzRuUUehtHyh8QTs3EgCJvnJVAJMP _

a9bu2nlDdQqZrVuay5aF _ BjU0YUD _

Bih139a1AUjTbQ.

[5] H.-K. Jang, W.-H. Choi, C.-G. Kim, J.-B. Kim,
and D.-W. Lim. “Manufacture and character-
ization of stealth wind turbine blade with pe-
riodic pattern surface for reducing radar in-
terference”. Composites Part B: Engineering
56 (2014), pp. 178–183. url: https://www.
sciencedirect.com/science/article/abs/

pii/S1359836813004514.

[6] P. Vennemann. Wasser- und Windkraftnutzung.
Skript Bachelor. FH Münster, Fachbereich EGU.
Steinfurt, NRW, Germany, 2020.

[7] M. Peeters, G. Santo, J. Degroote, and W. Van
Paepegem. “The concept of segmented wind
turbine blades: a review”. Energies 10.8 (2017).

https://doi.org/10.25974/ren_rev_2024_12

https://doi.org/10.1002/we.527
https://wes.copernicus.org/articles/7/387/2022/
https://wes.copernicus.org/articles/7/387/2022/
https://wes.copernicus.org/articles/7/387/2022/
https://wes.copernicus.org/articles/8/1071/2023/
https://wes.copernicus.org/articles/8/1071/2023/
https://www.sciencedirect.com/science/article/pii/S1364032115010503?casa_token=EfQR6dhpY4AAAAAA:G8nzRuUUehtHyh8QTs3EgCJvnJVAJMP_a9bu2nlDdQqZrVuay5aF_BjU0YUD_Bih139a1AUjTbQ
https://www.sciencedirect.com/science/article/pii/S1364032115010503?casa_token=EfQR6dhpY4AAAAAA:G8nzRuUUehtHyh8QTs3EgCJvnJVAJMP_a9bu2nlDdQqZrVuay5aF_BjU0YUD_Bih139a1AUjTbQ
https://www.sciencedirect.com/science/article/pii/S1364032115010503?casa_token=EfQR6dhpY4AAAAAA:G8nzRuUUehtHyh8QTs3EgCJvnJVAJMP_a9bu2nlDdQqZrVuay5aF_BjU0YUD_Bih139a1AUjTbQ
https://www.sciencedirect.com/science/article/pii/S1364032115010503?casa_token=EfQR6dhpY4AAAAAA:G8nzRuUUehtHyh8QTs3EgCJvnJVAJMP_a9bu2nlDdQqZrVuay5aF_BjU0YUD_Bih139a1AUjTbQ
https://www.sciencedirect.com/science/article/pii/S1364032115010503?casa_token=EfQR6dhpY4AAAAAA:G8nzRuUUehtHyh8QTs3EgCJvnJVAJMP_a9bu2nlDdQqZrVuay5aF_BjU0YUD_Bih139a1AUjTbQ
https://www.sciencedirect.com/science/article/pii/S1364032115010503?casa_token=EfQR6dhpY4AAAAAA:G8nzRuUUehtHyh8QTs3EgCJvnJVAJMP_a9bu2nlDdQqZrVuay5aF_BjU0YUD_Bih139a1AUjTbQ
https://www.sciencedirect.com/science/article/abs/pii/S1359836813004514
https://www.sciencedirect.com/science/article/abs/pii/S1359836813004514
https://www.sciencedirect.com/science/article/abs/pii/S1359836813004514
https://doi.org/10.25974/ren_rev_2024_12


Educational Journal of Renewable Energy Short Reviews (2024) 78

[8] A. Wobben. Transport vehicle for a rotor blade
of a wind-energy turbine. US Patent 7,303,365.
2007.

[9] P. Grabau. Seaborne transportation of wind tur-
bine blades. US Patent 8,839,733. 2014.

[10] T. D. ASHWILL. Blade Manufacturing Improve-
ment: Remote Blade Manufacturing Demonstra-
tion. Tech. rep. Sandia National Lab.(SNL-NM),
Albuquerque, NM (United States); Sandia . . .,
2003. url: https://www.osti.gov/servlets/
purl/811156-qt5KeJ/native/.

[11] A. Bensalah, G. Barakat, and Y. Amara. “Elec-
trical generators for large wind turbine: Trends
and challenges”. Energies 15.18 (2022), p. 6700.

[12] K. Dykes, R. Damiani, O. Roberts, and E. Lantz.
“Analysis of ideal towers for tall wind applica-
tions”. 2018 Wind Energy Symposium. 2018,
p. 0999. url: https://www.nrel.gov/docs/
fy18osti/70642.pdf.

[13] E. J. Lantz, J. O. Roberts, J. Nunemaker, E. De-
Meo, K. L. Dykes, and G. N. Scott. “Increasing
wind turbine tower heights: Opportunities and
challenges” (2019). url: https://www.nrel.
gov/docs/fy19osti/73629.pdf.

[14] D. Y. Leung and Y. Yang. “Wind energy
development and its environmental impact:
A review”. Renewable and sustainable en-
ergy reviews 16.1 (2012), pp. 1031–1039.
url: https : / / www . sciencedirect . com /

science/article/pii/S1364032111004746?

casa _ token= - 7ROczXhOScAAAAA :

eCA - 6MPa - XwXgTbm2FvyZq _

OUEOlzOfj8T691IZSNFVkDuxLqwJm -

yvx4bOzdq2J4N7haa35yXo.

[15] R. Saidur, N. A. Rahim, M. R. Islam, and
K. H. Solangi. “Environmental impact of
wind energy”. Renewable and sustainable
energy reviews 15.5 (2011), pp. 2423–2430.
url: https : / / www . sciencedirect . com /

science/article/pii/S1364032111000669?

casa _ token = Do0gMyWw5z4AAAAA : j _

UjHZYcncTUcYuoZRzVTrQNNW8Iva6kMJzMYLfUp-

4Z5So-jQ_DKBnt68QDxl3h6nl-y0J7Tz8.

[16] T. M. Biedermann, P. Czeckay, N. Hintzen, F.
Kameier, and C. O. Paschereit. “Applicability of
aeroacoustic scaling laws of leading edge serra-
tions for rotating applications”. Acoustics. Vol. 2.
3. MDPI. 2020, pp. 579–594.

https://doi.org/10.25974/ren_rev_2024_12

https://www.osti.gov/servlets/purl/811156-qt5KeJ/native/
https://www.osti.gov/servlets/purl/811156-qt5KeJ/native/
https://www.nrel.gov/docs/fy18osti/70642.pdf
https://www.nrel.gov/docs/fy18osti/70642.pdf
https://www.nrel.gov/docs/fy19osti/73629.pdf
https://www.nrel.gov/docs/fy19osti/73629.pdf
https://www.sciencedirect.com/science/article/pii/S1364032111004746?casa_token=-7ROczXhOScAAAAA:eCA-6MPa-XwXgTbm2FvyZq_OUEOlzOfj8T691IZSNFVkDuxLqwJm-yvx4bOzdq2J4N7haa35yXo
https://www.sciencedirect.com/science/article/pii/S1364032111004746?casa_token=-7ROczXhOScAAAAA:eCA-6MPa-XwXgTbm2FvyZq_OUEOlzOfj8T691IZSNFVkDuxLqwJm-yvx4bOzdq2J4N7haa35yXo
https://www.sciencedirect.com/science/article/pii/S1364032111004746?casa_token=-7ROczXhOScAAAAA:eCA-6MPa-XwXgTbm2FvyZq_OUEOlzOfj8T691IZSNFVkDuxLqwJm-yvx4bOzdq2J4N7haa35yXo
https://www.sciencedirect.com/science/article/pii/S1364032111004746?casa_token=-7ROczXhOScAAAAA:eCA-6MPa-XwXgTbm2FvyZq_OUEOlzOfj8T691IZSNFVkDuxLqwJm-yvx4bOzdq2J4N7haa35yXo
https://www.sciencedirect.com/science/article/pii/S1364032111004746?casa_token=-7ROczXhOScAAAAA:eCA-6MPa-XwXgTbm2FvyZq_OUEOlzOfj8T691IZSNFVkDuxLqwJm-yvx4bOzdq2J4N7haa35yXo
https://www.sciencedirect.com/science/article/pii/S1364032111004746?casa_token=-7ROczXhOScAAAAA:eCA-6MPa-XwXgTbm2FvyZq_OUEOlzOfj8T691IZSNFVkDuxLqwJm-yvx4bOzdq2J4N7haa35yXo
https://www.sciencedirect.com/science/article/pii/S1364032111000669?casa_token=Do0gMyWw5z4AAAAA:j_UjHZYcncTUcYuoZRzVTrQNNW8Iva6kMJzMYLfUp-4Z5So-jQ_DKBnt68QDxl3h6nl-y0J7Tz8
https://www.sciencedirect.com/science/article/pii/S1364032111000669?casa_token=Do0gMyWw5z4AAAAA:j_UjHZYcncTUcYuoZRzVTrQNNW8Iva6kMJzMYLfUp-4Z5So-jQ_DKBnt68QDxl3h6nl-y0J7Tz8
https://www.sciencedirect.com/science/article/pii/S1364032111000669?casa_token=Do0gMyWw5z4AAAAA:j_UjHZYcncTUcYuoZRzVTrQNNW8Iva6kMJzMYLfUp-4Z5So-jQ_DKBnt68QDxl3h6nl-y0J7Tz8
https://www.sciencedirect.com/science/article/pii/S1364032111000669?casa_token=Do0gMyWw5z4AAAAA:j_UjHZYcncTUcYuoZRzVTrQNNW8Iva6kMJzMYLfUp-4Z5So-jQ_DKBnt68QDxl3h6nl-y0J7Tz8
https://www.sciencedirect.com/science/article/pii/S1364032111000669?casa_token=Do0gMyWw5z4AAAAA:j_UjHZYcncTUcYuoZRzVTrQNNW8Iva6kMJzMYLfUp-4Z5So-jQ_DKBnt68QDxl3h6nl-y0J7Tz8
https://doi.org/10.25974/ren_rev_2024_12



