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ABSTRACT
Aims: This study aims to provide a critical and comparative review of recent technological innovations in small wind turbines (SWTs), focusing on their relevance for decentralized energy production in both urban and remote environments.
Study design: A descriptive and analytical review study based on a comparative evaluation of small wind turbine technologies reported in the scientific literature from 2019 to 2024.
Methodology: Five representative small wind turbine models were selected: Liam F1 Urban Wind Turbine (UWT), Aeroleaf, IceWind, AeroMINE, and Harmony. A multi-criteria assessment framework was applied, considering performance under various wind conditions, aerodynamic configurations, materials used, installation contexts, and technological innovations. Evaluation criteria included energy efficiency, acoustic footprint, cost-effectiveness, durability, and environmental adaptability. 
Results: The analysis revealed heterogeneous performance across technologies. Harmony and AeroMINE systems demonstrated higher adaptability to variable urban winds, while IceWind offered robust operation in remote and harsh climates. Liam F1 and Aeroleaf emphasized low-noise performance and aesthetic integration. Aerodynamic design and the use of intelligent control systems were found to significantly influence energy conversion efficiency. Material selection and modular design emerged as key factors in durability and cost optimization. 













1. Introduction



Over the past decades, wind turbine technology has experienced significant growth, establishing itself as one of the most widespread and strategic sources of renewable energy worldwide. The sector is currently dominated by China due to its high installed capacity [1]. The expansion of wind energy has been strongly influenced by responses to energy crises, particularly the one linked to the war in Ukraine, which have redirected investments toward renewables to ensure energy security and price stability [2]. While large-scale onshore and offshore installations still dominate energy production [3], the growing interest in small wind turbines reflects a desire for citizen control over energy [4], a reduction in dependence on centralized grids, and the valorization of local resources, especially in urban or remote areas, as emphasized by Tang and al.[5]. 



In regions with low solar irradiance, small wind turbines represent an essential alternative to photovoltaics to ensure reliable electrification [6]. These technologies are currently used in a variety of contexts: powering isolated homes, smart urban infrastructure, hybrid systems with solar panels, and autonomous equipment such as weather stations and relay antennas. The global market for small wind turbines is experiencing sustained growth, driven by technological innovations and targeted policy incentives. However, as noted by Li and al. [7], practical conditions must be met to ensure their economic viability. Incentive measures such as low-interest loans or investment subsidies are crucial to promote their large-scale adoption.
Despite these advances, scientific literature shows that research remains focused primarily on large-scale turbines or standard prototypes [8], often overlooking the specific challenges of small wind turbines, such as low wind speeds, increased turbulence, architectural integration issues, and concerns related to noise and maintenance [9]. This gap calls for a critical reassessment of current approaches [10], in light of recent technological innovations.
In this context, the present article undertakes a critical review of recent developments in small wind turbine technology, drawing on a representative corpus of devices developed by startups around the world. The goal is to go beyond marketing claims and examine the actual performance of these technologies, their technical limitations, and optimization prospects, in order to support their long-term integration into decentralized energy systems.
2. Overview of Wind Turbines 
A wind turbine is an electromechanical conversion device designed to harness the kinetic energy of moving air. The conversion process involves two successive stages: transforming kinetic energy into mechanical rotational energy, followed by its conversion into electrical energy through electromagnetic induction.
[image: ]
Fig. 1: Overview of the main components of a HAWT (Horizontal Axis Wind Turbine) [11] 
2.1 Classification of wind turbines by rotor size, swept area, and rated power 
According to Tummala and al. [12], small wind turbines differ from large-scale systems by having a rotor diameter between 1.25 and 3 meters and a rated power output ranging from 0.25 to 1.4 kW. The following table summarizes this classification: 	Comment by Rikhi: Use et al	Comment by Rikhi: 	Comment by Rikhi: Keep consistent use of decimal points	Comment by Rikhi: 
Table 1. 	HAWT classification by rotor diameter and power output [12]	Comment by Rikhi: Use decimal point, not comma.
	Scale
	Rotor (m)
	Swept Area (m²)
	Power (kW)
	Typical Applications 

	Micro
	0,5 – 1,25
	0,2 – 1,2
	0,004 – 0,25
	Remote sites, boats, caravans 

	Mini
	1,25 – 3
	1,2 – 7,1
	0,25 – 1,4
	Small domestic needs, water pumping 

	Domestic
	3 – 10
	7 – 79
	1,4 – 16
	Electricity production for households 

	Small commercial
	10 – 20
	79 – 314
	25 – 100
	Small businesse, farms 

	Medium commercial
	20 – 50
	314 – 1963
	100 – 1000
	Medium businesses, small communities 

	Large commercial
	50 – 100
	1963 – 7854
	1000 – 3000
	Large companies, wind farms



The relationship between rotor diameter and swept area is mathematically defined by:

  (1) 
This fundamental aerodynamic equation [13] shows that a linear increase in diameter (D) results in a quadratic increase in the area for extracting wind energy. 
2.2 Classification by rotor axis orientation 
Small wind turbines can be categorized into two main families based on rotor orientation:
2.2.1 Vertical Axis Wind Turbines (VAWT)
These turbines are characterized by a vertical rotation axis, which allows omnidirectional wind capture without requiring an orientation mechanism. Two main types are identified:
The Savonius turbine, invented in 1922 by Finnish engineer S. J. Savonius, operates based on the drag force exerted by wind on curved blades. It is known for its simple design, low-speed wind startup capability, and reliability under moderate wind conditions. 
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Fig. 2: Isometric, top, front, and side views of the Savonius rotor blade [14]
In contrast, the Darrieus-type wind turbine, designed in 1925 by French engineer G. J. Darrieus, relies on lift generated by airfoil-shaped blades. Although more complex than the Savonius model, it offers higher efficiency, especially at high wind speeds. Its various design variants allow for adaptation to different needs and installation conditions. 

[image: ]

Fig. 3: Possible variations of the Darrieus VAWT: (a) H-shape, (b) V-shape, (c) Troposkein shape, and (d) Gorlov shape [14] 
2.2.2 Horizontal Axis Wind Turbines (HAWT)
Horizontal Axis Wind Turbines dominate the wind energy sector (see Figure 1), accounting for over 90% of global installations. Their design, which orients the rotor into the wind using a yaw system, allows for efficient energy capture. They achieve power coefficients (Cp) close to Betz’s limit (0.45–0.55) and overall efficiencies of 35–45% [15]. Modern models, such as the 12 MW Haliade-X, can generate up to 67 GWh per year, enough to power about 16,000 European households [16]. Installed at heights of 80 to 150 meters, they benefit from steadier wind, especially offshore where capacity factors can exceed 50%. However, their large size and space requirements limit urban integration, and their logistical costs remain high.
2.3 Analyze comparative: HAWT vs VAWT
The table below summarizes the key differences between HAWTs and VAWTs, highlighting their respective advantages and constraints:


Table 2. 	Technical comparison of HAWT and VAWT 	Comment by Rikhi: Use decimal point rather than comma.
	Criterion
	HAWT
	VAWT

	Wind orientation
	Requires yaw mechanism
	Omnidirectional capture

	Self-starting
	Generally present
	Darrieus : rarely / Savonius : intrinsic

	Generator location 
	At top of the tower (maintenance harder)
	At base (easier maintenance)

	Power coefficient (Cp)
	0,35 – 0,45
	Darrieus : 0,3 – 0,4 / Savonius : 0,15 – 0,3

	Turbulence sensitivity 
	High (depends on orientation)
	Lower, suited for urban environments 

	Typical applications 
	Rural areas with steady wind
	Urban rooftops, isolated environments 



According to Manwell and al. [13], the performance of a wind turbine depends not only on its geometric and mechanical characteristics, but also on local environmental conditions. Therefore, the choice between HAWT and VAWT should be guided by a cost-efficiency optimization approach, considering architectural integration and maintenance constraints.
In the context of urban and personal wind energy, VAWTs offer significant advantages. Their ability to capture wind from any direction and their lower sensitivity to turbulence make them especially suitable for urban environments, where airflow is often disturbed by surrounding structures [17]. Additionally, locating the generator at the base facilitates maintenance and reduces associated costs.
Beyond technical constraints, the economic and environmental feasibility of DIY (Do It Yourself) solutions for personal wind energy holds great potential for small-scale energy transitions. Community-based projects and handcrafted mini-turbines using recycled materials have emerged in response to economic and environmental constraints. These initiatives, complementing the analyses of Manwell and al. [13] and urban wind case studies, illustrate how local innovation can help overcome limitations inherent in industrial approaches within complex settings [18].
3. State of the Art of Innovative Small Wind Turbines
In response to the growing demand for renewable urban energy, many companies have recently developed innovative small wind turbines that combine compactness, low noise levels, and performance at low wind speeds. This section presents a representative selection of emerging technologies, grouped according to their structural or functional approaches. The selection focuses on five devices considered representative based on the following criteria: innovative character, availability of performance data (in the scientific literature), and technological feasibility.
3.1 Bio-inspired and optimized design small wind turbines
· Liam F1 UWT
The Liam F1 Urban Wind Turbine (UWT), developed in the Netherlands, is a horizontal-axis small wind turbine inspired by the Archimedean screw, designed for urban use. Two complementary approaches have been used to assess its performance: a study by Jang and al. [19], which combined Computational Fluid Dynamics (CFD) simulations, wind tunnel testing, and on-site trials, achieving a maximum power coefficient (Cp) of 0.293 at a wind speed of 12.7 m/s; and a study by Cárdenas Magaña [20], which focused on low-cost reproducibility through a 3D-printed prototype at a 1:3 scale. 
[image: ]
Fig. 4: Geometric Shape of the Wind Turbine: (a) wind turbine installed during performance tests; (b) 3D model file used for simulation [19]
The results indicate good aerodynamic efficiency and suitability for educational or experimental applications, although commercial deployment remains limited.
· Aeroleaf
The Aeroleaf is a biomimetic vertical-axis micro wind turbine designed by NewWind, integrating photovoltaic elements for hybrid energy production. Several studies have evaluated its performance : Emeara and al. [21] demonstrated its ability to start operating at a wind speed as low as 1.94 m/s in a hybrid system, while Rathore and al. [22] tested a wind tree with five modules generating up to 2.77 W at 5.68 m/s. Nugraha and al. [23] simulated a scaled-down model (1:4), achieving a maximum power coefficient (Cp) of 0.134, with sufficient efficiency to power an LED. Although its design is well-suited for urban environments, its high cost (~36,500 USD) currently limits widespread adoption.
[image: L'Aeroleaf est fabriqué à partir d'un matériau léger et peut générer de l'énergie avec une vitesse de vent aussi basse que 4,4 miles par heure NewWind R&D]
Fig. 5: Aeroleaf Wind Turbine [24]
3.2 Developments in Savonius turbines
· IceWind
Developed in Iceland, the IceWind is a vertical-axis micro wind turbine derived from the Savonius model, optimized for low wind speeds. Several studies have assessed its performance through wind tunnel experiments and CFD simulations. It reaches a rotational speed of 850 rpm at 15.8 m/s and a maximum static torque of 0.064 N·m [25]. Three-dimensional Fluid-Structure Interaction (FSI) simulations show greater efficiency than the conventional Savonius design at low-speed regimes, with good behavior at very low Tip Speed Ratios (TSR), the ratio between blade tip speed and wind speed [26]. The three-blade configuration proved to be the most efficient [27], offering an attractive balance between stability, efficiency, and compactness [28]. Its curved, silent, and robust aluminum design makes it a promising candidate for regions with moderate or unstable wind conditions. 
[image: Energies 13 05356 g001 550]
Fig. 6: CW IceWind Wind Turbine [28]
3.3 Unconventional and hybrid systems 
· AeroMINE
The AeroMINE (Aero Motionless, Integrated, and Noiseless Extractor) is a non-conventional wind energy technology with no external rotating rotor, designed to be integrated into building facades. It relies on the Venturi effect to concentrate airflow toward an internal turbine. Two major studies [29] [30], conducted in wind tunnels and on-site at Sandia Labs, demonstrated mechanical efficiency reaching 27% at a 15° angle and 25% under real-world conditions at wind speeds of ≥ 9 m/s (the minimum wind speed for optimal performance). This system shows excellent stability under wind misalignment up to ±30°, with performance loss limited to 20% at 45°. Although still in the experimental phase, AeroMINE offers a silent, modular, and turbulence-resilient solution, particularly well-suited for building-integrated urban wind power applications.
[image: ]
Fig. 7: Operation of an AeroMINE pair [31]
· Harmony
The Harmony turbine is a vertical-axis micro wind turbine with a helical geometry, developed for low wind potential environments. Three studies have explored its performance. It demonstrates a start-up capability at just 2.5 m/s and operates silently thanks to a passive furling system [32]. The Scoop Harmony profile [33] shows a 31% increase in rotational speed compared to a conventional Savonius turbine, reaching 783 rpm at 10 m/s. Experimental tests confirm moderate power output (up to 13 mW at 69 rpm) using a low-voltage generator, making it suitable for off-grid or educational applications [34]. Its compact, lightweight design, made of PLA (polylactic acid, a biodegradable polymer used in 3D printing) or PVC (polyvinyl chloride), and low cost make it an accessible solution for micro energy applications.
[image: ]
Fig. 8: Isometric View of the wind turbines: VAWT Savonius (left), Solid Harmony (center), and Scoop Harmony (right) [33]
To facilitate the comparison between the studied small wind turbines, the table below summarizes the main technical, contextual, and environmental characteristics of the five innovative devices analyzed. It highlights their specific advantages as well as the design-related trade-offs, enabling a cross-evaluation based on performance, cost, and adaptability criteria. 


Table 3. 	Comparative table of innovative small wind turbines 	Comment by Rikhi: Use decimal points
	Model
	Type & Configuration
	Max Cp
	Max RPM (ref. wind)
	Start-up
	Max Power (ref. wind)
	Main Materials
	Noise
	Typical Application
	References

	Liam F1 UWT
	Bio-inspired HAWT, 3 blades, axial rotor
	0,293 @12.7 m/s
	330 rpm @12.7 m/s
	~2,5 m/s
	500 W @12.7 m/s
	Metal (real), PLA (prototype)
	≤ 40 dB
	Urban lighting, educational
	[19], [20]


	Aeroleaf
	Modular biomimetic VAWT, hybrid with PV
	0,134 @9 m/s
	1450 rpm @5 m/s
	1,94 m/s
	2,77 W @5.68 m/s
	PLA, composite + integrated PV
	Very low
	Microgrid, urban building
	[21], [22], [23]

	IceWind
	Savonius-derived VAWT, 2–4 blades
	~0,18 (3 blades)
	~700 rpm @14 m/s
	≤ 2 m/s (efficient TSR<0.1)
	~0,18 N·m (static torque)
	Aluminium (prototype)
	Moderate
	Remote areas, cold climates
	[25], [26], [27], [28]

	AeroMINE
	Fixed system, no rotor, Venturi effect
	0,25–0,27
	–
	≥ 5 m/s
	Up to 27% mechanical efficiency
	Structural composite
	Inaudible
	Industrial façades
	[29], [30]

	Harmony
	Helical VAWT, scoop/3D-printed blades
	0,6 (Scoop)
	783 rpm @10 m/s (Scoop)
	2,5 m/s
	13,25 mW @69 rpm
	PLA, PVC, 3D printing
	Very low
	Off-grid, educational
	[31], [32], [33], [34]




For informational purposes, Cp and RPM values are derived from simulations, wind tunnel tests, or experimental data, depending on the study. Maximum power output depends on the specific system tested and may not reflect standardized conditions. The Harmony model includes various profiles (Solid, Scoop), with only some achieving higher performance levels.
3.4 Comparative analysis
The comparative study of the Liam F1 UWT, Aeroleaf, IceWind, AeroMINE, and Harmony turbines reveals significant differences in terms of efficiency, design, environmental adaptability, and technological maturity. Each technology tackles specific challenges but comes with structural, functional, or contextual limitations to consider. 
3.4.1 Aerodynamic efficiency (Cp) and energy performance
Power coefficient (Cp) values, although dependent on experimental conditions, allow for a preliminary ranking of performance. The AeroMINE turbine demonstrates aerodynamic efficiencies ranging from 18% to 27% depending on the angle of attack (Pol and al. [29]), which corresponds to about 42% of the Betz limit. This efficiency, however, remains below that of optimized lift-based turbines. Similarly, the Liam F1 UWT reaches a maximum Cp of 0.293 (Jang and al. [19]), a respectable performance for a drag-type turbine, but the overall efficiency drops to 33.6% due to electrical losses. In comparison, the Aeroleaf shows a simulated Cp of 0.134 (Nugraha and al. [35]), while the IceWind lags behind, with low torque (0.064 N·m) and Cp values generally below those of Savonius turbines above 4 m/s. The Harmony turbine, although optimized for low-speed start-up, achieves only modest efficiencies due to its low-RPM single-phase generator
3.4.2 Structural robustness, durability, and scalability
Material strength and scaling effects are especially significant for prototypes made of PLA or 3D-printed materials. The Liam F1 UWT tested at a 1:3 scale (Cárdenas Magaña [20]) and the Aeroleaf (Nugraha and al. [35]) at 1:4 both show mechanical limitations. In these cases, small-scale performance cannot be directly extrapolated to real-world conditions. Although lightweight and quiet, the Harmony turbine also raises concerns regarding the durability of its PLA components under UV exposure and weather conditions (Raut and al. [32]). In contrast, the AeroMINE features a fixed structure with no external moving parts, offering notable advantages in terms of maintenance and durability in harsh environments. However, its modular integration complexity may pose technical challenges.
3.4.3 Aerodynamic stability and turbulence response
IceWind and AeroMINE both display significant instabilities under transient conditions. IceWind, in particular, generates extended three-dimensional vortices that reduce aerodynamic stability at high speeds (Mansour & Afify [28]). AeroMINE, on the other hand, can see efficiency drop as low as 10% in cases of misalignment or asymmetric flow, although its resilience up to 45° misalignment remains acceptable (Houchens and al. [31]). By comparison, the Liam F1 UWT lacks active regulation systems (yaw/pitch), making it less responsive to shifting wind directions.
3.4.4 Integration, modularity, and urban applicability
In terms of urban integration, the Aeroleaf and Harmony turbines are the most advanced, both in aesthetics and compatibility with domestic microgrids. However, the Aeroleaf features technical complexity in serial wiring of modules, with risks of cascading failure. Harmony offers a compact system with a boost converter and LM317 regulator but remains limited to low-power applications. AeroMINE provides an interesting modular solution for industrial or residential buildings with virtually no acoustic footprint, although its dependence on a specific architectural setup makes it less flexible than compact vertical turbines.
3.5 Evaluation
Each small wind turbine was evaluated using a Multicriteria Decision-Making (MCDM) approach, based on seven qualitative criteria: estimated cost, energy efficiency, maintenance requirements, ease of installation, noise level, environmental adaptability, and material durability. The qualitative ratings (low, moderate, high) were assigned based on the synthesis of experimental data and simulation results presented in the previous sections, particularly Section 3.4.
·  Low: performance significantly below the standard or below the median of the devices compared.
· Moderate: average performance or equivalent to the median of the devices.
· High: performance above average, demonstrated experimentally or through validated simulation.
The overall score out of 5 corresponds to a fair weighted average of these seven criteria, calculated using the following equation:​
  (2) 
Each criterion is rated out of 5: Low = 2, Moderate = 3, High = 4, Very high = 5. This approach allows for an overall hierarchy, while preserving the functional diversity of the devices analyzed.
The values presented in Table 4 result from the application of the MCDM framework described above. They are based on a synthesis of experimental results reported in the literature, complemented by simulation data and normalized estimations. When specific values were not directly available from references, the qualitative scores were inferred from the comparative performance indicators discussed in Section 3.4. A scoring scale adapted from similar studies on microgeneration systems was used to ensure consistency and objectivity in the evaluation process.


Table 4. 	Multicriteria analysis of innovative small wind turbines 
	
Model
	Estimated Cost
	Efficiency
	Maintenance
	Installation
	Noise
	Environmental Adaptability
	Durability
	Overall score (1-5)

	Liam F1 UWT
	High (4)
	High (4)
	Moderate (3)
	Easy (4)
	Very low (5)
	Good (4)
	Good (4)
	4.0

	Aeroleaf
	High (4)
	Moderate (3)
	Low (2)
	Easy (4)
	Very low (5)
	Urban only (3)
	Good (4)
	3.6

	IceWind
	Moderate (3)
	Moderate + (3.5)
	Good (4)
	Moyenne (3)
	Average (3)
	Polaire, rural (4)
	Very Good (5)
	3.6

	AeroMINE
	Very high (5)
	Moderate + (3.5)
	Low (2)
	Complex (2)
	None (1)
	Industrial only (3)
	Good (4)
	2.9

	Harmony
	Low (2)
	Low+ (2.5)
	Fréquent (2)
	Very easy (5)
	Very low (5)
	Versatile (4)
	Moderate (3)
	3.4



The analysis of small wind turbines reveals notable differences between models. The Liam F1 UWT stands out with an overall score of 4.0, thanks to its high efficiency, easy installation, and low noise level, making it well-suited for urban environments. The IceWind, scoring 3.6, performs well in extreme environments but shows moderate efficiency. The Aeroleaf, also scoring 3.6, is notable for its easy installation but suffers from lower energy yields. The AeroMINE, with a score of 2.9, is less competitive due to its high cost and complex installation. Finally, the Harmony scores 3.4, showing weaknesses in energy efficiency and material durability, although it is highly versatile.
5. Conclusion
This critical review of recent innovations in small wind turbines highlights the technological and energy potential of devices tailored to urban and remote environments. The comparative analysis of five representative models (Liam F1 UWT, Aeroleaf, IceWind, AeroMINE, and Harmony) reveals a diversity of designs, aerodynamic strategies, and levels of technological maturity. These systems differ not only in efficiency across wind conditions but also in architectural integration, maintenance ease, and environmental adaptability. 
While some technologies demonstrate promising performance under controlled conditions, their large-scale deployment remains dependent on several key factors: material durability, system robustness against turbulence, scalability, and production cost. Moreover, the limitations observed in 3D-printed prototypes or those made with polymer-based materials underscore the need for more robust engineering to ensure long-term viability.
The study highlights how embedded intelligence, modular designs, and adaptive control help optimize real-world performance. Future research directions should therefore adopt a multidisciplinary approach, integrating engineering sciences, sustainable urban planning, and life cycle analysis. The development of full-scale prototypes, combined with rigorous experimental validation and socio-economic assessment, represents a strategic lever to enhance the acceptability and territorial impact of small wind turbines.
Ultimately, innovative small wind turbines, as decentralized energy technologies, are poised to play a central role in the energy transition. However, realizing their full potential over the next decade will require that key technological, economic, and regulatory barriers be addressed through targeted policies and strategic partnerships. A clear research roadmap should focus on three key axes:
· Aerodynamic and energy optimization, with a focus on hybrid wind-solar designs to ensure stable energy output.
· Material innovation, replacing fragile PLA components with durable composites adapted to harsh operating environments.
· Intelligent control and IoT-based monitoring, to enhance adaptability and long-term operational performance.
These directions underscore the need for multidisciplinary collaboration and real-world prototyping to secure the long-term viability and societal acceptance of small wind energy solutions.
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