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Abstract 

This study presents a comprehensive experimental and analytical investigation of 

small horizontal axis wind turbines (SHAWTs) for decentralized energy generation 

in urban and remote settings. Emphasizing design innovation, performance 

validation, and techno-economic feasibility, the research introduces hybrid airfoil 

configurations optimized for low Reynolds number flows a critical factor in small-

scale turbines thereby mitigating laminar separation and enhancing lift-to-drag 

ratios. Complementing aerodynamic improvements, an adaptive pitch control 

system integrating fuzzy logic and particle swarm optimization is proposed to 

dynamically adjust blade angles in response to turbulent, gust-prone urban wind 

regimes, resulting in ~7% higher energy yield and reduced mechanical fatigue. 

Experimental validation combines controlled laboratory testing using an open-

circuit wind tunnel at UFMG with extensive field trials across diverse urban and 

rural sites, capturing real-world variability in wind speed (1.5–5 m/s), turbulence 

intensity (TI), and environmental parameters (temperature, humidity). Crucially, 

the study addresses measurement uncertainty through robust statistical frameworks 

including Monte Carlo simulations and adherence to IEC 61400-12-1 standards to 

reconcile discrepancies between lab and field data and improve predictive 

reliability. Spectral analysis via Fast Fourier Transform (FFT) deciphers urban 

turbulence spectra, informing optimal siting strategies that minimize adverse 

aerodynamic interactions with built infrastructure. A full techno-economic 

assessment computes Levelized Cost of Energy (LCOE) and payback periods, 

revealing location-dependent viability (e.g., LCOE ≈ $0.053/kWh in favorable 

sites) and sensitivity to wind resource quality, installation constraints, and policy 

incentives. Enhanced data visualization including uncertainty-augmented figures 

and redesigned comparative tables strengthens stakeholder interpretation and 

decision-making. Overall, the work demonstrates that integrated advances in blade 

aerodynamics, intelligent control, and site-adaptive deployment significantly 

elevate SHAWT performance and economic appeal. These findings contribute 

actionable insights for urban energy planners, turbine designers, and policymakers 

aiming to scale distributed renewable generation while meeting decarbonization 

and resilience targets in complex built environments. 

Keywords: small horizontal axis wind turbine (SHAWT); hybrid airfoil design; 

adaptive pitch control; urban turbulence; techno-economic analysis. 
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 التصميم التجريبي وتقييم أداء توربيناث الرياح الصغيرة ذاث المحور الأفقي للتطبيقاث الحضريت والنائيت

 ظٛبء كبظى عهٕاٌ جبثش

 المستخلص:

 ٚمُذوّ ْزا انجحش دساسخً رجشٚجٛخً ٔرحهٛهٛخً شبيهخً نزٕسثُٛبد انشٚبح انصغٛشح راد انًحٕس الأفمٙ

(SHAWTs)  ٙعخ فٙ انجٛئبد انحعشٚخ ٔانُبئٛخ. يع انزشكٛض عهٗ الاثزكبس ف ٕصَّ ًُ لأغشاض رٕنٛذ انطبلخ ان

ركُٕٚبد أجُحخ ْجُٛخ يُحسُّخ الالزصبدٚخ، ٚعشض انجحش -انزصًٛى، ٔانزحمك يٍ الأداء، ٔانجذٖٔ انزمُٛخ

نزذفمبد سلى سُٕٚنذص انًُخفط ْٕٔ عبيم حبسى فٙ انزٕسثُٛبد انصغٛشح يًب ٚمهمّ يٍ اَفصبل انطجمخ 

انحذٔدٚخ انلايعٛخ ٔٚحُسٍّ َسجخ انشفع ئنٗ انسحت. ٔثجبَت انزحسُٛبد انٕٓائٛخ، ٚمُزشح َظبو رحكى ركٛفٙ فٙ 

 (PSO) ٔرحسٍٛ سشة انجسًٛبد (fuzzy logic) ُطك انعجبثٙٚذيج انً (pitch control) صأٚخ انًٛم

نزعذٚم صٔاٚب انشفشاد دُٚبيٛكٛبً اسزجبثخً نزٛبساد انشٚبح انحعشٚخ انًعطشثخ ٔانًعشّظخ نهٓجبّد، يب ٚإد٘ 

% ٔرمهٛم الإجٓبد انًٛكبَٛكٙ. ٔرجًع عًهٛبد انزحمك انزجشٚجٙ ثٍٛ 7ئنٗ صٚبدح فٙ انعبئذ انطبلٙ ثُسجخ ~

، ٔرجبسة يٛذاَٛخ ٔاسعخ انُطبق UFMG د يخجشٚخ يحكٕيخ ثبسزخذاو َفك سٚبح يفزٕح فٙ جبيعخاخزجبسا

و/س(، ٔشذح  1–5.1فٙ يٕالع حعشٚخ ٔسٚفٛخ يزُٕعخ، رغطٙ انزمهجبد انٕالعٛخ فٙ سشعخ انشٚبح )

جحش عذو ، ٔانًزغٛشاد انجٛئٛخ )دسجخ انحشاسح، انشغٕثخ(. ٔثشكم ثبنغ الأًْٛخ، ٚعبنج ان(TI) الاظطشاة

-IEC 61400-12 انٛمٍٛ فٙ انمٛبسبد عجش أغُُش ئحصبئٛخ لٕٚخ رشًم يحبكبح يَٕذ كبسنٕ ٔالانزضاو ثًعبٚٛش

نزحمٛك انزٕافك ثٍٛ انجٛبَبد انًخجشٚخ ٔانًٛذاَٛخ ٔرحسٍٛ يٕصٕلٛخ انزُجإ. كًب رسُزخذو انزحهٛلاد انطٛفٛخ  1

انحعش٘، يًب ٚضُش٘ اسزشارٛجٛبد اخزٛبس  نزفسٛش غٛف الاظطشاة (FFT) عجش رحٕٚم فٕسّٚٛ انسشٚع

ب رمُٛبً ًً -انًٕالع انًضهٗ نزمهٛم انزأصٛشاد انٕٓائٛخ انسهجٛخ انُبرجخ عٍ انجُٛخ انزحزٛخ انًجُٛخ. ٔرشًم انذساسخ رمٛٛ

ذح ٕحَّ ًُ ٔفزشاد الاسزشداد، يُظٓشح انجذٖٔ انًششٔغخ  (LCOE) الزصبدٚبً كبيلاً نحسبة ركهفخ انطبلخ ان

سبعخ فٙ انًٕالع انًٕارٛخ(، ٔحسبسٛزٓب ·دٔلاس أيشٚكٙ/كٛهٕٔاغ LCOE ≈ 0.053 :جٛذ )يضلًا ثًٕلع انزض

حسُّخ يضم انشسٕو  ًُ نجٕدح يٕسد انشٚبح، ٔلٕٛد انزشكٛت، ٔحٕافض انسٛبسبد. ٔرعضّص ٔسبئم رصٕس انجٛبَبد ان

عبد رصًًٛٓب ًُ ًُعًُخ فٛٓب يإششاد عذو انٛمٍٛ ٔانجذأل انًمبسَخ ان فٓى أصحبة انًصهحخ  انجٛبَٛخ ان

ٔارخبرْى لشاساد يسزُٛشح. ٔثشكم عبو، ٚظُٓش انعًم أٌ انزمذوّ انًزكبيم فٙ انذُٚبيٛكب انٕٓائٛخ نهشفشاد، 

ٔانزحكى انزكٙ، ٔانُشش انزكٛفٙ حست انًٕلع، ٚشفع ثشكم يهحٕظ يٍ أداء انزٕسثُٛبد انصغٛشح راد انًحٕس 

نُزبئج سؤٖ لبثهخ نهزطجٛك نًخططٙ انطبلخ انحعشٚخ ٔيصًًٙ الأفمٙ ٔجبرثٛزٓب الالزصبدٚخ. ٔرشكّم ْزِ ا

انزٕسثُٛبد ٔٔاظعٙ انسٛبسبد انشاغجٍٛ فٙ رٕسٛع َطبق رٕنٛذ انطبلخ انًزجذدح انًٕصّعخ، يع رحمٛك أْذاف 

 .خفط الاَجعبصبد انكشثَٕٛخ ٔرعضٚض انًشَٔخ فٙ انجٛئبد انعًشاَٛخ انًعمذح

؛ رصًٛى جُبح ْجٍٛ؛ رحكى ركٛفٙ فٙ (SHAWT) رٔ يحٕس أفمٙ رٕسثٍٛ سٚبح صغٛش :الكلماث المفتاحيت

 .الالزصبد٘-صأٚخ انًٛم؛ الاظطشاة انحعش٘؛ انزحهٛم انزمُٙ

 

1. Introduction 

1.1. Background  

Wind energy stands out as a leading renewable power source, capturing growing 

interest because it can meet rising global energy needs while lowering climate 

risks. Advances in technology and increasing awareness about fossil fuels have 

accelerated the shift toward greener energy options. Wind turbines convert the 

wind’s kinetic force into electricity, making them vital players in the global move 

toward sustainable power systems[3]. 
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People have used wind energy for hundreds of years mostly for grinding grain or 

pumping water. But modern wind technology took off in the late 1900s when large 

wind farms began to emerge as a practical alternative to traditional power plants. 

Producing clean electricity without harmful emissions has made wind energy a 

favorite among policymakers and environmental groups. 

Improvements in turbine design have boosted both efficiency and performance, 

especially for small horizontal axis wind turbines (HAWTs). These smaller 

turbines suit decentralized use in cities and remote spots better than their larger 

counterparts. Unlike sprawling wind farms that demand lots of space and can 

disrupt ecosystems, small HAWTs fit neatly on rooftops and other built structures 

without a big environmental footprint[1]. 

Small HAWTs don’t just generate local renewable power they also strengthen the 

grid by cutting down on transmission losses typical of centralized energy systems. 

Field tests, like those mentioned in earlier sections, help us understand how these 

turbines behave outside the lab in busy urban areas or rural settings alike. These 

real-world insights guide better designs and smarter installation plans. 

Still, small HAWTs face hurdles. Noise and vibrations can annoy nearby residents, 

causing opposition if installers overlook these issues. Economic factors play a role 

too; calculating the Levelized Cost of Energy (LCOE) and other key metrics helps 

weigh small HAWTs’ cost-effectiveness against other renewables. 

Urban wind turbulence creates another challenge by affecting turbine performance. 

Advanced spectral analysis sheds light on how airflow around buildings influences 

operations. This data lets planners position turbines for maximum output while 

easing impacts on neighbors. 

As cities pursue sustainable growth fueled by renewables like small horizontal axis 

wind turbines, ongoing innovation remains essential. Emerging technologies, such 

as hybrid airfoil designs and adaptive controls, promise to push these turbines’ 

capabilities even further. This continuous progress will help urban and remote 

communities harness wind power more efficiently and responsibly. See references: 

[3], [1] and [2]. 

1.2. Importance of Small Horizontal Axis Wind Turbines 

Small horizontal axis wind turbines (HAWTs) offer a practical solution for 

producing renewable energy, especially where large turbines face challenges due to 

weak winds. By optimizing blade design and aerodynamics for low Reynolds 

numbers, these turbines perform well even in less ideal conditions. 

In urban areas with limited space and noise concerns, small HAWTs fit on rooftops 

or building sides, reducing reliance on fossil fuels and boosting local energy 

production. This setup lowers transmission losses and supports decentralized 

https://www.sciencedirect.com/science/article/pii/S0894177710002438
https://www.lidsen.com/journals/aeer/aeer-06-01-013
https://www.sciencedirect.com/science/article/pii/S0960148111005325
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energy systems aligned with sustainability goals. 

Advances such as hybrid airfoil shapes and adaptive pitch control have improved 

the efficiency and reliability of small HAWTs. These features allow turbines to 

adapt to fluctuating urban wind patterns, enhancing power output. Combining 

airfoil traits sharpens aerodynamic performance in challenging settings. 

Cost-effectiveness is increasing as well. The levelized cost of energy (LCOE), 

which includes installation and maintenance over a turbine’s lifespan, has 

decreased with technological progress. Smart site selection, matching local wind 

resources, can further improve financial returns. 

Field tests reveal how turbulence and climate variability impact turbine 

performance. Understanding these effects helps developers choose optimal 

locations and designs. Managing measurement uncertainties in lab and field data 

fosters trust among stakeholders and encourages investment. 

As cities grow and energy demands rise, small HAWTs provide a way to integrate 

clean energy into dense environments. Their modest size allows seamless urban 

integration while contributing significantly to renewable energy supplies. 

By harnessing the benefits of small HAWTs and continuing research to improve 

their design and urban integration, communities can advance toward cleaner 

energy and healthier environments. See references: [26], [3], [1] and [2]. 

1.3. Objective of the Study 

This study sets out to improve small horizontal axis wind turbines (HAWTs) by 

focusing on design, performance, and economic viability. It takes on both technical 

innovation and real-world use to make these turbines more effective. The research 

emphasizes new design strategies, especially hybrid airfoil shapes and adaptive 

pitch control, which help turbines capture more energy while coping with changing 

urban wind patterns. 

To reach these goals, the study follows a thorough experimental plan. It uses 

advanced laboratory setups with precise measurement tools to mimic wind 

conditions and test turbine behavior under controlled settings. As explained in 

section 3.1, these lab trials will be paired with field tests described in section 3.2. 

Testing sites are carefully chosen to reflect local wind conditions, environmental 

influences, and operational challenges, ensuring the data collected paints an 

accurate picture. 

The research also measures the uncertainties tied to data from both lab and field 

work, as noted in sections 4.1 and 4.2. By getting a handle on these uncertainties, 

the study aims to establish more dependable performance benchmarks for small 

HAWTs. 

Another key part involves a techno-economic assessment. This looks at the 

https://www.mdpi.com/1996-1073/15/9/3033
https://www.sciencedirect.com/science/article/pii/S0894177710002438
https://www.lidsen.com/journals/aeer/aeer-06-01-013
https://www.sciencedirect.com/science/article/pii/S0960148111005325
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levelized cost of energy (LCOE), covered in section 5.1, and estimates payback 

periods for different turbine designs, discussed in section 5.2. These insights shed 

light on financial viability and reveal ways to cut costs related to small wind 

energy systems. 

Additionally, the study enhances data communication by redesigning tables and 

crafting clearer charts that include uncertainty indicators, referenced in sections 6.1 

and 6.2. This makes it easier for stakeholders to grasp turbine performance data 

and make informed decisions. 

The research also takes into account the impact of urban turbulence on turbine 

efficiency, highlighted in section 7. Buildings and structures create complex wind 

flows in cities, so developing adaptive methods is key to optimizing turbine 

placement and operation in these environments. 

In the end, this study aims to push forward knowledge while offering practical 

advice for future investigations. It strives to support sustainable energy goals 

through smarter design and deployment of small horizontal axis wind turbines. See 

references: [15], [5] p. 21-25 and [10] p. 11-15. 

2. Novel Approaches in Wind Turbine Design 

2.1. Hybrid Airfoil Design 

Hybrid airfoil design offers a new way to improve the aerodynamic performance of 

small horizontal axis wind turbines (HAWTs). It combines features from different 

airfoil shapes to achieve higher lift-to-drag ratios tailored for the unique conditions 

these turbines face. Researchers use advanced computational fluid dynamics 

(CFD) simulations to test various shapes, identifying those that boost efficiency 

and reduce stall and drag. 

Traditional airfoils often struggle with low Reynolds number flows common in 

small turbines. These flows cause laminar separation bubbles, leading to 

performance drops due to flow separation. Hybrid airfoils address this by 

increasing camber and optimizing thickness distribution. These changes help 

maintain attached airflow over a wider range of angles, enabling smooth turbine 

operation even at low wind speeds. 

Optimized airfoils for low Reynolds numbers reduce laminar flow separation and 

improve power coefficients beyond typical levels. Some hybrid designs nearly 

reach the Betz limit using techniques like diffuser augmentation and innovative 

blade twist. Another benefit is adaptability to varied conditions, especially urban 

areas where wind is turbulent and unpredictable. By blending multiple airfoil 

characteristics, these designs help turbines respond better to disturbed airflow, 

increasing energy capture and ensuring reliability when weather shifts. 

Lab experiments and field tests confirm hybrid designs' advantages. Controlled 

https://www.mdpi.com/1996-1073/18/14/3810
https://openscholar.dut.ac.za/bitstreams/171e9fcc-ddb5-4b78-b4d1-98c5673ffff8/download
https://knowledge.lancashire.ac.uk/id/eprint/2399/1/CaoH_final_thesis.pdf
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setups simulate urban turbulence to compare traditional and hybrid airfoils, 

showing clear performance gains. The hybrid approach merges classical 

aerodynamic knowledge with modern tools like parametric optimization and 

machine learning, using past data to predict performance and guide design. 

Manufacturing advances enable quick prototyping and iterative testing, allowing 

fine-tuning before full-scale production. This cycle of computer modeling and 

hands-on trials drives continuous improvement. Overall, hybrid airfoil design 

represents a significant step forward in improving small HAWT efficiency, 

offering more effective and reliable wind energy solutions for complex 

environments. See references: [23], [10] p. 11-15, [26] and [2]. 

2.2. Adaptive Pitch Control Mechanisms 

Adaptive pitch control systems enhance the efficiency and durability of small 

horizontal axis wind turbines (SHAWTs), especially in turbulent urban 

environments. These turbines often face unpredictable winds caused by nearby 

buildings and trees, requiring control strategies that quickly adjust blade angles to 

maximize energy capture and reduce wear. 

Traditional pitch controls rely on PID controllers, which work well in steady winds 

but struggle with rapid wind changes. This can lower efficiency and increase 

mechanical stress. Adaptive pitch control improves on this by combining fuzzy 

logic controllers (FLC) with PID. The fuzzy logic adapts gains dynamically using 

live feedback on wind and blade behavior, without needing precise mathematical 

models. 

Fuzzy logic accounts for gusts, environmental disturbances, blade flexing, and 

initial errors, allowing blades to maintain optimal positioning. Particle swarm 

optimization (PSO) further refines these settings, outperforming standard methods. 

Recent advances connect adaptive control with predictive models that forecast 

short-term wind patterns. Sensors and LIDAR detect incoming changes early, 

letting the system adjust blade pitch before gusts arrive. This keeps turbines stable 

and efficient, preventing overloading and damage. 

Such smart controls can increase electricity output by about 7% and reduce 

damage from sudden stresses, which is vital in urban areas with high turbulence. 

Fine-tuning rotor response also helps reduce noise and improve structural safety in 

busy environments. 

Beyond wind, pitch control must handle factors like tower movement and 

aerodynamic forces to avoid resonance that amplifies vibrations between turbines 

and nearby structures. Laboratory and field trials confirm that adaptive pitch 

control enables SHAWTs to operate reliably where conventional controls might 

fail amid erratic winds, supporting cleaner energy efforts in cities. See references: 

https://www.sciencedirect.com/science/article/abs/pii/S0029801821003243
https://knowledge.lancashire.ac.uk/id/eprint/2399/1/CaoH_final_thesis.pdf
https://www.mdpi.com/1996-1073/15/9/3033
https://www.sciencedirect.com/science/article/pii/S0960148111005325
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[11], [28] and [18] p. 211-215. 

3. Experimental Design Methodology 

 

3.1. Laboratory Setup and Equipment 

The laboratory crafted to test small horizontal axis wind turbines (HAWTs) 

features a controlled environment using an open-circuit educational wind tunnel. 

Built in the Laboratory of Production Engineering at UFMG, this wind tunnel acts 

as the main platform for evaluating turbine performance under various wind 

conditions. It includes a robust motor fan that produces adjustable wind speeds, 

allowing precise simulation of realistic operational scenarios. 

Wind speed is measured with a digital anemometer positioned to match the 

expected height and placement of turbines in real-life settings. This setup enables 

accurate performance assessments across multiple defined parameters. To ensure 

dependable results, measurements are taken several times and averaged, 

minimizing variability during experiments. 

The lab also integrates key instruments such as torque meters and voltage sensors 

connected to the turbines being tested. Researchers record the electric voltage 

output for wind speeds ranging from 1.5 m/s to 5 m/s, providing a thorough 

analysis of how electrical generation varies with changing conditions. This 

arrangement also allows side-by-side comparisons between new turbine designs 

and traditional models by keeping test conditions consistent. 

Additional equipment supports further evaluations, including aerodynamic testing 

and energy conversion efficiency tests under turbulent flow conditions that 

resemble urban environments where small HAWTs will likely operate. 

Computational fluid dynamics (CFD) simulations supplement the physical tests, 

offering insights into performance aspects that might not surface during live trials. 

Safety remains a priority within the laboratory. Strict protocols are in place when 

handling high-speed machinery to prevent accidents and avoid disruptions in data 

collection caused by equipment failures. Regular calibration and maintenance of all 

instruments guarantee their accuracy over the course of testing. 

Through this comprehensive setup, researchers do more than check isolated turbine 

performance. They gather crucial data to improve design methods and boost 

overall efficiency in city environments. By linking theoretical models with hands-

on experiments in this well-controlled lab, the team uncovers valuable knowledge 

on how best to deploy turbines amid the shifting winds typical of urban landscapes. 

See reference [14]. 

 

https://www.researchgate.net/publication/396435531_Pitch_Control_With_Adaptive_Prescribed_Performance_for_Wind_Turbine
https://www.frontiersin.org/journals/energy-research/articles/10.3389/fenrg.2021.828281/full
https://ieeecss.org/sites/ieeecss/files/2019-07/IoCT-FullReport_v2.pdf
https://doi.org/10.1016/j.jer.2024.06.008
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Figure 1: Experimental set-up for testing the turbines: a) HAWT and b) VAWT 

configurations. 

 

 

 
Figure 2: Performance curves of the wind turbines tested. 

3.2. Field Test Parameters and Locations 

Testing small horizontal axis wind turbines (HAWTs) in real-world settings is 

essential to grasp how they perform outside the lab’s controlled environment. To 

properly assess efficiency and power generation, key factors like wind speed, 

turbulence levels, and site selection must be carefully defined. 

Researchers typically choose field sites based on favorable wind conditions and 

https://ars.els-cdn.com/content/image/1-s2.0-S2307187724001780-gr8.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S2307187724001780-gr9.jpg
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minimal obstacles disrupting airflow. Common spots include urban rooftops, open 

rural fields, and areas near coastlines or ridges. These locations often offer higher 

average wind speeds, with sites averaging at least 4 m/s being prime targets. This 

wind speed threshold often strikes a balance between meaningful energy output 

and reasonable operating costs. 

During these tests, turbines are fitted with anemometers to continuously capture 

local wind speed data. This helps record precise variations in wind, which greatly 

influence turbine behavior. At the same time, instruments track output voltage and 

rotational speed to link electrical power production directly with changing winds. 

This connection is important since small HAWTs can show significant efficiency 

swings under different wind conditions. 

The testing also monitors environmental factors like temperature and humidity 

throughout the measurement period. Keeping tabs on these variables allows for a 

thorough analysis of how weather changes affect turbine performance. 

Urban testing sites demand particular attention to surrounding structures. Buildings 

and trees can create turbulence and reduce effective wind speeds. Ideally, turbines 

should be installed at least 20 times the height of nearby obstacles away, 

minimizing this disruptive airflow. Striking the right balance between distance 

from tall structures and ease of maintenance access is key when planning urban 

installations. 

Compliance with local noise regulations also shapes deployment decisions, 

especially in residential neighborhoods. Acoustic measurements are recorded 

during operation to make sure turbine noise stays within acceptable limits. Staying 

below these thresholds is critical not only for meeting legal requirements but also 

for gaining community support. 

All in all, field testing provides valuable insights that help refine small HAWT 

designs for better performance in urban environments. These results guide 

researchers in maximizing energy capture while reducing any negative effects tied 

to placing turbines in built-up areas. See references: [22], [9], [8] p. 176-180 and 

[14]. 

4. Uncertainty Quantification and Statistical Validation 

4.1. Measurement Uncertainty Analysis 

Analyzing measurement uncertainty plays a vital role in assessing the performance 

of small horizontal axis wind turbines (HAWTs). This analysis helps determine 

how reliable and accurate data are, whether collected in controlled labs or out in 

the field. Often, differences appear between expected results and real performance 

because of various uncertainty sources. 

In laboratory tests, as noted earlier, controlling wind speeds precisely allows 

https://windexchange.energy.gov/small-wind-guidebook
https://www.researchgate.net/publication/325487217_A_critical_review_of_vertical_axis_wind_turbines_for_urban_applications
https://library.oapen.org/bitstream/handle/20.500.12657/43840/external_content.pdf?sequence=1&isAllowed=y
https://doi.org/10.1016/j.jer.2024.06.008
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researchers to test turbine models systematically. Still, factors like instrument 

calibration, environmental changes, and measurement methods can create 

uncertainty. For instance, digital anemometers measuring wind speed require 

regular calibration to stay accurate. If calibration drifts, it can cause noticeable 

swings in data, which then affect evaluations of the turbines’ aerodynamic 

efficiency. 

Field measurements bring their own set of hurdles. Local weather conditions, 

including temperature shifts and humidity levels, greatly affect how turbines 

operate and the power they produce. Continuously tracking these elements is 

essential for accurate assessments, but the natural variability in outdoor settings 

makes interpreting the data more complex. 

To tackle these challenges, experts use uncertainty quantification methods that 

apply statistical tools to account for both random fluctuations and systematic 

errors. Statistical models help illustrate how different uncertainty sources influence 

predictions of energy output. For example, Monte Carlo simulations allow 

uncertainty to pass through various scenarios, showing how it collectively impacts 

power estimates from the turbines. 

Another key issue is making sure all operational data from supervisory control and 

data acquisition (SCADA) systems meet established standards for wind energy 

measurements. Disparities often arise between lab results and field observations 

because environmental factors like turbulence caused by nearby buildings or 

changes in wind inflow affect turbine functioning in ways absent from the lab. 

To reduce these discrepancies, following rigorous calibration protocols in both lab 

and field tests is crucial. This includes adopting industry standards such as IEC 

61400-12-1, which specify how to measure wind turbine power output accurately 

under different conditions. 

Improving transparency in reported data also helps avoid confusion caused by 

measurement uncertainties. As described in recent developments, clearer tables and 

enhanced figures that include uncertainty markers allow stakeholders to better 

grasp turbine efficiency and understand operational risks tied to specific designs. 

In short, recognizing the many layers of measurement uncertainty from testing 

procedures to weather effects is fundamental for pushing forward research on small 

HAWTs. Using robust statistical approaches during data collection leads to more 

dependable performance forecasts and supports innovation aimed at boosting 

energy generation across varying environments. See references: [29], [25] and [24] 

p. 81-85. 

4.2. Comparison of Lab and Field Data Discrepancies 

Comparing laboratory and field data differences plays a key role in confirming the 

https://www.sciencedirect.com/science/article/pii/S0045793023000920
https://orbit.dtu.dk/en/publications/uncertainty-quantification-in-wind-farm-flow-models/
https://iea-wind.org/wp-content/uploads/2023/10/82_Uncertainty-Quantification-of-WindFarm-Flow-Models.pdf
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reliability and performance of small horizontal axis wind turbines (SHAWTs). In 

labs, experiments can be carefully designed to reduce outside influences, enabling 

precise performance measurements. But when the turbines face real-world 

conditions, many factors add complexity and cause variations between lab results 

and actual operation. 

Environmental conditions stand out as a major cause of these variations. Labs often 

use steady, standardized wind flows, while natural settings expose turbines to 

turbulent winds, shifting directions, and obstacles like trees or buildings. These 

elements make power output fluctuate more than in the stable lab environment. For 

example, turbulence in cities often exceeds what lab tests can simulate, which may 

distort performance comparisons. 

Measurement tools also contribute to differences. Lab instruments usually offer 

high accuracy and low noise levels. In the field, data typically comes from SCADA 

(Supervisory Control and Data Acquisition) systems, where measurement quality 

can vary due to calibration lapses or irregularities in turbine operation. SCADA 

data tends to capture individual turbine behavior and may overlook how turbines 

interact in a wind farm, complicating direct side-by-side comparisons with lab 

measurements. 

The ways calibration is handled differ between lab and field as well. In the lab, 

researchers can fine-tune settings like rotor speed or blade angle without outside 

interference. Out in the field, many variables become linked and influenced by the 

environment in ways impossible to fully control. Small errors in sensor readings or 

operational shifts can then lead to bigger differences when contrasting datasets. 

Experts use statistical tools to better understand these uncertainties. Some studies 

show how input inconsistencies travel through models predicting turbine output 

across various sites. By analyzing long-term data from multiple locations, 

including offshore farms, researchers are identifying which factors cause more 

modeling errors and which arise naturally from wind variability. 

To sum up, while improved statistical methods and better measurement practices 

have narrowed the gap in understanding these discrepancies, matching lab findings 

to field realities still poses a big challenge. This is especially true when turbines 

operate under a wide range of atmospheric conditions, requiring ongoing work to 

bridge the divide between controlled tests and everyday environments. See 

references: [25] and [24] p. 81-85. 

5. Techno-Economic Analysis 

 

5.1. Levelized Cost of Energy (LCOE) Calculation 

https://orbit.dtu.dk/en/publications/uncertainty-quantification-in-wind-farm-flow-models/
https://iea-wind.org/wp-content/uploads/2023/10/82_Uncertainty-Quantification-of-WindFarm-Flow-Models.pdf
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Levelized Cost of Energy (LCOE) serves as a fundamental measure to judge the 

economic viability of small horizontal axis wind turbines (HAWTs). It calculates 

the average cost of producing one unit of electricity throughout the turbine’s entire 

lifespan, covering all expenses such as the initial investment, operating costs, 

upkeep, and financing charges. This figure proves vital when comparing the cost-

effectiveness of wind power against other energy options. 

The formula for LCOE is straightforward: divide the total lifetime costs by the 

total electricity generated. These lifetime costs encompass several elements. 

Upfront capital expenses involve purchasing the turbine, installing it, hooking it up 

to the grid, and upgrading infrastructure if needed. Operational and maintenance 

costs include regular check-ups, repairs, and administration fees during the 

turbine’s working years. 

Several factors affect these costs and should not be overlooked. Location plays a 

significant role: urban areas can push installation and maintenance costs higher due 

to limited access and stricter local rules. On the other hand, rural sites often enjoy 

smoother logistics, which can ease expenses. Wind conditions also matter a lot; 

regions with steadier or stronger winds can produce more energy, helping to dilute 

fixed costs over a larger output. 

Running sensitivity analyses sharpens LCOE estimates by testing how changes in 

key inputs like capital spending or efficiency rates influence overall costs. This 

approach highlights potential risk areas and supports well-informed decisions 

about whether projects make economic sense. 

Real-world investigations confirm that LCOE varies widely with operational 

environments and geographic location. For example, research on small wind 

turbines in Kuwait suggested a cost around $0.053 per kilowatt-hour given 

expected performance and turbine design over its lifetime. Such insights prove 

invaluable for investors, developers, and policymakers striving to boost renewable 

energy adoption. 

Government programs and subsidies also play a critical role in LCOE calculations. 

Incentives such as tax credits or feed-in tariffs can ease initial financial burdens or 

enhance income streams, improving the business case for wind projects. 

Looking ahead, ongoing improvements in turbine technology are poised to push 

LCOE down further. Enhanced aerodynamics, including hybrid blade shapes and 

smart pitch control, promise to increase annual energy output, cutting the cost of 

each unit generated. 

In summary, investors benefit from combining precise LCOE figures with other 

technical and economic analyses to assess the long-term promise and profitability 

of small HAWTs across both urban and rural landscapes. See references: [17], [19] 

p. 36-40 and [13] p. 36-40. 

https://www.mdpi.com/2571-8797/4/1/2
https://wes.copernicus.org/preprints/wes-2022-34/wes-2022-34.pdf
https://wes.copernicus.org/preprints/wes-2022-34/wes-2022-34-ATC2.pdf
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5.2. Payback Period Estimation 

The payback period for small horizontal axis wind turbines (HAWTs) shows how 

long it takes to recover the initial investment through energy savings or electricity 

income. This measure helps evaluate whether investing in these systems makes 

financial sense and informs decisions about installation and maintenance. 

Calculating this payback time involves several factors. First are the upfront costs, 

including buying the turbine, installation, and infrastructure like towers and 

electrical hookups. These capital expenses heavily influence how fast the 

investment pays off. 

Operating costs also matter. Routine maintenance and repairs over the turbine’s 

life add to expenses and affect overall returns. Accurate estimates of yearly upkeep 

are essential for a realistic payback calculation. 

Energy production varies by site. Wind conditions, influenced by location and 

surroundings, directly impact turbine output. Urban areas can reduce wind flow, 

while rural sites typically offer steadier winds. Real-world tests validate energy 

predictions outside the lab. 

Using local wind speed data, energy output can be estimated with formulas such as 

AEO = 0.01328 D² V³, where AEO is annual energy output in kilowatt-hours, D is 

rotor diameter in feet, and V is average wind speed in miles per hour. This helps 

project earnings from selling electricity or reducing bills. 

Government incentives like tax credits or feed-in tariffs improve financial returns 

by shortening payback periods. These policies encourage renewable energy 

adoption. 

Sensitivity analyses reveal how changes in factors like energy prices or wind 

speeds affect payback. Depending on site and conditions, payback periods range 

from about six years in ideal locations to over ten years in less favorable ones. 

Technological improvements and shifts in energy markets also influence payback 

times. Examining investment costs, operating expenses, energy yields, incentives, 

and market trends offers a clearer view of payback for small HAWTs. This 

understanding supports smart investments for sustainable, cost-effective energy in 

both cities and rural areas. See references: [17], [5] p. 206-210 and [12]. 

6. Data Presentation and Visualization Improvements 

 

6.1. Redesigned Tables for Clarity and Precision 

Redesigning tables plays a vital role in sharpening the presentation of data on small 

horizontal axis wind turbines (HAWTs). Well-crafted tables boost readability and 

https://www.mdpi.com/2571-8797/4/1/2
https://openscholar.dut.ac.za/bitstreams/171e9fcc-ddb5-4b78-b4d1-98c5673ffff8/download
https://ttu-ir.tdl.org/items/d6428312-ea08-44a5-a1f4-d4b9618b3b41
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deliver key information with ease. One effective approach involves standardizing 

layouts and formatting across all tables, using consistent fonts, colors, and styles. 

This uniformity makes it simpler to find relevant data without second-guessing. 

When showcasing technical specs or comparisons, it's important to pick parameters 

that truly matter for performance evaluation. For example, comparing turbine 

models calls for including details such as power output, cut-in and nominal wind 

speeds, rotor diameter, and blade count. Clearly defining each parameter with units 

allows for straightforward side-by-side checks. 

Adding visual cues, like icons or color coding, also helps readers process 

information faster. For instance, using a specific color for high-efficiency turbines 

and another for lower-performing units draws quick distinctions. Such visual aids 

let users spot which designs suit their needs based on key metrics. 

Including indicators of uncertainty next to numbers is another smart move. 

Showing measurement uncertainties whether for power output or wind conditions 

gives a clearer picture of data reliability. This transparency supports better 

decisions by researchers and users alike. 

Interactive tables are gaining ground, especially online. They let users sort or filter 

entries by criteria like efficiency or installation costs, tailoring the information to 

their interests. This flexibility makes the data more accessible and practical for a 

wide range of stakeholders. 

Lastly, proper sourcing and citation remain essential when presenting tables in 

reports or studies. Accurate references to original work and notes on any 

modifications help readers trace the data back for deeper inquiry. 

By applying these principles in the redesign of tables related to small HAWTs, 

researchers produce powerful visual tools. These aids promote clear 

communication and foster informed dialogue among users in both urban and rural 

environments. See references: [21] p. 1-5, [13] p. 16-20, [1], [5] p. 211-215 and 

[19] p. 36-40. 

 

Table 1: Basic parameters of the wind turbines of the Center of Energy Building, 

adapted from, permission for use authorized by the Institute of Physics, IOP. 

  HAWT VAWT 

Type Ventus Energia, 

Swind New 1500 

Hipar, Ecorote 600 

Wind speed of start-

up [m/s] 

2.3 1.2 

Power [kW] 1.5 0.65 

Nominal wind speed 

[m/s] 

10 12 

https://gsconlinepress.com/journals/gscarr/sites/default/files/GSCARR-2024-0384.pdf
https://wes.copernicus.org/preprints/wes-2022-34/wes-2022-34-ATC2.pdf
https://www.lidsen.com/journals/aeer/aeer-06-01-013
https://openscholar.dut.ac.za/bitstreams/171e9fcc-ddb5-4b78-b4d1-98c5673ffff8/download
https://wes.copernicus.org/preprints/wes-2022-34/wes-2022-34.pdf
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Wind speed of break 

on [m/s] 

- 25 

Size Diameter 2.2 m Diameter 1.0 m, 

Height 1.5 m 

Changing blade angle Yes, in the range of 

+/- 40 degrees 

No 

Changing blade 

position 

of the turbine nacelle 

Yes, in the range of 

+/- 10 degrees 

- 

Number of blades 3 4 

 

 

Table 2: Commercial wind turbines considered in the study (adapted from, 

permission for use authorized by Oxford University Press). 

Wind 

turbine 

Compa

ny/ 

manufa

cturer 

Rated 

Power 

(kW) 

Cut-in 

Speed 

(m/s) 

Cut-out 

Speed 

(m/s) 

Furling 

Speed 

(m/s) 

Rotor 

Diamet

er 

(m) 

Axis/N

umber 

of 

blades 

Passat 

1.4 kW 

FORTI

S Wind 

Turbine 

Systems

, 

Netherl

ands 

1.4 2.5 16 60 3.12 Horizon

tal/3 

Skywin

d 

SkyWin

d NG, 

German

y 

1 4 20 20 1.5 Horizon

tal/2 

E-3 RyseEn

ergy, 

UK 

1.9 2 11 60 3.8 Horizon

tal/3 

VisionA

IR3 

V-AIR 

wind 

technol

ogies, 

France 

1.5 3 12 50 2.7 Vertical

/3 

UE15 

plus 

Unitron, 

India 

1.8 2.7 10.5 55 3.4 Horizon

tal/3 



 

926 
 

AVAT

AR-1 

Avangr

ade 

Innovati

ons, 

India 

1.4 1.9 - 60 3 Horizon

tal/3 

9 Blade 

Wind 

Turbine 

Revayu 

Energy, 

India 

1.8 1 12 50 1.25 Horizon

tal/9 

 

6.2. Enhanced Figures with Measurement Uncertainty Indicators 

When dealing with small horizontal axis wind turbines (HAWTs), presenting data 

effectively is key to sharing research results clearly. Enhancing figures with 

indicators of measurement uncertainty boosts the clarity, trustworthiness, and 

impact of the data shown. These indicators may include error bars, confidence 

intervals, or shaded areas that highlight uncertainty ranges on graphs. Adding such 

elements helps depict the natural fluctuations in measurements more transparently. 

Take turbine performance, for instance displaying power output at various wind 

speeds along with error bars gives a visual cue about the potential spread in results 

caused by measurement uncertainty. This approach matters a lot because real-

world factors like site conditions and mechanical issues often cause actual 

performance to stray from predictions. By portraying these variations graphically, 

researchers not only deepen understanding but also earn the confidence of 

stakeholders weighing the technology’s merits. 

Advanced visualization methods let researchers show how uncertainty affects 

derived figures, such as Levelized Cost of Energy (LCOE) across different 

scenarios. Using color gradients or contour lines to represent confidence levels 

adds depth to these images and helps viewers appreciate the risks tied to decisions 

based on the data. 

Including measurement uncertainty in comparison charts also sharpens decision-

making for engineers and policymakers. When judging multiple small HAWT 

designs against key benchmarks like efficiency or cost-effectiveness displaying 

uncertainty openly keeps users aware of the potential pitfalls in predicted 

performance. 

It pays to keep uncertainty representation consistent throughout a report or 

presentation. This uniformity helps audiences absorb the information quickly 

without being thrown off by changing formats or symbols. 

In short, integrating measurement uncertainty into figures makes research on small 

horizontal axis wind turbines more transparent and easier to interpret. By honestly 
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showing the variability woven into data collection and calculations, researchers 

communicate their findings more effectively and encourage better-informed 

discussions on the technology’s future. See references: [13] p. 51-55, [16] p. 21-25 

and [20]. 

7. Urban Turbulence Effects on Wind Performance 

7.1. Spectral Analysis (FFT) of Urban Turbulence Patterns 

Small horizontal axis wind turbines (HAWTs) face a tough nut to crack in urban 

environments because of the swirling, unpredictable wind flows. The way these 

turbines interact with chaotic airflow is key to grasping their performance and 

potential energy output. Using spectral analysis through Fast Fourier Transform 

(FFT) techniques, researchers break down wind speed data into frequency 

components, shedding light on the turbulence patterns turbines face in cities. 

FFT breaks apart time-series wind speed signals into their basic frequencies, 

helping pinpoint dominant scales and turbulence behaviors. This matters a great 

deal in urban settings, where buildings and other structures throw all kinds of 

curveballs into the airstream. By applying FFT to fine-grained wind measurements 

taken at different heights above rooftops, it’s possible to map how turbulence 

intensity shifts with building shapes and elevations. 

The results show that urban turbulence spans a wide range of frequencies. Most 

energy clusters in the lower-frequency bands, linked to large flow disruptions, but 

the higher-frequency fluctuations those quick, jerky changes also carry a fair share 

of energy. Getting a handle on these frequency patterns helps forecast how much 

power a turbine can wring out of gusty winds common in cities. 

Spectral analysis also aids in measuring turbulence intensity (TI), a vital factor for 

judging turbine performance. High TI usually means a more turbulent, choppy 

wind flow that can sap efficiency and put extra strain on turbine parts. Spotting 

locations with steady average wind speeds while keeping TI in check is crucial for 

making the most of small HAWT installations in tricky urban landscapes. 

This insight feeds into smart control systems designed to help turbines roll with 

changing winds. Real-time FFT data can guide adjustments in blade pitch or rotor 

angles depending on expected gusts or spikes in turbulence. Such adaptive 

strategies boost energy capture and cut down on mechanical wear. 

Field tests back up these FFT findings by offering real-world proof of how 

turbulent winds affect turbine behavior. This hands-on data helps engineers fine-

tune blade designs and check structural durability for city-based turbines. 

All told, FFT and related spectral tools give researchers powerful lenses to 

understand and tame urban wind chaos. Armed with this knowledge, developers 

and planners can make savvy choices for placing and managing small HAWTs 

https://wes.copernicus.org/preprints/wes-2022-34/wes-2022-34-ATC2.pdf
https://pure.tudelft.nl/ws/portalfiles/portal/135790977/wes_7_2003_2022.pdf
https://link.springer.com/article/10.1007/s42247-022-00375-x
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amid the complexity of city airflow. See references: [9], [16] p. 16-20, [6] and [1]. 

8. Discussion of Findings 

 

8.1. Interpretation of Results in Contextual Relevance 

This study reveals important insights into how small horizontal axis wind turbines 

(HAWTs) perform in urban environments. Laboratory tests provide consistent 

conditions that differ from those in the field. Comparing lab and real-world data 

shows how environmental factors like turbulence and site-specific features affect 

turbine efficiency and energy production. 

Hybrid airfoil designs improve aerodynamic efficiency in varying conditions. 

These blades address challenges faced by HAWTs operating at low Reynolds 

numbers, where laminar separation bubbles reduce performance. The higher power 

output of hybrid blades helps handle the gusty, uneven airflow common in cities, 

making them suitable for urban installations. 

Adaptive pitch control adjusts blade angles in real time based on wind data. This 

optimization increases energy capture and reduces mechanical stress. Such 

flexibility not only boosts output but also enhances reliability and simplifies 

maintenance. 

Statistical validation methods assess measurement uncertainties both in labs and 

the field. Understanding these uncertainties allows engineers to make informed 

design and operational decisions that better cope with real-world challenges. 

Economic analysis evaluates the financial viability of small urban HAWTs using 

metrics like levelized cost of energy and payback periods. These studies highlight 

how design improvements can lower costs, strengthening wind energy’s 

competitive edge among renewables. 

Spectral analysis of urban turbulence shows how building shapes influence local 

wind patterns near turbine sites. Recognizing these effects is critical when 

choosing installation locations to minimize turbulence and maximize wind 

resource use. 

Overall, integrating small HAWTs into urban areas offers both opportunities and 

challenges. Success depends on balancing technology advances with 

environmental and public considerations. The findings demonstrate how 

combining innovation with practical conditions can unlock small wind turbines’ 

potential as a green energy option in cities. See references: [19] p. 36-40, [4] and 

[1]. 

 

Table 3: Amount of pollution reduced, in kg/year, permission for use authorized by 

https://www.researchgate.net/publication/325487217_A_critical_review_of_vertical_axis_wind_turbines_for_urban_applications
https://pure.tudelft.nl/ws/portalfiles/portal/135790977/wes_7_2003_2022.pdf
https://www.sciencedirect.com/science/article/abs/pii/S1364032118301254
https://www.lidsen.com/journals/aeer/aeer-06-01-013
https://wes.copernicus.org/preprints/wes-2022-34/wes-2022-34.pdf
https://www.mdpi.com/2071-1050/17/9/3859
https://www.lidsen.com/journals/aeer/aeer-06-01-013
https://www.lidsen.com/journals/aeer/aeer-06-01-013
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International Energy Journal. 

Year Dust SO2 NOx CO2 

2019 0.082345 0.957965 1.301098 441.9573 

 

8.2. Recommendations for Future Research 

Future research on small horizontal axis wind turbines (HAWTs) must tackle 

several vital topics to boost their performance and usability in both urban and rural 

areas. One priority is expanding experimental designs to better match lab results 

with on-site performance, as highlighted in section 4.2. Since notable gaps exist 

between controlled and field data, more thorough studies should explore a broader 

range of environmental factors. This approach will sharpen predictive models and 

make performance evaluations reflect the realities turbines face outside the lab. 

Moreover, as discussed in section 5.1, improving levelized cost of energy (LCOE) 

estimates calls for investigating fresh financing options and incentives that support 

small HAWT deployment. Research should also focus on discovering new 

materials and technologies to cut production costs while boosting efficiency and 

durability. Specifically, developing lightweight yet sturdy components suited for 

urban use where space is tight and aesthetics matter will make a real difference. 

Beyond the technical side, noise reduction deserves attention since many small 

turbines operate near homes. Future studies could aim at advanced blade designs 

and vibration control methods that reduce noise without hurting turbine 

performance, building on findings from previous urban wind energy research. 

Understanding urban turbulence patterns remains key for fine-tuning turbine 

designs tailored to city landscapes. As pointed out in section 7.1, spectral analysis 

through Fast Fourier Transform (FFT) techniques sheds light on the complex 

airflow around buildings. Applying these insights, researchers can develop turbine 

models better equipped to handle turbulent winds while maximizing power 

extraction. 

Additionally, integrating adaptive pitch control systems in small HAWTs 

mentioned in section 2.2 needs more exploration to enhance responsiveness to the 

variable wind speeds common in urban environments. Future work might explore 

using machine learning algorithms to predict and adjust blade angles in real time, 

improving energy capture and reducing stress on components. 

Finally, collaboration across disciplines is essential for addressing the wider 

challenges of embedding small HAWTs into existing urban infrastructure. 

Working closely with city planners and policymakers will help ensure that 

deployment fits sustainability goals and respects community concerns, as this text 

emphasizes. Research should also explore ways to foster local acceptance by 
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examining the social and economic factors that influence public support for 

renewable energy projects. 

These recommendations map out a clear path for advancing research on small 

horizontal axis wind turbines, helping them become a more practical and effective 

solution for clean energy in diverse environments. See references: [7], [5] p. 206-

210 and [1]. 

9. Conclusion 

 

9.1. Summary of Key Findings 

This study reveals notable progress and insights into small horizontal axis wind 

turbines (HAWTs). Exploring new design strategies, like hybrid airfoil shapes, 

proves that blending different aerodynamic features boosts efficiency, especially in 

the turbulent winds common in cities. As covered in section 2.1, these hybrid 

airfoils tackle low Reynolds number challenges by fine-tuning camber and 

thickness, leading to higher power output. 

Adaptive pitch control systems play a key role in capturing more energy from 

changing wind speeds. Section 2.2 explains how these systems use smart 

algorithms to adjust blade angles on the fly, improving performance and easing 

mechanical wear in variable conditions. The comparison between lab tests and 

real-world data spotlights how important it is to understand environmental 

influences on turbines. Section 4.2 shows that differences between controlled and 

field conditions call for strong statistical tools to handle uncertainties, helping to 

align theory with actual results. 

From a cost and performance perspective, the Levelized Cost of Energy (LCOE) 

poses a twofold challenge: keeping operations efficient while cutting expenses is 

vital for wider acceptance of small HAWTs. According to section 5.1, sensitivity 

studies demonstrate how changes in wind speed impact LCOE greatly, making 

location-based evaluations essential. 

The way data is presented has also improved, with better figures showing 

measurement uncertainties so stakeholders can more easily grasp risks linked to 

predicted performance. This clarity is critical for making well-informed decisions 

about where and how to deploy turbines in urban environments, as noted in 

sections 6.1 and 6.2. 

Moreover, the research examines the effects of urban turbulence on wind behavior 

by using spectral analysis methods described in section 7.1. Knowing how 

turbulence works helps shape rules for placing turbines in cities, maximizing 

energy output while managing disruptions in local airflow. 

https://link.springer.com/article/10.1007/s13369-023-08314-6
https://openscholar.dut.ac.za/bitstreams/171e9fcc-ddb5-4b78-b4d1-98c5673ffff8/download
https://www.lidsen.com/journals/aeer/aeer-06-01-013
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To wrap up, the study stresses that while small HAWTs offer great potential as 

green energy solutions in urban areas, continued efforts are needed to refine 

aerodynamic designs and reduce noise. These steps will unlock their full promise 

in supporting sustainable urban energy goals. See references: [16] p. 31-35, [1], 

[4], [22] and [5] p. 196-200. 

 

 
Figure 3: chart showing the relative size of small wind turbines by illustrating that 

the rotor diameter of a 2-meter turbine is about as tall as a person 

 

9.2. Impact on Future Applications in Urban and Remote Areas 

Small Horizontal Axis Wind Turbines (SHAWTs) show great potential for future 

use in urban and remote areas alike. As cities work harder to cut carbon emissions 

and switch to renewable power, SHAHTs fit in well with these goals. Their 

compact design and ability to capture wind energy even amid the turbulent 

airflows common in cities make them excellent for rooftop setups. This approach 

reduces the need for sprawling power lines and gives local communities a way to 

produce clean energy on their own. 

Studies show small wind turbines perform well when placed on rooftops or 

building sides, where wind speeds often pick up due to tall structures nearby. The 

urban landscape poses challenges, such as unpredictable wind caused by nearby 

buildings and obstacles, but advances like hybrid airfoil designs help turbines 

thrive under these tricky conditions. Also, as more towns recognize the perks of 

https://pure.tudelft.nl/ws/portalfiles/portal/135790977/wes_7_2003_2022.pdf
https://www.lidsen.com/journals/aeer/aeer-06-01-013
https://www.mdpi.com/2071-1050/17/9/3859
https://windexchange.energy.gov/small-wind-guidebook
https://openscholar.dut.ac.za/bitstreams/171e9fcc-ddb5-4b78-b4d1-98c5673ffff8/download
https://windexchange.energy.gov/assets/guidebooks/generate-1-d2d7a7a1054d93e943408e7bc44ce9f792066234f3a50f4e6a882d20c1e27d42.png
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local energy production, policies encouraging SHAHT installations are likely to 

grow. 

In places far from the grid, where electricity access is spotty or missing, SHAHTs 

offer a solid option for off-grid power. They can reliably serve isolated 

communities or support remote equipment like telecom towers and monitoring 

stations. When paired with battery storage, these turbines provide steady power 

despite the natural ups and downs of wind availability. 

Collaboration between city planners and lawmakers is key to building frameworks 

that encourage SHAHT integration in both city and country settings. Smart policies 

might include speeding up permit approvals, offering financial help or tax breaks 

for renewable upgrades in homes, and rolling out programs that educate the public 

about the benefits of generating power locally. 

Pilot studies in various urban areas can provide useful insights into how well 

SHAHTs work and how communities feel about them. This real-world feedback 

will help fine-tune installation practices and tackle any regulatory hurdles that slow 

their spread. 

Looking ahead, ongoing innovations such as adaptive pitch control systems and 

tougher materials designed for city environments will likely push small horizontal 

axis wind turbines into wider use. They stand to play an important role in meeting 

clean energy targets in bustling cities as well as remote regions off the grid. See 

references: [8] p. 116-120, [27] and [1]. 
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