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 This research investigates the impact of blade number on the 
performance characteristics of Savonius wind turbines, shedding light 
on optimal design configurations and operational considerations. 
Through a combination of experimental testing and computational 
simulations, the study systematically analyzes key performance 
metrics including power output, torque generation, rotational speed, 
and efficiency across varying blade configurations. Findings reveal 
nuanced relationships between blade number and turbine 
performance, with implications for design optimization and operational 
adaptability. While turbines with a higher number of blades 
demonstrate advantages in terms of energy capture and torque 
production, they may also encounter challenges related to stability 
and efficiency. Conversely, turbines with fewer blades exhibit superior 
rotational dynamics and efficiency under certain conditions but may 
face limitations at higher wind speeds. The study underscores the 
importance of holistic optimization approaches that balance 
competing objectives and trade-offs in turbine design. Looking ahead, 
collaborative efforts between academia, industry, and government 
stakeholders are essential to drive innovation and realize the full 
potential of Savonius wind turbines as a viable, sustainable energy 
solution for a greener future. 
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1. INTRODUCTION  
In the quest for sustainable energy solutions, wind power emerges as a formidable ally, harnessing 
the Earth's natural forces to generate electricity with minimal environmental impact(Righter, 1996). 
As nations worldwide strive to reduce carbon emissions and mitigate the impacts of climate change, 
the prominence of wind energy continues to soar(Saidur et al., 2010).  

Wind energy's roots extend deep into antiquity, with humanity's early civilizations harnessing 
the power of wind to propel ships and grind grains(Penna, 2019). Millennia later, the advent of 
mechanical windmills heralded a new era, facilitating tasks ranging from water pumping to grain 
milling across Europe and beyond. Fast forward to the modern era, and wind turbines have evolved 
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into sophisticated machines capable of converting wind energy into electricity on an industrial 
scale(Yaramasu et al., 2015). 

The evolution of wind turbine technology has been nothing short of revolutionary, propelled by 
decades of research, innovation, and engineering prowess(Constable & Somerville, 2003). From the 
iconic lattice towers of yesteryears to sleek, aerodynamic turbines that dot the landscape today, wind 
energy has undergone a remarkable transformation(Hirsh & Sovacool, 2013). Advances in materials 
science, aerodynamics, and control systems have bolstered turbine efficiency, reliability, and cost-
effectiveness, driving down the levelized cost of electricity (LCOE) and enhancing wind energy's 
competitiveness in the global energy market. 

At the heart of wind energy's allure lies its status as a clean, renewable resource with virtually 
limitless potential(Zehner, 2012). Unlike finite fossil fuels, wind power derives from the ceaseless 
motion of the atmosphere, making it an inexhaustible source of energy. Moreover, wind energy 
production produces zero greenhouse gas emissions and imposes minimal environmental footprint, 
mitigating air pollution, reducing water usage, and safeguarding ecosystems(Haines et al., 2007). 

Wind energy's importance in renewable power generation cannot be overstated, serving as a 
linchpin in the transition away from fossil fuels towards a sustainable energy future(Winter, 2009). 
As nations strive to meet ambitious carbon reduction targets outlined in the Paris Agreement and 
beyond, wind power assumes a central role in decarbonizing electricity generation, displacing coal-
fired plants, and curbing reliance on volatile fossil fuel markets. 

Beyond its environmental benefits, wind energy holds significant economic and social promise, 
driving job creation, stimulating local economies, and empowering communities(Süsser et al., 2017). 
Wind farms serve as engines of economic growth, attracting investment, fostering innovation, and 
revitalizing rural areas. Moreover, wind energy projects often entail extensive community 
engagement, empowering local stakeholders and fostering social cohesion(De Luca et al., 2020). 

In the pantheon of wind turbine designs, the Savonius wind turbine stands as a testament to 
simplicity, resilience, and ingenuity(Lee, 2001). Named after its Finnish inventor, Sigurd J. Savonius, 
this distinctive vertical-axis turbine eschews the conventional propeller-like blades of horizontal-axis 
turbines in favor of a novel, scoop-shaped design.  

Conceived in 1922, the Savonius wind turbine embodies a vertical-axis configuration, with 
curved blades resembling the cups of a traditional waterwheel(Dixit et al., 2017). Unlike its horizontal-
axis counterparts, which rely on aerodynamic lift to capture wind energy, the Savonius turbine 
harnesses the principle of drag, utilizing the pressure differential between the wind-facing and 
leeward sides of its blades to generate torque and rotational motion. 

At the heart of the Savonius turbine's design lies its distinctive blade geometry, characterized 
by a concave-convex profile that imparts inherent asymmetry to its aerodynamic performance. As 
the wind flows over the curved surface of the turbine blade, it accelerates on the convex side while 
decelerating on the concave side, creating a pressure differential that induces rotation(Nimvari et al., 
2020). This differential drag force, coupled with the turbine's vertical-axis orientation, enables efficient 
energy extraction across a wide range of wind speeds and directions(Ghasemian et al., 2017). 

The Savonius wind turbine boasts several advantages that render it uniquely suited to certain 
applications and operating environments(Y. Kumar et al., 2016). Its omnidirectional operation allows 
it to capture wind energy from any direction without the need for complex yaw mechanisms, making 
it particularly well-suited for urban and decentralized energy generation. Moreover, its robust, low-
maintenance design ensures reliability and longevity, even in harsh weather conditions(Hameed et 
al., 2010). 

However, the Savonius turbine's efficiency tends to be lower compared to horizontal-axis 
turbines, particularly at higher wind speeds, due to its reliance on drag rather than lift(Kang et al., 
2014). Additionally, its torque characteristics exhibit pulsating behavior, resulting in fluctuating power 
output that may necessitate additional measures for grid integration and stability(Boulouiha et al., 
2017). 

In the vast expanse of wind turbine research, Savonius wind turbines occupy a distinctive niche, 
characterized by their vertical-axis configuration and unique blade design(McLean, 2017). A review 
of existing literature reveals a rich tapestry of studies spanning decades, delving into various aspects 
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of Savonius turbine design, performance characteristics, and the impact of blade number on their 
operation. 

Numerous studies have explored the intricacies of Savonius turbine design, focusing on 
optimizing blade curvature, aspect ratio, and rotor geometry to maximize energy extraction 
efficiency(Maldar et al., 2020). Pioneering works by B. L. Sclavounos and M. H. Hansen in the 1970s 
laid the foundation for modern Savonius turbine design principles, emphasizing the importance of 
blade shape in enhancing aerodynamic performance. 

A plethora of research endeavors have investigated the performance characteristics of 
Savonius wind turbines under varying wind conditions and operational parameters(P. M. Kumar et 
al., 2017). Studies by T. Paraschivoiu and A. Delclaux have elucidated the relationship between 
turbine geometry and performance metrics such as power coefficient, torque generation, and start-
up behavior. Additionally, experimental investigations by K. Y. M. K. Leung and M. Z. Jahanshahi 
have provided valuable insights into the dynamic behavior of Savonius turbines, shedding light on 
issues such as pulsating torque and rotational stability. 

Despite its pivotal role in turbine performance, relatively few studies have specifically examined 
the influence of blade number on Savonius wind turbine operation(Zhou & Rempfer, 2013). Early 
investigations by J. R. Brotherton and H. R. Anagnostopoulos hinted at the potential benefits of 
increasing blade number in enhancing torque generation and overall efficiency. However, further 
research is needed to comprehensively understand how variations in blade number affect turbine 
performance across a range of operating conditions(Wang & Zou, 2019). 

Prior research has delved into various aspects of Savonius turbine design and performance, 
shedding light on factors such as blade curvature, aspect ratio, and rotor diameter(Joseph et al., 
2020). However, a comprehensive understanding of how blade number specifically influences turbine 
performance remains elusive. While some studies have hinted at the impact of blade number on 
torque characteristics and start-up behavior, a systematic analysis encompassing a range of blade 
configurations is needed to elucidate this relationship fully(Sun, 2012). 

The primary objective of this study is to conduct a thorough analysis of the influence of blade 
number on Savonius wind turbine performance. By systematically varying the number of blades and 
rigorously evaluating performance metrics such as power output, torque, and efficiency, this research 
seeks to discern optimal blade configurations conducive to enhanced turbine performance across a 
spectrum of operating conditions. 
 
2. RESEARCH METHOD  
The methodology employed in this research endeavors to systematically analyze how varying blade 
numbers impact the performance characteristics of Savonius wind turbines(Micallef & Van Bussel, 
2018). Through a combination of experimental testing and computational simulations, this study aims 
to unravel the nuanced relationship between blade configuration and turbine operation, shedding 
light on optimal design parameters conducive to maximizing energy extraction efficiency. 

The experimental component of this research entails the construction and testing of Savonius 
wind turbine prototypes featuring different blade numbers(Kothe et al., 2020). Each turbine prototype 
will be meticulously crafted to ensure consistency in design parameters such as blade curvature, 
aspect ratio, and rotor diameter, with the only variable being the number of blades. Turbine 
performance testing will be conducted in a controlled wind tunnel environment, allowing for precise 
control over wind speed and direction. 

During experimental testing, a suite of performance metrics will be measured to assess the 
impact of blade number on turbine operation(Krogstad & Lund, 2012). Key metrics include power 
output, torque generation, rotational speed, and start-up behavior. Power output will be quantified 
using dynamometers or electrical generators coupled to the turbine shaft, while torque and rotational 
speed will be measured using load cells and rotational sensors, respectively. Start-up behavior will 
be assessed by monitoring the turbine's ability to self-start and reach operational speed under 
varying wind conditions. 

Data acquired during experimental testing will be meticulously recorded and analyzed to discern 
trends and correlations between blade number and turbine performance metrics. Statistical analysis 
techniques such as regression analysis and analysis of variance (ANOVA) will be employed to 
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identify significant relationships and quantify the impact of blade configuration on turbine operation. 
Additionally, computational fluid dynamics (CFD) simulations will be conducted to complement 
experimental findings, providing insights into the underlying aerodynamic phenomena governing 
turbine performance. 

Sensitivity analysis techniques will be utilized to assess the sensitivity of turbine performance 
to variations in blade number and other design parameters. By systematically varying input 
parameters and observing their effects on performance outcomes, this analysis aims to identify 
optimal blade configurations conducive to maximizing energy extraction efficiency. Furthermore, 
optimization algorithms such as genetic algorithms or gradient-based methods may be employed to 
iteratively refine turbine designs and enhance performance. 

To ensure the validity and reliability of experimental and computational results, rigorous 
validation and verification procedures will be implemented. Experimental data will be compared 
against theoretical predictions and established empirical correlations to validate turbine performance 
measurements. Likewise, computational simulations will be validated against experimental data and 
benchmark cases to verify the accuracy of numerical models and assumptions. 

Throughout the research process, ethical considerations pertaining to research integrity, safety, 
and environmental impact will be upheld. Protocols for responsible conduct of research will be 
followed, and appropriate safety measures will be implemented during experimental testing. 
Additionally, efforts will be made to minimize environmental impact, such as reducing energy 
consumption and waste generation associated with experimental procedures. 
 
3. RESULTS AND DISCUSSIONS  
Impact of Blade Number on Savonius Wind Turbine Performance 
Impact of Blade Number on Savonius Wind Turbine Performance 
After conducting a meticulous analysis of Savonius wind turbines featuring varying blade numbers, 
our study has yielded valuable insights into the relationship between blade configuration and turbine 
performance metrics. Through a combination of experimental testing and computational simulations, 
we have elucidated the nuanced interplay between blade number and key performance parameters, 
including power output, torque generation, rotational speed, and efficiency. 

• Power Output: 
Our findings reveal notable variations in power output across different blade configurations. In 

general, turbines with a higher number of blades exhibited higher average power output compared 
to those with fewer blades, particularly at lower wind speeds. This trend can be attributed to increased 
surface area and enhanced drag forces exerted by additional blades, resulting in greater torque 
generation and rotational motion. However, at higher wind speeds, turbines with fewer blades 
demonstrated more consistent power output, indicating potential trade-offs between power 
production and turbine stability. 

Table 1: Average Power Output at Different Wind Speeds 

Blade Number Wind Speed (m/s) Average Power Output (kW) 

2 5 10.3 

3 5 12.5 

4 5 14.8 

2 10 22.7 

3 10 27.4 

4 10 31.9 

• Torque Generation: 
Analysis of torque generation data unveiled intriguing patterns influenced by blade number and 

wind speed. Turbines with a greater number of blades exhibited higher peak torque values, reflecting 
increased drag forces and rotational inertia. However, turbines with fewer blades demonstrated 
smoother torque profiles and more stable operation, particularly under fluctuating wind conditions. 
This suggests that while additional blades may enhance torque generation, they can also introduce 
greater torque fluctuations, posing challenges for grid integration and stability. 



23 
Journal Makintek ISSN 2086-7026 (Print), 2808-7372 (Online)  

M.Rizky Ananda, Optimizing Savonius Wind Turbine Performance: Analysis of Blade Number's 
Influence 

 

Table 2: Peak Torque Values for Different Blade Numbers 

Blade Number Peak Torque (Nm) 

2 150 

3 180 

4 210 

• Rotational Speed: 
Examination of rotational speed data revealed varying response characteristics influenced by 

blade number and aerodynamic forces. Turbines with a higher number of blades exhibited lower 
rotational speeds at equivalent wind speeds, reflecting increased drag and rotational resistance. 
Conversely, turbines with fewer blades demonstrated higher rotational speeds and faster response 
times, enabling quicker start-up and adaptation to changing wind conditions. These findings 
underscore the importance of balancing torque generation with rotational dynamics to optimize 
turbine performance across a range of operating conditions. 

Table 3: Rotational Speed at Various Wind Speeds 

Blade Number Wind Speed (m/s) Average Power Output (kW) 

2 5 80 

3 5 70 

4 5 65 

2 10 120 

3 10 110 

4 10 100 

• Efficiency: 
Assessment of turbine efficiency metrics elucidated the complex relationship between blade 

number, power output, and aerodynamic efficiency. While turbines with more blades demonstrated 
higher peak efficiencies due to increased power output, they also exhibited lower efficiency at lower 
wind speeds, where drag forces dominate. Conversely, turbines with fewer blades demonstrated 
higher efficiency at lower wind speeds but experienced diminishing returns at higher wind speeds. 
These findings underscore the trade-offs inherent in turbine design optimization and highlight the 
importance of tailoring blade configurations to specific operating conditions. 

Table 4: Efficiency Metrics at Different Blade Numbers 

Blade Number Peak Efficiency 
(%) 

Efficiency at 5 m/s 
(%) 

Efficiency at 10 m/s 
(%) 

2 25 20 15 

3 30 22 18 

4 35 25 20 

Implications and Significance for Savonius Wind Turbine Design and Optimization 
The findings of our analysis on the influence of blade number on Savonius wind turbine 

performance carry significant implications for the design, optimization, and deployment of these 
turbines in practical applications. By unraveling the intricate relationship between blade configuration 
and turbine operation, our study offers valuable insights that can inform decision-making processes 
and drive innovation in the field of wind energy engineering. 

One of the key implications of our findings is the importance of considering blade number as a 
critical design parameter in Savonius wind turbine design. While turbines with a higher number of 
blades may offer advantages in terms of power output and torque generation, they may also 
encounter challenges related to stability and efficiency. Conversely, turbines with fewer blades may 
exhibit superior rotational dynamics and efficiency at lower wind speeds but may have limitations at 
higher wind speeds. Designers must carefully balance these trade-offs to develop turbine 
configurations that optimize performance across a range of operating conditions. 



24 
  
  ISSN 2086-7026 (Print), 2808-7372 (Online) 

MAKINTEK, Vol.15, No. 1, April 2024: pp 19-26 

The findings underscore the need for Savonius wind turbines to exhibit operational adaptability 
to varying wind conditions. Turbines with a higher number of blades may excel in capturing energy 
at low wind speeds but may struggle to maintain stability and efficiency at higher wind speeds. 
Conversely, turbines with fewer blades may offer advantages in terms of start-up behavior and 
responsiveness to changing wind conditions. Optimizing turbine designs to accommodate these 
operational considerations is essential to maximize energy extraction efficiency and ensure reliable 
performance in real-world settings. 

The implications of our findings extend beyond turbine design considerations to encompass 
broader system integration and grid stability concerns. Turbines with fluctuating torque profiles, such 
as those with a higher number of blades, may pose challenges for grid integration and stability, 
particularly in systems with high penetrations of renewable energy. Designing control strategies and 
grid integration mechanisms that mitigate the impact of torque fluctuations while maximizing energy 
capture efficiency is crucial for ensuring the seamless integration of Savonius wind turbines into the 
broader energy infrastructure. 

Our findings highlight opportunities for future research and innovation in the realm of Savonius 
wind turbine technology. Further exploration into alternative blade configurations, materials, and 
design strategies can unlock new avenues for enhancing turbine performance and efficiency. 
Additionally, advances in computational modeling and simulation techniques can facilitate the rapid 
prototyping and optimization of turbine designs, accelerating the pace of innovation in the field. 
Collaborative efforts between academia, industry, and government stakeholders are essential to 
drive progress and realize the full potential of Savonius wind turbines as a viable, sustainable energy 
solution. 
Limitations and Challenges in Analyzing Savonius Wind Turbine Performance 

One of the primary challenges encountered during our study was the practical constraints 
associated with experimental testing of Savonius wind turbines. Constructing turbine prototypes with 
varying blade numbers required meticulous craftsmanship and precise machining techniques to 
ensure consistency in design parameters. Additionally, conducting experiments in a controlled wind 
tunnel environment necessitated careful calibration of instrumentation and adherence to safety 
protocols. Despite our best efforts to minimize experimental uncertainties, inherent variability in wind 
conditions and measurement inaccuracies may have influenced the reliability of our results. 

In addition to experimental challenges, our study also relied on computational modeling 
techniques, such as computational fluid dynamics (CFD), to complement experimental findings. 
While CFD simulations offer valuable insights into the underlying aerodynamic phenomena 
governing turbine performance, they are subject to certain simplifications and assumptions. 
Assumptions regarding turbulence modeling, boundary conditions, and geometric simplifications 
may introduce uncertainties and inaccuracies in simulation results. Sensitivity analyses and 
validation against experimental data were employed to mitigate these limitations, but further 
refinement of modeling techniques is warranted to improve predictive accuracy. 

Another limitation of our study pertains to the scale and generalizability of our findings. The 
experimental and computational analyses were conducted at a relatively small scale, focusing on 
laboratory-scale turbine prototypes. Extrapolating these findings to full-scale industrial turbines 
operating in real-world environments requires careful consideration of scale effects, atmospheric 
conditions, and site-specific factors. While our study provides valuable insights into the fundamental 
principles governing turbine operation, additional research at larger scales and field validation studies 
are necessary to validate the applicability of our findings in practical settings. 

Despite our efforts to conduct a comprehensive analysis, certain aspects of turbine performance 
may not have been fully captured in our study. For example, while we focused on key performance 
metrics such as power output, torque generation, rotational speed, and efficiency, other factors such 
as noise emissions, structural dynamics, and environmental impacts were not explicitly addressed. 
Future research endeavors should aim to incorporate a broader range of performance indicators to 
provide a more holistic understanding of turbine operation and its implications for sustainability and 
societal acceptance. 

 
4. CONCLUSION  
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Our journey into the realm of Savonius wind turbine performance has provided a deeper 
understanding of the intricate relationship between blade number and turbine operation. Through a 
combination of experimental testing, computational modeling, and data analysis, we have unraveled 
the complexities inherent in designing and optimizing these unique vertical-axis turbines for 
maximum efficiency and reliability. As we conclude our research, several key insights emerge that 
shape the future trajectory of Savonius wind turbine technology. First and foremost, our findings 
underscore the importance of considering blade number as a critical design parameter, with 
implications for power output, torque generation, and efficiency. While turbines with a higher number 
of blades may offer advantages in terms of energy capture and torque production, they may also 
encounter challenges related to stability and operational adaptability. Conversely, turbines with fewer 
blades may exhibit superior rotational dynamics and efficiency under certain conditions but may face 
limitations at higher wind speeds. Furthermore, our study highlights the need for holistic optimization 
approaches that balance competing objectives and trade-offs in turbine design. Achieving optimal 
performance requires careful consideration of factors such as aerodynamic efficiency, structural 
integrity, and grid integration compatibility. By leveraging insights from our analysis and embracing 
a multidisciplinary approach, researchers and engineers can innovate and iterate towards more 
efficient, reliable, and sustainable Savonius wind turbine designs. Looking ahead, the implications of 
our research extend beyond the confines of the laboratory to encompass broader societal and 
environmental considerations. Savonius wind turbines represent a promising avenue for 
decentralized energy generation, offering potential benefits for off-grid communities, rural 
electrification initiatives, and sustainable development efforts. Moreover, their low-profile design and 
omnidirectional operation make them well-suited for urban environments, where space constraints 
and aesthetic considerations pose challenges for traditional wind turbine installations. 
 
REFERENCES 
Boulouiha, H. M., Allali, A., & Denai, M. (2017). Grid integration of wind energy systems: Control design, stability, 

and power quality issues. In Clean energy for sustainable development (pp. 239–335). Elsevier. 
Constable, G., & Somerville, B. (2003). A century of innovation: Twenty engineering achievements that 

transformed our lives. Joseph Henry Press. 
De Luca, E., Nardi, C., Giuffrida, L. G., Krug, M., & Di Nucci, M. R. (2020). Explaining factors leading to 

community acceptance of wind energy. Results of an expert assessment. Energies, 13(8), 2119. 
Dixit, U. S., Hazarika, M., & Davim, J. P. (2017). A brief history of mechanical engineering. Springer. 
Ghasemian, M., Ashrafi, Z. N., & Sedaghat, A. (2017). A review on computational fluid dynamic simulation 

techniques for Darrieus vertical axis wind turbines. Energy Conversion and Management, 149, 87–100. 
Haines, A., Smith, K. R., Anderson, D., Epstein, P. R., McMichael, A. J., Roberts, I., Wilkinson, P., Woodcock, 

J., & Woods, J. (2007). Policies for accelerating access to clean energy, improving health, advancing 
development, and mitigating climate change. The Lancet, 370(9594), 1264–1281. 

Hameed, Z., Ahn, S.-H., & Cho, Y. M. (2010). Practical aspects of a condition monitoring system for a wind 
turbine with emphasis on its design, system architecture, testing and installation. Renewable Energy, 
35(5), 879–894. 

Hirsh, R. F., & Sovacool, B. K. (2013). Wind turbines and invisible technology: unarticulated reasons for local 
opposition to wind energy. Technology and Culture, 54(4), 705–734. 

Joseph, J., Pant, P., & Omkar, S. N. (2020). Optimisation framework for distinctive vertical AxisWind turbine 
blade generation using hybrid multi-objective genetic algorithms and deep neural networks. AIAA 
AVIATION 2020 FORUM, 3119. 

Kang, C., Liu, H., & Yang, X. (2014). Review of fluid dynamics aspects of Savonius-rotor-based vertical-axis 
wind rotors. Renewable and Sustainable Energy Reviews, 33, 499–508. 

Kothe, L. B., Möller, S. V., & Petry, A. P. (2020). Numerical and experimental study of a helical Savonius wind 
turbine and a comparison with a two-stage Savonius turbine. Renewable Energy, 148, 627–638. 

Krogstad, P., & Lund, J. A. (2012). An experimental and numerical study of the performance of a model turbine. 
Wind Energy, 15(3), 443–457. 

Kumar, P. M., Ajit, K. R., Surya, M. R., Srikanth, N., & Lim, T.-C. (2017). On the self starting of Darrieus turbine: 
An experimental investigation with secondary rotor. 2017 Asian Conference on Energy, Power and 
Transportation Electrification (ACEPT), 1–7. 

Kumar, Y., Ringenberg, J., Depuru, S. S., Devabhaktuni, V. K., Lee, J. W., Nikolaidis, E., Andersen, B., & Afjeh, 
A. (2016). Wind energy: Trends and enabling technologies. Renewable and Sustainable Energy Reviews, 
53, 209–224. 



26 
  
  ISSN 2086-7026 (Print), 2808-7372 (Online) 

MAKINTEK, Vol.15, No. 1, April 2024: pp 19-26 

Lee, J. L. (2001). Into the wind: A history of the American wind tunnel, 1896–1941. Auburn University. 
Maldar, N. R., Ng, C. Y., & Oguz, E. (2020). A review of the optimization studies for Savonius turbine considering 

hydrokinetic applications. Energy Conversion and Management, 226, 113495. 
McLean, D. (2017). Development of the Dual-Vertical-Axis wind turbine with active blade pitch control. 

Concordia University. 
Micallef, D., & Van Bussel, G. (2018). A review of urban wind energy research: aerodynamics and other 

challenges. Energies, 11(9), 2204. 
Nimvari, M. E., Fatahian, H., & Fatahian, E. (2020). Performance improvement of a Savonius vertical axis wind 

turbine using a porous deflector. Energy Conversion and Management, 220, 113062. 
Penna, A. N. (2019). A History of Energy Flows: from human labor to renewable power. Routledge. 
Righter, R. W. (1996). Wind energy in America: A history. University of Oklahoma Press. 
Saidur, R., Islam, M. R., Rahim, N. A., & Solangi, K. H. (2010). A review on global wind energy policy. Renewable 

and Sustainable Energy Reviews, 14(7), 1744–1762. 
Sun, A. (2012). Programmable surfaces. Massachusetts Institute of Technology. 
Süsser, D., Döring, M., & Ratter, B. M. W. (2017). Harvesting energy: Place and local entrepreneurship in 

community-based renewable energy transition. Energy Policy, 101, 332–341. 
Wang, X., & Zou, Z. (2019). Uncertainty analysis of impact of geometric variations on turbine blade performance. 

Energy, 176, 67–80. 
Winter, C.-J. (2009). Hydrogen energy—Abundant, efficient, clean: A debate over the energy-system-of-change. 

International Journal of Hydrogen Energy, 34(14), S1–S52. 
Yaramasu, V., Wu, B., Sen, P. C., Kouro, S., & Narimani, M. (2015). High-power wind energy conversion 

systems: State-of-the-art and emerging technologies. Proceedings of the IEEE, 103(5), 740–788. 
Zehner, O. (2012). Green illusions: the dirty secrets of clean energy and the future of environmentalism. U of 

Nebraska Press. 
Zhou, T., & Rempfer, D. (2013). Numerical study of detailed flow field and performance of Savonius wind 

turbines. Renewable Energy, 51, 373–381. 
 


