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Abstract: despite the extensive research to optimise the performance of large- and
small-scale wind turbines, little research has been conducted on design choices
to improve the circularity of their components. Considering the relatively short
life expectancy of these systems and, above all, their prospected contribution in
increasing the sustainability of built and natural environments through diffused
networks, this matter crucially shifts their impacts from the energy dimension to
the material resources one.

Starting from this premise, the Interreg project PANORAMA tackled the issue
by designing and producing a prototype of a vertical axis micro-wind turbine
which implements recyclable, renewable and reused materials in a fully reversible
assembly system. The exploration of alternative materials and reversible connec-
tions also allowed expanding the investigation to another domain of the project:
the landscape integration of renewable energy production systems, including site
restoration. The investigation resulted in improving the material efficiency of a
renewable energy production system in a life-cycle perspective while preserving
its performance, that will soon be field-tested.

The article frames the research by presenting the state of the art on large- and
small-scale wind turbines, illustrating their difficult circular management despite
current technological improvements. It then introduces the prototype and the the-
oretical framework behind its design, describing its technical features and the de-
sign choices on materials and assembly systems. The potential of implementing
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reversibility, recyclable content, material substitution, and upcycling in these sys-
tems will then be described, in light of both their ecological relevance and the
prospected diffused integration within urban and landscape contexts.

Keywords: micro-wind turbines, reversible installation, recyclable materials,
renewable materials, upcycling.

1. Introduction

Renewables play a central role in the European strategy supporting
a sustainable and just transition, a position recently upheld by the
2023 revision of the Renewable Energy Directive, raising the EU’s bind-
ing target for the share of renewable energy to a minimum of 42.5 %
by 2030 (European Parliament, 2023). Besides large-scale production
plants, this framework also relies on prosumers and Renewable Ener-
gy Communities (RECs) to support small-scale green energy systems
- photovoltaic (PV), wind and hydropower ones (Corasaniti et al., 2025).
Intended as distributed and community-based, these elements could
become widespread in future European urban and natural contexts.
Nevertheless, the devices most used in these installations currently fail
to comply with circular principles due to technological, financial and en-
vironmental challenges (Condotta et al., 2023). As in the coming dec-
ades these systems will be increasingly produced - and discarded, ad-
dressing their impacts across the entire life cycle is therefore essential.
This will enable their full contribution to sustainable consumption and
production patterns in the built environment.

Focusing on wind turbines (WTs), technological advancements fur-
ther intensify this trend (Liu & Barlow, 2017) by shortening their average
lifespan through increased repowering opportunities (Jadali et al.,, 2021)
and the replacement of old components and models with more efficient
ones (Jensen and Skelton, 2018). At the end of their life, even components
that fall outside the scope of the Waste Electrical and Electronic Equipment
Directive (WEEE) are difficult to manage through circular patterns due to
complex assembly systems and used materials.
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Although modular, WTs are generally not designed for disassembly.
This also applies to small-scale devices implemented in RECs (micro- and
mini-WTs), which differ from large-scale units in configuration: the former
ones employ a vertical axis system (VAWTSs) rather than a horizontal one
(HAWTSs) (Table 1). Concerning materials, two modules in both HAWTs and
VAWTSs involve downcycling or even less suited processes once decommis-
sioned: the foundations or base, realised in reinforced concrete, and the
wind turbine blades (WTBs), usually made of glass fiber-reinforced plastics
composites (GFRP), which are difficult to dispose of and often landfilled
(Firoozi et al., 2024). To mitigate this drawback, current research explores
the repurposing of decommissioned durable GFRP blades as structural
components, promoting circularity within the construction industry (An-
dré et al., 2024) (Ramaswamy et al., 2025). On the other hand, the tower
module is typically made from steel or aluminium alloys, ensuring higher
recyclability rates.

Table 1. Different modules composing HAWTs and VAWTs. [source: authors].

HAWTSs: main modules

Module Function

Tower Elevates rotor to stronger winds, carries loads to the foundation
Nacelle Houses gearbox, generator, brake and turbine control systems
Rotor Converts wind energy into rotational mechanical torque
Blades (WTBs) Capture wind and produce lift to spin the rotor
Foundations Anchors the tower, transfers loads to the ground

VAWTSs: main modules

Module Function

Structure Holds rotor and shaft while resisting wind loads
Generator Converts shaft rotation into electrical power
Central shaft Vertical axis transmitting torque from blades to generator
Blades (WTBs) Extract energy from wind flows
Bearings/base Support shaft rotation, transfers loads to ground/structure
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While issues related to assembly systems and materials concern both
large- and small-scale WTs, the latter appears a more dynamic field of study
as the scale factor encourages experimentation. Nonetheless, current re-
search primarily focuses on efficiency improvements, such as aerodynamic
optimization in the blades design (Yossri et al., 2021) or modular features
easing WTs adaptation and resizing (Mufioz-Palomeque et al., 2025). Few
studies address circular design, either by proposing material substitution
strategies (Firoozi et al., 2024) or design for reuse (Gast et al., 2024); none
suggest alternatives to their perceived permanent nature - a circumstance
hindering WT's social acceptance, whereas a careful landscape integration
should be fostered (Bianchini et al., 2022).

2. Aim and methods

This contribution illustrates a specific experimental study carried out as
part of the Interreg project PANORAMA." The project’s aim is to support de-
cision-making processes for the development of RECs through the installa-
tion of photovoltaic and wind systems, based on (i) local climate conditions,
(ii) technical-economic feasibility, and (iii) landscape or urban integration.
Within the research, a micro-VAWT prototype was designed and developed
considering these three points and two key criteria: full reversibility and a
low material footprint compared to current practice.

The paper presents the design of the prototype, detailing its technical
features. It then examines strategies informed by circular principles and
reduced material footprint across three modules of the WT: the base (re-
versibility), the structure (renewable material), and the blades (recyclable
material, upcycling).

" The Interreg VI-A Italy-Austria 2021-2027 project PANORAMA “PiANificazione di cOmunita eneRge-
tiche AMbientalmente e pAesaggisticamente sostenibili - PIANung von umweltschOnenden und
landschaftlich gerechten eRneuerbAren” (2023-2026) involves 7 partners: Universita degli Studi di
Udine, Research Studios Austria mbH, Universita Iuav di Venezia, Consorzio BIM Piave, CML S.rl,,
Consorzio NIP, Okostrombérse Salzburg.
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3. The prototype

3.1. General features and components

The prototype is an innovative small-scale H-rotor vertical axis wind tur-
bine based on a Passive Variable-Geometry (PVG) technology, designed
by the project partner CML srl.2 Its dynamic functioning relies on an au-
tomatic wind-driven adjustment mechanism (passive) that regulates the
blades configuration (variable geometry) in both radius (850to 1050 mm)
and pitch (max +/-20°), with no electronic input required. This allows to
optimize the efficiency of the WT also in small-scale installations, leverag-
ing the changing wind conditions at different elevations within urban and
natural environments, and allowing an optimal efficiency also in case of
turbulence. The prototype was designed to be readily integrated with PV
systems and to operate entirely off grid.

Table 2 specifies the features of the prototype, while Figure 1 shows a
digital mock-up which studies the proper WT integration in a natural con-
text consistent with the project pilot areas (pre-alpine sites in the Italian
and Austrian territory).

Table 2. Features of the prototype.

Module Features
Structure Three GL24h glulam beams of variable length, approx. 300 cm
(consistent with the shaft positioning, 235 cm from the base)
Generator 1V Class, IEC 61400-2
Central shaft Aluminium alloy extrusion EN AW-6063 T5, additive manufac-
turing PA12
Blades Three elements, 1900 x 250 x 50 mm each

Bearings/base External radius of the three beams at the base up to 90 cm

Foundation Steel screw piles supporting a prefab concrete base

2 CML co-founded Windcity srl, startup that develops small-scale wind turbines designed for urban
and suburburban environments.
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Figure 1. Render of the prototype. [Source: authors, courtesy of Ivan Del Ponte].

Geographical and climate features of the pilot areas influenced the pro-
totype dimensions, as its design was based on the local pattern of wind
flows. Landscape integration was addressed minimising the base plinth
and choosing finishings suited with the specific environment.

3.2. Materials and assembly systems

In terms of circularity, the modules were devised to be completely disas-
sembled thanks to the use of mechanical connections, up to the reversible
foundations.
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Besides strictly mechanical and electric components, research maxim-
ised the use of recyclable, renewable, or upcycled content in the modules
to enhance sustainability compared to current practice:

+ The WT base must ensure the transfer of wind and shaft rotation
loads to the ground; therefore, the foundation reversibility must
be carefully balanced with the need of a device safely perform-
ing. The research group opted for a system of small steel helical
anchors that can be screwed/unscrewed to the ground (Figure 2),
linked by steel rods to a prefabricated concrete block providing the
structure footing.

Figure 2. Reversible foundation system (screw piles). [Source: Tommaso Morbiato].
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The support structure consists of four glulam beams. All connec-
tions are reversible: flat and T-shaped steel plates are inserted
in the beams’ width to ensure the connection with the rotor and
the concrete base respectively. While the steel plates are welded
to the shaft, beams-plates fastening is achieved by through-hole
bolts (Figure 3); the connection to the concrete base uses steel
rods (Figure 4).

Figure 3. Connection of the glulam structure to the shaft.
[Source: authors, courtesy of Ivan Del Ponte].

{ 5 RE-CYCLING ECOLOGICAL INTELLIGENCE FOR A CIRCULAR AND TRANSFORMATIVE ARCHITECTURE

=7 VIIINTERNATIONAL Valencia, 05 June 2026
CONFERENCE Universitat Politécnica de Valéncia



Figure 4. Connection of the glulam structure to the prefabricated concrete base
[source: authors, courtesy of Ivan Del Ponte].

+ The blades design is the most complex part of a micro-VAWT: they
must be lightweight while ensuring high resistance. Since the re-
cycled content in GFRP blades is limited to 10 % to ensure the nec-
essary mechanical strength, a material substitution strategy was
adopted. The innovative design features a thin aluminium ‘hull
structure, defining the geometric shape of the blade, enclosed by
PVC sheets reclaimed from lorry tarpaulins (Figures 5 and 6).

RE-CYCLING |  ECOLOGICAL INTELLIGENCE FOR A CIRCULAR AND TRANSFORMATIVE ARCHITECTURE
VIIINTERNATIONAL | Valencia, 05 June 2026
CONFERENCE Universitat Politécnica de Valéncia

127



Condotta et al.

128

Tttt R IE

& RE-CYCLING
" VIl INTERNATIONAL
CONFERENCE

¥

I '"\
TSP

Ek;mw.-m U

[Source: authors, courtesy of Ivan Del Ponte].

ECOLOGICAL INTELLIGENCE FOR A CIRCULAR AND TRANSFORMATIVE ARCHITECTURE

Valencia, 05 June 2026
Universitat Politécnica de Valencia



Figure 6. First prototype of the upcycled PVC blade envelope. [Source: CML srl].

The system assembly of the prototype is fully reversible, ensuring opera-
tional stability. Structural needs also informed the selection of the concrete
base: although not an inherently circular material, the reversible connec-
tions to the screw piles enable full disassembly and reuse, in addition to
site restoration. The structure design employs a renewable and less en-
ergy-intensive material compared to common alternatives: glulam. Albeit
less durable and generally downcycled, the research group opted for it
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to comply with the landscape integration criteria. While material choices
for the base and structure remain subject to further investigation, the ful-
ly recyclable aluminium blades, also integrating upcycled PVC elements,
represent the most innovative feature of the micro-WT design in terms of
circularity.

The prototype was realised and it is expected to be installed in the pilot
area in summer 2026, to validate the aluminium and PVC efficiency for the
blades and the overall turbine aerodynamic performance, as well as the
glulam durability.

4. Conclusion: circular strategies for micro-wind turbines

The research investigated circular improvements in the assembly systems
and material footprint for micro-wind turbines, supported by the design
and production of a prototype. Reversible connections were implemented
in the whole WT, including a removable and reusable foundation system
enabling full disassembly and site restoration. The devised blades, engi-
neered using recyclable materials and upcycled elements, provide valuable
insight into alternatives to the environmentally critical GFRP composites.
The wood-based structure, designed to enhance integration within natural
contexts, will be tested for durability and functionality once the prototype
is installed.

The research is a first step in filling the state-of-the-art gaps in the cir-
cular design of wind turbines. By addressing both the necessary increase
in renewable energy production and the lack of circularity of related devic-
es, it supports the significant role of diffused small-scale installations in fu-
ture sustainable built environments. The illustrated approach implements
four strategies - reversibility, recyclable content, material substitution and
upcycling, to reduce both material footprint and the degradation of natu-
ral or anthropogenic landscapes, also supporting increased acceptance of
these technologies.
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